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Objectives: This study aims to perform a bibliometric analysis of functional

dyspepsia (FD), which includes visualizing bibliographic information, in order

to identify prevailing study themes, topics of interest, contributing journals,

countries, institutions, and authors as well as co-citation patterns.

Methods: The Web of ScienceTM Core Collection Database was used to retrieve

all peer-reviewed scientific publications related to FD research. The validated

search terms were entered into the “title” and “author keywords” fields, and

the results were sorted by publication year from 2006 to 2022. There were no

restrictions on language. On 12 February 2023, a manual export of the complete

metadata for each original publication and review article was performed.

CiteSpace was used to reveal co-authorship, publication, and co-citation patterns

to find prominent authors, organizations, countries, and journals in FD research

as well as to identify author keywords with strong citation bursts, which could

indicate an emerging research area. VOSviewer was used to build the co-

occurrence indicator (co-word) to identify the main author keywords on which

previous studies focused and to induce clustered scientific landscape for two

consecutive periods to identify intriguing areas for future research.

Results: A search of the database retrieved 2,957 documents. There was a wave-

like pattern in the number of publications until 2017, after which there was a

spike in publication volume. The USA, China, and Japan provided the majority of

contributions. In terms of institution, Mayo Clin, Univ Newcastle, and Katholieke

Univ Leuven were found to be the prolific institutions. Additionally, the results

indicate that eastern Asian researchers contributed significantly to the global

knowledge of literature that led other countries; however, Canada, the USA,

Australia, England, and Germany were found to have the highest degree of

betweenness centrality. Nicholas J. Talley, Jan Tack, Gerald Holtmann, Michael

Camilleri, Ken Haruma, and Paul Moayyedi occupied the top positions based on

productivity and centrality indicators. Six thematic clusters emerged (Helicobacter

pylori infection; pathophysiological mechanisms of FD; extraintestinal co-

morbidities and overlap syndromes associated with FD; herbal medicine in

FD; diabetic gastroparesis; and dietary factors in FD). “Acupuncture,” “duodenal
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eosinophilia,” “gut microbiota,” and others were among the author keywords with

rising prevalence.

Conclusion: In FD research, eastern Asian countries have established themselves

as major contributors with the highest publishing productivity; however, research

has primarily been driven by North America, Europe, and Australia, where

cooperation is generally more active and highly influential scientific results

are produced. Our analysis suggests that increased investments, training of

human resources, improved infrastructures, and expanded collaborations are

essential to improving the quality of FD research in Asia. The emerging

author keyword analysis suggests that eosinophil-mast cell axis, gut microbiota,

mental disorders, and acupuncture are the key areas that attract researchers’

attention as future research boulevards. There is a highly skewed distribution of

research output across Asia, with most focus on complementary and alternative

medicine (CAM) coming from Chinese, Japanese, and South Korean centers.

However, CAM remains an underexplored area of research in the context of

FD, and it deserves greater research efforts in order to obtain quality scientific

evidence. Furthermore, we propose that the research framework of CAM should

not be limited to dysmotility; rather, it could be interpreted within a more

holistic context that includes the brain-gut-microbiota axis, as well as novel

concepts such as duodenitis, increased mucosal permeability, and infiltration and

activation of eosinophils and mast cells, among others. Overall, we provided

bibliometrics-based overviews of relevant literature to researchers from different

backgrounds and healthcare professionals to provide an in-depth overview of

major trends in FD research.
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1. Introduction

Functional dyspepsia (FD) typically manifests as epigastric pain
or burning, postprandial fullness, and early satiety without any
structural abnormalities on clinical or laboratory evaluation. Based
on Rome IV criteria, three subtypes of the disease were identified:
postprandial distress syndrome (PDS), epigastric pain syndrome
(EPS), and mixed subgroups (Stanghellini et al., 2016). Although
FD does not have a direct link to mortality or life-threatening
consequences, its prevalence is high and greatly affects the quality
of life (QOL) of those suffered (Mahadeva and Goh, 2006).

The pathophysiology of FD has yet to be fully understood
in spite of its high prevalence and disease burden. The primary
symptoms of FD are thought to be affected by a variety of complex
interactions, including visceral hypersensitivity, abnormal gastric
motility, Helicobacter pylori infection, and psychological stress
(Kourikou et al., 2015; Enck et al., 2017; Talley, 2020).

If an FD diagnosis is made, H. pylori infection needs to be
tested for and treated if present. Although some patients with FD
(10–16%) may have symptomatic improvement following effective
eradication therapy, only a small percentage will remain symptom-
free in the long run, indicating that H. pylori is not the main culprit
(Pellicano et al., 2016). FD patients may benefit from proton pump
inhibitors (PPIs), prokinetic drugs, and antidepressants (Talley and

Ford, 2015). In some cases, these medications do not provide
satisfactory results, and a considerable number of FD patients seem
to be resistant to conventional treatment. Further, some patients
with FD display a low compliance with conventional therapy since
they are concerned about the side effects of such pharmacological
options (Freedberg et al., 2017; Quigley, 2017). PPIs, for example,
are generally considered as safe and well tolerated, but when
used long-term, there is a risk of developing Clostridium difficile
infections, pneumonia, fractures, and acute interstitial nephritis
(Wilhelm et al., 2013). Consequently, current treatment strategies
for FD remain suboptimal.

On the one hand, there remain many aspects of uncertainty
regarding FD, and the high scientific output suggests a continuing
interest to address these unmet needs, but on the other hand,
the exploding increase of research literature has necessitated
the development of novel techniques to knowledge organization
(Rodrigues et al., 2014). The ability to analyze large quantities of
publications both macroscopically and microscopically, coupled
with domain independence, classifies bibliometrics as such an
approach (Tejasen, 2016). Pritchard (1969) describes bibliometrics
as the use of mathematical and statistical approaches to books
and other kinds of communication, whereas Hawkins (2001)
defines it as the quantitative investigation of a body of literature’s
bibliographic properties. Kokol et al. (2021a) demonstrated that the
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origins of bibliometrics date back to the late 19th century and that
it has been widely and effectively utilized in medicine.

By using mathematics, bibliometric software, and statistical
tools, bibliometrics makes it possible to conduct an analysis of
the scientific literature production in a particular field (Blažun
et al., 2015). This analysis can be used to determine (1) key
research features such as literature output, productive research
entities (i.e., countries, institutions, or authors), the degree of
cooperation, or the spatial distribution of research; (2) content of
the research literature production such as extensively researched
themes, emerging areas of research, knowledge trajectory or
influential literature; and (3) other relevant patterns of interest such
as citation or co-citation. Thus, the main elements of a research
topic can be found, arranged, and analyzed using bibliometric
analyses. Moreover, it permits the identification of the most prolific
agents in a field of study, be they authors, institutions, or countries;
this may help in determining the players who are the primary
motivators of a field of research. In the medical field, although
bibliometric analysis does not contribute to the generation of new
medical knowledge, it can facilitate the development of innovative
meta-knowledge in certain medical fields, hence, expediting the
production of new knowledge while charting future academic
research agenda. Bibliometrics, alone or in combination with
systematic, integrative, scoping reviews, and others, can be used to
quantitatively evaluate the production of research literature (Šuran
et al., 2022).

Blažun Vošner et al. (2017) and Kokol et al. (2021b)
developed a novel synthetic knowledge synthesis methodology
to solve the emerging complexity of knowledge synthesis and
the concurrent new possibilities offered by digital presentation
of scientific literature based on the triangulation of (1) distant
reading, an approach for understanding the canons of literature
not by close (manual) reading, but by using computer-based
technologies, such as text mining and machine learning; (2)
scientific mapping (also referred to as bibliometric mapping); and
(3) content analysis. Such triangulation of technologies enables
the quantitative and qualitative synthesis knowledge in a manner
that extends traditional bibliometrics of publication metadata to
understanding the patterns, structure, and content of publications
via machine learning. In more detail, to comprehensively evaluate
research activity in terms of research content and spatial entities,
bibliometrics and knowledge synthesis are frequently used in all
scientific fields; combining the two yields synthetic knowledge
synthesis, a technique for analyzing large quantities of scientific
publications (Blažun et al., 2015). Generally speaking, knowledge
synthesis refers to the process of contextualizing and integrating
the findings of individual research studies into a broader body of
knowledge (Mallidou, 2014). Bibliometrics can therefore be utilized
as a component of synthetic knowledge synthesis, which combines
bibliometric mapping with content analysis (Kokol et al., 2022).
In contrast to traditional and more formal knowledge synthesis
techniques (such as meta-analysis, systematic reviews, literature
reviews, etc.), which are typically manual, time-consuming, and
limited to a small number of publications (typically fewer than
100 publications), synthetic knowledge synthesis permits the
processing of tens of thousands of publications. Given its breadth,
it can serve as a jumping-off point for researchers in quest of
novel research avenues or areas that have been underappreciated.
In addition, it offers a fresh or larger perspective on these research

areas and facilitates the formulation of solutions to not-yet-solved
barriers and challenges.

Some researchers have also proposed classifying the methods
used in bibliometric analyses as either (1) performance analysis or
(2) bibliometric mapping (Cobo et al., 2011; Swiontkowski et al.,
2021). Performance analysis, a descriptive yet essential component
of bibliometric studies, assesses the contributions and influence
of research constituents (e.g., documents, authors, journals,
universities, countries, etc.); in a different vein, bibliometric
mapping takes a different tack by analyzing the interconnections
between research constituents. A variety of bibliometric maps
(also called landscapes) are used in bibliometric mapping to
visually represent the volume and subject matter of the research
literature (Begum et al., 2018). Through the use of proximity (x
and y axes), color, size, and labeling, bibliometric mapping can
accommodate a greater number of variables. Bibliometric mapping
can be considered to be a form of “distant reading,” an approach
that involves examining large volumes of written materials in
order to uncover patterns. Generally, co-citations, co-authorships,
bibliographic coupling, and co-words are typically utilized in
bibliometric mapping analyses.

Performance analysis and scientific mapping can be
combined in various bibliometric analysis software/tools to
assess bibliographical evidence with validation. SALSA, PRISMA,
CiteSpace, and VOSviewer are among the most widely used
software applications in the scientific community (Baier-Fuentes
et al., 2020).

Overall, the use of bibliometric data in science research can
provide insight into the state of knowledge and emerging trends
within a particular field or topic over time (Guler et al., 2016).
Furthermore, bibliometric mapping analysis was applied to a wide
range of topics, such as economics, social science, medical science,
environmental studies, computer science, and artificial intelligence
(Lin et al., 2021b; Chen et al., 2022b; He et al., 2022; Luo et al., 2022;
Zhang L. et al., 2022a; Zhong and Lin, 2022).

Since bibliometrics involves the use of statistics to analyze
published information (such as journal articles) and its associated
metadata (such as titles, abstracts, and author keywords), it
facilitates a greater understanding of what is valued, acknowledged,
and utilized in scholarly literature in a particular field (Broadus,
1987; Albert et al., 2020). In the field of gastroenterology, several
gastrointestinal diseases, including chronic atrophic gastritis
(Zhang et al., 2022c), inflammatory bowel disease (Connelly et al.,
2016; Schöffel et al., 2016, 2021; Azer and Azer, 2018; Luo et al.,
2018; Chen et al., 2019; Chong et al., 2020; Li K. et al., 2022;
Shen et al., 2022; Xiong et al., 2022; Xu et al., 2022), celiac disease
(Narotsky et al., 2012; Demir and Comba, 2020), irritable bowel
syndrome (IBS) (Zyoud et al., 2021; Zhang T. et al., 2022b),
and gastrointestinal stromal tumors (Siddiq et al., 2018) have
used bibliometrics to draw boundaries around their fields. Based
on these parameters, journals, topics, members, and trends of
the field have been described. Further, when narrowing down
to functional gastrointestinal disorders (FGIDs), currently known
as disorders of gut-brain interaction, several studies have only
addressed IBS. In 2020, the prevalence of FGID in the populations
of 33 nations was evaluated. Rome IV diagnostic questionnaire
was used during the collection of data via Internet and personal
interviews. In the study, prevalence of FD was 7.2 vs. 4.8%, and
IBS was 4.1 vs. 1.5%, respectively (Sperber et al., 2021). FD was
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then designated as the most common gastroduodenal disorder.
Despite the importance of the disorder in the field of FGIDs,
the research topic is rife with traditional knowledge synthesis
studies but deficient in comprehensive bibliometric analysis. In
other words, no comprehensive performance analysis of scientific
actors has been conducted, nor have potential research directions
been sketched using a data-mining approach. Several studies
have used the meta-analysis approach to study FD in terms of
diagnosis, treatment, etiology, and epidemiology (Futagami et al.,
2015; Ford et al., 2021; Gurusamy et al., 2021). The majority of
these studies were aimed at gathering clinical evidence. In the face
of the huge variety of studies, the variable quality of scientific
research publications, and the vast amount of information available,
investigators need to take a great deal of time assessing and selecting
pertinent studies. To facilitate scientific research, it is consequently
critical to categorize substantial, active, and evocative evidence
retrieved from massive databases.

In fact, the reason for the lack of a bibliometric analysis
in the subject matter can be deduced from Figure 1, which
reveals that the publication boom is only 4 years old. It was in
1992 that a group of experts convened in Rome with the aim
of developing a classification system for FGIDs; consequently,
the Rome criteria was developed for classifying gastrointestinal
syndromes without any identifiable histopathologic, motility or
anatomical abnormalities. This was followed by two additional
revisions of the Rome criteria, each of which struggled with
the term “functional.” However, “functional” is a vague and
potentially stigmatizing term that has, over the years, generated
great confusion and debate among professionals. Besides, subtle
histopathologic and physiological abnormalities that previously go
unrecognized indeed underlie some so-called functional disorders
as evidence is updated. There has been a recent trend to modify
the nomenclature to “disorders of gut-brain interaction” following
the publication of the most recent and best validated Rome IV
criteria in 2016 (Drossman and Hasler, 2016). As defined in Rome
IV criteria, FGIDs are chronic gastrointestinal disorders closely
associated with gut-brain interactions that may be accompanied
by motility disturbances, visceral hypersensitivity, or microbial
dysbiosis. Since the most recent version of the Rome criteria
discourages the use of the term “functional” and suggests that
the traditional FGIDs should be renamed “disorders of gut-brain
interaction,” the researchers’ attention has shifted significantly
toward the emerging “microbiota-gut-brain abnormalities” model
and they have acknowledged the heterogeneous pathogenesis of
FGIDs. Bibliometric analysis was earlier reasonably unattainable
due to the scarcity of literature organized under the “disorders of
gut-brain interaction” umbrella. However, research on intestinal
microflora has been in full swing in recent years (Yuan et al.,
2021), driving the publication boom that has altered the traditional
literature’s dynamics. In light of these developments, a research
gap has emerged due to the shifting patterns in FGIDs research,
necessitating a comprehensive profile of research and identification
of emerging trends in this field.

The first Rome classification system was published in 1990;
in 1991, the gastroduodenal criteria divided FD into ulcer-like
dyspepsia, dysmotility-like dyspepsia, reflux-like dyspepsia, or
unspecified FD to take into account the fact that while some
patients report pain as their cardinal symptom, others report
postprandial symptoms, and many patients experience both types.

This distinction was preserved in succeeding classifications, Rome
I (1992) and Rome II (1999). Under Rome III (2006), FD was
tightly defined, and the subtype labels were altered to EPS and
PDS. This distinction was kept in the Rome IV (2016) classification
(Stanghellini et al., 2016), which is responsible for some disparities
in findings such as those of global epidemiological research.
Overall, since 2006, two subsets of FD, PDS and EPS, were initially
established by the Rome III consensus and, following the publishing
of more supporting evidence, reaffirmed in the Rome IV edition.
The time span of 2006–2022 feature two corpora for two successive
time periods: 2006–2015 (Rome III) and 2016–2022 (Rome IV),
with the latter period introducing the novel “altered gut-brain
interactions” concept into this disorder. Hence, studies published
after 2006 likely utilized the now accepted classification criteria and
witnessed substantial resources invested to examine how the gut-
brain axis has been affected in the pathophysiology of FD, resulting
in an impressive corpus of scholarly work.

The present study deployed bibliometric analysis as a synthetic
knowledge synthesis approach presented above to aggregate
current evidence and review the spatial features, content and state
of the art in FD research, with the goal of expanding the scope of
existing studies and filling a gap in the literature by relating and
analyzing FD-related publications and the impact of the authors,
institutions, and countries over the past years. Our secondary goals
were to assess potential future themes of interest in the discipline
based on emerging trends.

In light of this, the following research questions are investigated
using bibliometric and text mining analyses:

1. What are the dynamics and trends of FD research literature
production in terms of document numbers and descriptive
characteristics?

2. In terms of the number of publications, which authors,
institutions, and countries are the most prolific?

3. How is the collaboration between the entities (i.e., authors,
institutions, and nations) in the field of FD?

4. What are the most influential documents in the FD field?
5. What are the most prevalent author keywords and research

themes, and how have they changed over time?
6. What associations exist among author keywords?
7. What are the general characteristics of FD research patterns in

different geographical regions?
8. What are the emerging trends and future perspectives?

2. Materials and methods

2.1. Source of the data and search
strategy

Data collection was conducted on 12 February 2023 by
searching the Web of Science Core Collection (WOSCC). The
WOSCC enables retrieval of complete bibliographic information
(e.g., name list of authors and co-authors; institution, state,
country; and complete reference lists) as well as information
regarding citation activity relevant to the topic being researched.
For the purpose of identifying FD-specific publications in the
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FIGURE 1

Publication output of FD research from 2006 to 2022.

Science Citation Index-Expanded, a search strategy was developed
(Supplementary material).

In order to acquire the full scientific output with specific and
substantial content concerning FD, we have limited our search to
original research articles, case reports, case series, and reviews that
contained the search terms in the “title” and “author keywords.”
In WOSCC, the “Topic” field corresponds to a search model
which includes the words found in the title, abstract, author
keywords, and KeyWords Plus. A key feature of KeyWords Plus
is the ability to generate additional search terms based on article
titles cited in bibliographies and footnotes in Thomson Institute
for Scientific Information database which was once owned by
Thomson Reuters, but now is maintained by Clarivate Analytics,
and substantially augments indexing of title-words and author-
keywords (Garfield and Sher, 1993). Consequently, documents
found only by KeyWords Plus are more likely to be irrelevant
to FD.

Furthermore, search terms mentioned in abstracts are, in most
cases, marginal keywords and not essential components of the
article itself, making these documents irrelevant to FD. In light of
this, the authors chose to conduct a search based on “title” and
“author keywords” rather than a search based on “TOPIC” since a
“TOPIC” search would have identified the term in “KeyWords Plus”
and “abstract,” resulting in an extensive list of publications that were
not pertinent to the topic.

2.2. Data extraction

All data from the WOSCC database was downloaded in plain
text format, including the names of the authors, the title of the
paper, the name of the journal, the keywords used by the authors,
and the abstract for each paper. Data errors were checked by
entering all the data into a Microsoft Excel file.

To bring together the various names of an author,
two researchers developed a standardization process. For
further analysis, the combined dataset was transferred to
CiteSpace and VOSviewer.

2.3. Data analysis

Bibliometric analysis was coupled with content analysis in
this study as part of a two-tier analytic approach. Bibliometric
analysis is one of the most widely used methods for determining
the progress of a scientific work over time. Content analysis
is a qualitative technique used by scholars to elicit information
about a study’s findings and objectives (Williamson and Johanson,
2017). It is a widely accepted method for analyzing textual
information by grouping it into more informative categories
of data (Weber, 1990). In this study, the bibliometric stage
examines the publication trend through time, influential parts
of the literature, co-citation, and co-authorship. Besides, the
content analysis was conducted in the second stage based on a
thorough analysis of author keywords. On the basis of quantitative
statistical analysis, content analysis is determined from keywords
and abstracts in the literature. Specifically, keyword analysis is
performed from author keywords, KeyWords Plus, and keyword
extracted from abstracts using equation results from bibliometric
analysis. Therefore, bibliometrics is heavily reliant on keyword
analysis for tracing the development and progress of scientific
fields. Furthermore, one of the most essential and extensively
used tools for content analysis is the co-word analysis technique,
which extracts topic-related terms from titles, keywords, and
abstracts of publications to identify research emphasis and track
research trends from various angles. In this study, the content
analysis was conducted based on the author keywords cluster
landscape, as previous research indicated that author keywords
convey the author’s intended message to the research community
in the most effective way (Železnik et al., 2017). The bibliometric
analysis can be carried out with many well-developed tools, as
discussed previously. Selecting bibliometric analysis tools should
take into account their applicability and operability (Xu et al.,
2021). VOSviewer and CiteSpace are two popular tools for quick
bibliometric analysis since they are simpler to use than SALSA and
PRISMA and do not necessitate programming knowledge (Aria
and Cuccurullo, 2017). VOSviewer provides a robust mapping
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function, can manage massive datasets, and may be tailored to a
variety of research requirements (Marshall et al., 2010). CiteSpace
can produce dynamic timeline views and burst detection methods,
facilitating inquiries into forecasts for the future of research and
mutations in the behavior of hot topics (Kleinberg, 2002). Several
investigations, especially those relating to publishing and citation
trends, have utilized these tools simultaneously (Cunill et al., 2019;
Alvarez-Peregrina et al., 2021; Brika et al., 2022; Sánchez-Tena et al.,
2022). Comparing the differences between the two, VOSviewer is
more accurate in its clustering algorithms; however, CiteSpace is
superior in exhibiting evolution, has more attractive visuals, and
is easier to interpret (Jia et al., 2022). This study use these two
visualized analytic tools to illustrate the outcomes of the pertinent
bibliographic records in order to create bibliometric maps and
conduct content analysis.

Due to their individual strengths, each of these tools was used
for a different purpose. CiteSpace 5.8.R3 was employed in this
study for collaboration network analysis, co-citation analysis, and
determining high-frequency author keywords. Using its clustering
algorithms and data mining function, VOSviewer v1.6.10.0 was
utilized to conduct co-occurrence analysis and build topical
keywords clustering map to reveal hot topics. In addition, the use
of different analytical approaches was intended to eliminate bias
by complementing one another in a comprehensive, impartial, and
responsible way. More specifically, the following techniques and
software were used for data analysis:

(1) Overall publication performance: 1. publication output:
CiteSpace 5.8.R3; 2. annual evolution of publications:
Microsoft Excel 2019.

(2) Analysis of authors, institutions, and countries: 1. most
prolific authors, institutions, and countries: CiteSpace 5.8.R3;
2. visualization of collaborative networks: CiteSpace 5.8.R3.

(3) Analysis of journals: CiteSpace 5.8.R3.
(4) Co-cited references and references with citation bursts:

CiteSpace 5.8.R3.
(5) Analysis of author keywords: 1. co-occurring networks

of author keywords: VOSviewer v1.6.10.0; 2. timeline
visualization of co-occurrence author keywords network:
CiteSpace 5.8.R3; 3. top author keywords with strong citation
bursts: CiteSpace 5.8.R3; 4. top author keywords with the
highest frequency: CiteSpace 5.8.R3. These two software are
described in detail below.

CiteSpace is a free, Java-based tool that is available online
(Chen, 2006a). It is a potent piece of software that employs
betweenness centrality to identify the pivot points of literature and
burstiness to quantify the sudden growth.

Betweenness centrality can be used to gauge a node’s potential
for controlling communication. The goal of this method is to
determine how often a point falls between pairs of other points
along the shortest or geodesic paths between them (Abbasi et al.,
2012); an element with a high betweenness centrality (>0.1) is
considered pivotal (Fotopoulou et al., 2022). Betweenness centrality
is defined in Eq. 1.

Centrality
(

node i
)
=

∑
i 6= j 6= k

ρjk (i)
ρjk

(1)

In Eq. 1, ρjk is the number of shortest paths between nodes j
and k, and ρjk (i) is the number of those pathways that pass via
node i. By using this approach, unweighted shortest paths can be
determined between nodes in a graph. In each node, the number
of shortest paths passing through it determines its score. By using
betweenness centrality, a network’s node can be assessed for its
relative importance. The node with high betweenness centrality
functions as an “interconnector” between several entities since it
lies on the shortest path between them, connecting components
that would otherwise be disconnected if the node was removed
(Freeman, 1977).

In CiteSpace, burst detection is based on Kleinberg’s algorithm,
which measures sudden increases in the amount of the data
(Sohrabi et al., 2019). This indicator identifies an active research
area by examining whether a publication or an author keyword
has attracted extraordinary interest within its scientific community
or whether an entity (such as an author, an institution, or a
country) has published a significant amount of articles in a short
period of time. A burst also detects a surge in citations for a
particular reference or author keyword. It determines whether or
not a given frequency function fluctuates significantly over a short
period of time (Chen, 2016b). Burst detection therefore provides
the opportunity to identify emerging terms and new directions in
research (Dong et al., 2017).

A further feature of CiteSpace is that it allows knowledge
mapping by visualization of bibliographic data, making it a popular
and easy-to-use tool for the extraction of collaboration networks
(between authors, institutions, and countries) and co-citation
analysis (co-cited references).

An instance of co-citation occurs when two or more items
(e.g., journals, articles, and authors) are cited by a third source
(Small, 1973). Both Paper B and Paper C are referenced in Paper
A, for example. The two papers B and C are considered to be
“co-cited” by Paper A. Accordingly, the co-citation may indicate
that the two papers contain similar content. Papers B and C are
more likely to be related if they were co-cited by other papers
(e.g., Papers D, E, and F). Document co-citation analyses were
performed to determine how often two publications were co-cited
(cited together) in subsequent publications to track time-evolution
of influential publications and themes pursued. Using journal co-
citation analysis, the most influential journals in the field were
identified based on the number of times two journals were co-cited
(cited jointly).

The identification of the main authors, institutions, and
organizations involved in a research field, as well as their
collaborations, is another fundamental topic. Through network
analysis, it is possible to identify collaborations on a visual basis,
where authors, affiliations, and nations are represented by nodes,
while their collaboration is represented by lines or edges. The size
of the node corresponds to the number of publications, whereas
the thickness of the line or edge indicates the level of scientific
collaboration (collaboration frequency) between the entities (i.e.
authors, institutions, and nations). Also, isolated nodes can be
distinguished by the lack of connections with other nodes, which
indicates that they are not associated with any collaborations.

The width of different colored tree rings symbolizes the number
of publications in various years, and the years shift from far to
near as the ring rings move from inside to outside. The appearance
of links and items is indicated via a color-coded spectrum

Frontiers in Neuroscience 06 frontiersin.org

https://doi.org/10.3389/fnins.2023.1109510
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1109510 March 9, 2023 Time: 10:35 # 7

Zhang et al. 10.3389/fnins.2023.1109510

TABLE 1 The top 10 productive countries or regions and institutions of FD research.

Rank Country Centrality Count (% of 2,957) Rank Institutions Centrality Count (% of 2,957)

1 USA 0.2 567 (19.17) 1 Mayo Clin (USA) 0.01 109 (3.69)

2 China 0 420 (14.20) 2 Univ Newcastle (England) 0.03 86 (2.91)

3 Japan 0.09 371 (12.55) 3 Katholieke Univ Leuven (Belgium) 0.06 50 (1.69)

4 Australia 0.2 191 (6.46) 4 Univ Leuven (Belgium) 0.04 49 (1.66)

5 England 0.13 174 (5.78) 5 McMaster Univ (Canada) 0.13 48 (1.62)

6 Italy 0.04 170 (5.75) 5 Chengdu Univ Tradit Chinese Med
(China)

0.03 48 (1.62)

7 Belgium 0.02 162 (5.48) 6 Hyogo Coll Med (Japan) 0.07 40 (1.35)

8 South Korea 0.01 161 (5.44) 7 Nippon Med Sch (Japan) 0.06 38 (1.29)

9 Germany 0.2 142 (4.80) 7 Univ Adelaide (Australia) 0.07 38 (1.29)

10 Canada 0.25 118 (3.99) 8 China Acad Chinese Med Sci (China) 0.09 36 (1.22)

8 Univ Malaya (Malaysia) 0.11 36 (1.22)

9 Beijing Univ Chinese Med (China) 0.02 34 (1.15)

10 Macquarie Univ (Australia) 0.04 31 (1.04)

(Xiang et al., 2017). A red tree ring indicates the burstiness of
publication of the relevant entities (i.e., authors, institutions, or
countries), indicating short periods of high scholarly activity.

The collaboration analysis can also be enhanced by determining
a node’s level of association based on the betweenness centrality of
their position within a network. Betweenness centrality measures
the degree to which a node is relevant within a network, as it
counts the number of regions on the map that are connected by
that node. This indicates how important the node is to information
flow in the network (Barthelemy, 2004; Lu et al., 2008). A node
with a high betweenness centrality (>0.1) is illustrated by a purple
outer ring, which is considered as a major entity that holds
revolutionary theories or works and, in the meantime, controls
significant resources in collaborative networks. Purple outer ring
has a thickness that corresponds to its betweenness centrality.

Another open source, freely accessible software, VOSviewer,
provides users with the ability to create and visualize bibliometric
networks that are based on co-occurrence data. The co-occurrence
analysis is used to evaluate the statistical relationship between two
author keywords within a dataset; more frequently two author
keywords are used together, the more likely they are to be logically
related (Lawal et al., 2019).

Specifically, co-word analysis is predicated on the premise that
the co-occurrence of author keywords, through characterizing the
content of documents, captures semantic or conceptual groups of
themes capable of depicting a field. Thus, co-word analysis is a
method of mapping conceptual structure of frameworks via co-
occurring author keywords in bibliographic records. VOSviewer is
built on the normalized term co-occurrence matrix and a similarity
measure that calculates the strength of association between terms,
which means that terms that are conceptually similar are organized
into clusters designated by the same cluster color (Van Eck and
Waltman, 2013). These clusters are examined in order to identify
research themes in the literature. The proximity of two keywords
is indicative of their conceptual closeness. The content analysis
of author keyword cluster landscape was conducted as described
by Kokol et al. (2022). Further, author keyword networks for

FIGURE 2

Collaboration network of countries or regions engaged in FD
research. The network is made up of nodes, each representing a
country or region, and their size represents the number of
publications produced by that country or region. A thicker curved
line connecting nodes indicates a more frequent co-occurrence,
since co-occurrence represents a collaborative relationship. There
is no collaboration when a node lacks any connections. A node with
a high betweenness centrality (>0.1) (that is, those that are linked to
more than 10% of the other nodes) possess significant power over
other nodes due to the increased flow of information via it.
Furthermore, the presence of a purple rim denotes a high degree of
betweenness centrality. The presence of a red tree ring indicates a
high level of scholarly activity, indicated by a citation burst. The
burst associated with a particular node is proportional to the
thickness of its red tree ring.

2017–2019 and 2020–2022 were compared to find hot topics, as
outlined by Kokol et al. (2018). The reasons for this separation
of articles are threefold. First, since 2016, the Rome IV criteria
have been in use and both the FD’s definitions and the prevailing
research paradigm have undergone rapid evolution to keep up
with the new standards. Therefore, for the purpose of tracing
the state of the art in FD research, studies published after 2016
are preferred. Second, Figure 1 reflects a surge in publications
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FIGURE 3

Collaboration network of institutions engaged in FD research. The network is made up of nodes, each representing an institution, and their size
represents the number of publications produced by that institution. A thicker curved line connecting nodes indicates a more frequent
co-occurrence, since co-occurrence represents a collaborative relationship. There is no collaboration when a node lacks any connections. A node
with a high betweenness centrality (>0.1) (that is, those that are linked to more than 10% of the other nodes) possess significant power over other
nodes due to the increased flow of information via it. Furthermore, the presence of a purple rim denotes a high degree of betweenness centrality.
The presence of a red tree ring indicates a high level of scholarly activity, indicated by a citation burst. The burst associated with a particular node is
proportional to the thickness of its red tree ring.

since 2018, suggesting the emergence of novel research themes
with the advent of Rome IV. Our understanding of FGIDs,
specifically FD, has evolved significantly since the Rome IV
definition. The extensive body of data that has been reported about
the central, peripheral and genetic mechanisms involved in the
pathophysiology of FD symptoms has enabled the development of
a comprehensive disease model based on brain-gut-microbiome
interactions. The understanding of the multi-factorial nature of
FD has made quantum leaps in the Rome IV era. In response to
these advances, FD has been viewed from a new perspective, which
allows more pathophysiology-focused diagnoses and treatments
for the disorder. As a result, the foci of research are constantly
shifting, which differ greatly from the Rome III period, therefore
requiring shorter timeframes within which to examine the literature
trajectory. Lastly, the inclusion of all research published between
2016 and 2022 in a single dataset hinders the detection of subtle
emerging topics in the final results. Therefore, we split the articles
in the database into shorter time spans, such as 2 years.

3. Results

3.1. Publication output

A total of 2,957 research papers were published, including 2,532
articles (85.63%) and 425 reviews (14.37%). As shown in Figure 1,
for better exploration of past research shifts, two time intervals were

defined: 2006–2017 and 2018–2022. Between 2006 and 2017, the
number of studies fluctuated in a wave-like pattern, ranging from
182 to 163 documents. During the last 4 years, the productivity grew
exponentially, reaching 237 documents.

3.2. Analysis of countries, regions, and
institutions

The literature on FD has been published by 369 institutions
across 80 countries or regions. As shown in Table 1, the top 10
countries and institutions are listed. FD research was led by the
USA and China, accounting for 19.17% and 14.20%, respectively,
of the total number of publications in the field. Third place is held
by Japan (371, 12.55%).

Over the past decade, Western institutions have dominated the
top 10 productive list. Mayo Clin produced the most papers (109,
3.68%), followed by Univ Newcastle (86, 2.91%) and Katholieke
Univ Leuven (50, 1.69%).

The top countries with the highest betweenness centrality were
Canada (0.25), the USA (0.2), and Australia (0.2). In terms of
betweenness centrality, McMaster Univ (0.13) ranked first. Univ
Malaya (0.11) and China Acad Chinese Med Sci (0.09) came in
second and third, respectively.

In Figure 2, the collaboration network among different
countries contributing to the FD literature is illustrated. In the
collaboration cluster community, Canada, the USA, Australia,
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England, and Germany were key players due to the global nature
of their cooperation. In addition, Greece, Norway, Switzerland,
Sweden, Singapore, France, and the Netherlands were actively
involved in collaborative research, despite not having a high record
of publications.

For example, Canada, which was engaged in the most
extensive global collaborations, worked closely with the USA,
Belgium, England, France, Denmark, the Netherlands, Germany,
Portugal, Italy, Sweden, Greece, Czechia, Argentina, Brazil, Peru,
Saudi Arabia, Israel, New Zealand, Australia, Thailand, Japan,
Iran, and Rwanda.

As shown in Figure 3, McMaster Univ and Univ Malaya
dominated the institutional collaboration network. The main
institutions that collaborated with McMaster Univ were Univ
Calgary (Canada), Univ Toronto (Canada), Johns Hopkins Univ
(USA), St Louis Univ (USA), Univ Wisconsin (USA), Surrey
GI Res (England), Leeds Gen Infirm (England), Leeds Teaching
Hosp NHS Trust (England), St James Univ Hosp (England), Univ
Leeds (England), Dartmouth Hitchcock Med Ctr (Lebanon), and
Chulalongkorn Univ Hosp (Thailand).

Univ Malaya had notably strong collaborations with Univ
Padua (Italy), Univ Milan (Italy), St James Univ Hosp (England),
Natl Def Med Coll (Japan), Yonsei Univ (South Korea),
Wonkwang Univ (South Korea), Natl Univ Singapore (Singapore),
Natl Univ Singapore Hosp (Singapore), Chulalongkorn Univ
Hosp (Thailand), and Sheikh Russel Natl Gastroliver Inst &
Hosp (Bangladesh).

3.3. Authors

There were 422 authors contributing to the FD studies.
Table 2 illustrates that authors affiliated with European institutions
published the majority of FD articles (199). The most articles
(128, 4.33%) were contributed by Jan Tack, followed by Nicholas
J. Talley (122, 4.13%), and Hiroto Miwa (32, 1.08%). Nicholas J.
Talley (0.41), Jan Tack (0.27), Gerald Holtmann (0.15), and Michael
Camilleri (0.13) were the top authors in terms of betweenness
centrality.

The authors’ collaboration network, illustrated in Figure 4,
showed that among the topmost productive authors, Nicholas
J. Talley, Jan Tack, Gerald Holtmann, Michael Camilleri, Ken
Haruma, and Paul Moayyedi were leading authors within their
collaborative clusters.

Nicholas J. Talley had close ties with Jan Tack, Hidekazu
Suzuki (Japan), Magnus Simrén (Sweden), Alexander C. Ford,
Guido Gerken (Germany), John K. DiBaise (USA), Cathy D.
Schleck (USA), Brian E. Lacy, Paul Moayyedi, Alan R. Zinsmeister
(USA), Linda M. Herrick (USA), Rok Seon Choung (USA),
Kerith Duncanson (Australia), Grace Burns (Australia), Mike Jones
(Australia), Jennifer Pryor (Australia), Michael P. Jones (Australia),
Simon Keely (Australia), Gerald Holtmann, Marjorie M. Walker,
Henry P. Parkman (USA), Awat Feizi, and Peyman Adibi (Iran).

Jan Tack had close collaborations with Alexander C. Ford,
Dominique Vanderghinste (Belgium), Magnus Simrén, Hans
Törnblom (Sweden), Brecht Geeraerts (Belgium), Patrick Dupont
(Belgium), Tim Vanuytsel, Rita Vos (Belgium), Ricard Farré
(Belgium), Lukas Van Oudenhove, Benjamin Fischler (Belgium),

TABLE 2 The top 10 productive authors of FD research.

Rank Authors Count (% of
2,957)

Centrality

1 Jan Tack (Belgium) 128 (4.33) 0.27

2 Nicholas J. Talley (Australia) 122 (4.13) 0.41

3 Hiroto Miwa (Japan) 32 (1.08) 0.08

4 Marjorie M. Walker (Australia) 29 (0.98) 0.02

5 Paul Moayyedi (Canada) 28 (0.95) 0.11

5 Alexander C. Ford (England) 28 (0.95) 0.07

6 Gerald Holtmann (Australia) 26 (0.95) 0.15

7 Michael Camilleri (USA) 25 (0.95) 0.13

7 Fanrong Liang (China) 25 (0.95) 0

7 Sanjiv Mahadeva (Malaysia) 25 (0.95) 0.03

7 Fang Zeng (China) 25 (0.95) 0

8 Seiji Futagami (Japan) 23 (0.78) 0.09

8 Lukas Van Oudenhove (Belgium) 23 (0.78) 0.06

9 Tim Vanuytsel (Belgium) 20 (0.68) 0.02

9 Jae-Woo Park (South Korea) 20 (0.68) 0.05

9 Ken Haruma (Japan) 20 (0.68) 0.13

9 Brian E. Lacy (USA) 20 (0.68) 0

10 Tadayuki Oshima (Japan) 18 (0.61) 0

Hanne Vanheel (Belgium), Joris Vandenberghe (Belgium), M.
Florencia Carbone (Belgium), Dorien Beeckmans (Belgium),
Nathalie Weltens (Belgium), Hidekazu Suzuki, Tatsuhiro Masaoka
(Japan), Michael Camilleri, Henry P. Parkman, Nimish Vakil
(USA), Paul Moayyedi, Nicholas J. Talley, Christine Feinle-Bisset
(Australia), Michael P. Jones, and Fernando Azpiroz (Spain).

Gerald Holtmann produced internationally collaborative
publications with Michael P. Jones, Peter Malfertheiner (Germany),
Ayesha Shah (Australia), Kok-Ann Gwee (Singapore), Nicholas J.
Talley, and Jin-Song Liu (China).

Paul Moayyedi collaborated closely with Nicholas J. Talley,
Hidekazu Suzuki, Alexander C. Ford, Colin W. Howden (USA),
Alan R. Zinsmeister, Cathy D. Schleck, Brian E. Lacy, Premysl
Bercik (Canada), Enzo Ubaldi (Italy), Luigi Gatta (Italy), Cesare
Tosetti (Italy), Giulia Fiorini (Italy), and Dino Vaira (Italy).

Ken Haruma engaged in broad collaborations with Hidekazu
Suzuki, Kazuaki Chayama (Japan), Shinji Tanaka (Japan),
Yoshikazu Kinoshita (Japan), Hiroto Miwa, Tomoari Kamada
(Japan), Noriaki Manabe (Japan), Michael Camilleri, and
Alexander C. Ford.

Michael Camilleri worked closely with Jessica Atieh (USA),
Nicholas J. Talley, Jan Tack, Noriaki Manabe, Alan R. Zinsmeister,
Cathy D. Schleck, Yuri A. Saito (USA), Linda M. Herrick, and
Myung-Gyu Choi (South Korea).

3.4. Productive and co-cited journals

There were 742 journals in total that published the retrieved
records. The top 10 productive journals in FD research are listed in
Table 3. Neurogastroenterology and motility: the official journal of

Frontiers in Neuroscience 09 frontiersin.org

https://doi.org/10.3389/fnins.2023.1109510
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1109510 March 9, 2023 Time: 10:35 # 10

Zhang et al. 10.3389/fnins.2023.1109510

FIGURE 4

Collaboration network of authors engaged in FD research. The network is made up of nodes, each representing an author, and their size represents
the number of publications produced by that author. A thicker curved line connecting nodes indicates a more frequent co-occurrence, since
co-occurrence represents a collaborative relationship. There is no collaboration when a node lacks any connections. A node with a high
betweenness centrality (>0.1) (that is, those that are linked to more than 10% of the other nodes) possess significant power over other nodes due to
the increased flow of information via it. Furthermore, the presence of a purple rim denotes a high degree of betweenness centrality. The presence of
a red tree ring indicates a high level of scholarly activity, indicated by a citation burst. The burst associated with a particular node is proportional to
the thickness of its red tree ring.

the European Gastrointestinal Motility Society published the most
literature (204, 6.90%).

A journal co-citation analysis was also performed in order to
identify influential journals in FD research. FD-related research
papers were co-cited in 174 scholarly journals. As shown in Table 3,
Gastroenterology had the most co-citations (2,139, 6.71%).

3.5. Co-cited references and references
with citation bursts

Two articles are co-cited when they are both cited in a third
article. By combining highly cited papers and the evolution of
research trends, co-cited references (documents) illustrate the
intellectual structure of the research. The use of co-citation
references also allows us to estimate the contribution of countries,
institutions, authors, and journals to the genesis of the intellectual
foundation. It follows the same method as the previous co-citation
analysis, but instead of journals, it analyzes documents. A total of
1,155 references were co-cited in the 2,957 FD publications. Table 4
shows the top 10 co-cited references.

Citation bursts can be interpreted as evidence of a spike in
citations following the publication of a specific article. Citation
bursts, therefore, indicate active areas of research or themes that
are at the forefront of research. There are strong citation bursts
for 25 references illustrated in Figure 5. When identifying research
hotspots, it is crucial to consider references (Drossman, 2016;

Stanghellini et al., 2016; Enck et al., 2017; Moayyedi et al., 2017;
Aziz et al., 2018; Wauters et al., 2020b) whose citation bursts ended
in 2022, as these references continue to generate rapidly escalating
citation counts.

3.6. Keyword analysis

The co-occurrence analysis, namely content analysis, is one of
several types of synthetic knowledge synthesis. It is derived by co-
occurrence of keywords and concepts within texts and sources,
which provides an accurate way to identify the main concepts
within a particular field or scientific area. It is therefore possible to
discover, plot, and manage patterns and conceptual events as well as
scientific structure, conceptual network, hierarchical relationships
between concepts and conceptual categories of the field being
studied. The conceptual network is constructed by counting the
number of thematic words in the text and their relationship to
other topics. The more frequently two terms are used in a document
and repeated, the more semantically related they are. Using the co-
occurrence of two terms or two keywords allows us to discover the
connections between two topics in a field of research, and in this
way we can gain insight into the developmental trends of that field.
In the literature retrieved by VOSviewer, 4,725 author keywords
were identified. In preparation for creating bibliometric maps,
thesauri were developed, which disambiguated the various forms
in which author keywords appear, combined synonyms, corrected
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TABLE 3 Top 10 prolific journal and top 10 co-cited journals in FD research.

Rank Journal Count
(% of 2,957)

IF JCR Rank Co-cited journal Count
(% of

31,858)

IF JCR

1 Neurogastroenterology and
motility: the official journal of
the European Gastrointestinal
Motility Society (England)

204 (6.90) 3.960 Q2 1 Gastroenterology (USA) 2,139 (6.71) 33.883 Q1

2 Journal of gastroenterology and
hepatology (Australia)

96 (3.25) 4.369 Q2 2 Gut (USA) 1,952 (6.13) 31.793 Q1

2 World journal of
gastroenterology (USA)

91 (3.01) 5.374 Q2 3 The American journal of
gastroenterology (USA)

1,908 (5.99) 12.045 Q1

4 Journal of
neurogastroenterology and
motility (South Korea)

80 (2.71) 4.725 Q2 4 Alimentary pharmacology &
therapeutics (England)

1,687 (5.30) 9.524 Q1

4 Digestive diseases and sciences
(USA)

80 (2.71) 3.487 Q3 5 Digestive diseases and sciences (USA) 1,329 (4.17) 3.487 Q3

5 Alimentary pharmacology &
therapeutics (England)

74 (2.50) 9.524 Q1 6 Neurogastroenterology and motility:
the official journal of the European
Gastrointestinal Motility Society
(England)

1,222 (3.84) 3.960 Q2

6 The American journal of
gastroenterology (USA)

55 (1.85) 12.045 Q1 7 Scandinavian journal of
gastroenterology (England)

1,086 (3.41) 3.027 Q4

7 Scandinavian journal of
gastroenterology (England)

45 (1.52) 3.027 Q4 8 World journal of gastroenterology
(USA)

1,044 (3.28) 5.374 Q2

8 BMC gastroenterology
(England)

44 (1.49) 2.847 Q4 9 Journal of gastroenterology and
hepatology (Australia)

1,010 (3.17) 4.369 Q2

8 European journal of
gastroenterology & hepatology
(England)

44 (1.49) 2.586 Q4 10 Clinical gastroenterology and
hepatology: the official clinical practice
journal of the American
Gastroenterological Association (USA)

958 (3.01) 13.576 Q1

9 Journal of gastroenterology
(Japan)

42 (1.42) 6.772 Q2

10 Clinical gastroenterology and
hepatology: the official clinical
practice journal of the
American Gastroenterological
Association (USA)

41 (1.39) 13.576 Q1

10 Helicobacter (England) 41 (1.39) 5.182 Q2

We recorded the 2022 Journal Citation Reports (JCR) Journal Impact Factor (JIF) of a journal from the Web of Science. A journal’s JIF is determined by dividing the number of citations to its
articles in the previous 2 years by the number of citable articles it published during those 2 years. To measure the quality of a journal, all journals in a particular subject are sorted according
to their IF values from the previous year, then divided into four quartiles: Q1, Q2, Q3, and Q4. Journal co-citation occurs when a journal is co-cited (cited together) with another journal in a
research paper, often indicating similar topics between the two journals. The journal co-citation analysis is used to determine the most influential journals.

spelling mistakes, and removed unnecessary terms. Additionally,
author keywords that occurred more than five times were included
in the analysis, and small clusters with fewer than 30 author
keywords were automatically merged. A total of 360 qualified
author keywords were identified and categorized into seven clusters
in the network. Synthetic knowledge synthesis performed on
author keywords cluster landscape (Figure 6) resulted in six themes
and 27 categories presented in Table 5. The frequent codes of each
cluster were shown in Supplementary Figures 1–6.

In Figure 7, the keyword co-occurrences were visualized
in chronologic order, where the timeline view enables clear
identification of the different research trends and their evolution.

In regard to the period from 2006 to 2010, the primary foci of
the research were: (1) barostat testing, nutrient drink test, water
load test, stool antigen test, 13C-octanoic acid breath test, gastric

emptying scintigraphy, intraluminal electrical impedance, and
electrogastrography; (2) H. pylori infection; (3) BMI and smoking;
(4) GERD, hiatal hernia, atrophic gastritis, intestinal metaplasia,
gastric adenocarcinoma, and duodenal ulcer; (5) duodenogastric
reflux; (6) dysrhythmia; (7) gastric fundus tone, antroduodenal
motility, impaired gastric accommodation, slow gastric emptying,
and gastric acid secretion; (8) visceral hypersensitivity and
visceral perception; (9) type 2 diabetes mellitus, insulin resistance,
and impaired glucose tolerance; (10) metabolic syndrome; (11)
chest pain, nausea, constipation, epigastric pain, heartburn,
and gastric distension; (12) psychological factor, abuse history,
and stress; (13) triple therapy, metronidazole, PPIs, baclofen,
alosetron, atropine, prokinetic agent, serotonin reuptake inhibitor,
psychotherapy, and nonsteroidal anti-inflammatory drug; (14)
Mentha × piperita L., Glycyrrhiza glabra, Iberis amara, Matricaria
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TABLE 4 Top 10 co-cited references in FD research.

Rank References Journal Co-citation Publishing year

1 Epidemiology, clinical characteristics, and associations for
symptom-based Rome IV functional dyspepsia in adults in
the USA, Canada, and the UK: a cross-sectional
population-based study

The lancet gastroenterology & hepatology 75 2018

2 Effect of amitriptyline and escitalopram on functional
dyspepsia: a multicenter, randomized controlled study

Gastroenterology 64 2015

3 Impaired duodenal mucosal integrity and low-grade
inflammation in functional dyspepsia

Gut 62 2014

4 A placebo-controlled trial of acotiamide for meal-related
symptoms of functional dyspepsia

Gut 52 2012

5 Worldwide prevalence and burden of functional
gastrointestinal disorders, results of Rome foundation
global study

Gastroenterology 48 2021

6 Randomised clinical trial: rifaximin versus placebo for the
treatment of functional dyspepsia

Alimentary pharmacology & therapeutics 47 2017

7 Functional dyspepsia: the economic impact to patients Alimentary pharmacology & therapeutics 46 2013

7 Pathophysiological abnormalities in functional dyspepsia
subgroups according to the Rome III criteria

The American journal of gastroenterology 46 2017

8 Anxiety is associated with uninvestigated and functional
dyspepsia (Rome III criteria) in a Swedish
population-based study

Gastroenterology 44 2009

9 Efficacy of mirtazapine in patients with functional
dyspepsia and weight loss

Clinical gastroenterology and hepatology: the official clinical
practice journal of the American Gastroenterological
Association

38 2016

10 Duodenal eosinophilia and early satiety in functional
dyspepsia: confirmation of a positive association in an
Australian cohort

Journal of gastroenterology and hepatology 37 2014

10 Functional dyspepsia impacts absenteeism and direct and
indirect costs

Clinical gastroenterology and hepatology: the official clinical
practice journal of the American Gastroenterological
Association

37 2010

10 Alteration in the gastric microbiota and its restoration by
probiotics in patients with functional dyspepsia

BMJ open gastroenterology 37 2017

recutita, Carum carvi, Chamomilla recutita, Chelidonium majus,
caraway oil, Silybum marianum, Angelica archangelica, and
STW5; (15) electrical stimulation and acupuncture; (16) diabetic
gastroparesis and autonomic neuropathy; (17) stress, anxiety,
and depression; (18) endocrine cell; (19) melatonin, leptin, 5-
hydroxytryptamine (serotonin), and ghrelin; (20) cholecystokinin
A receptor; (21) gut microbiota; (22) dietary fiber, gluten, high
fat meal, lipid metabolism, and carbohydrate metabolism; (23)
duodenal eosinophilia and oxidative stress; (24) antioxidant,
arginine, nitric oxide, and glutathione; and (25) CagA and
vacuolating cytotoxin.

From 2011 to 2016, the field focused on (1) obesity,
hypertriglyceridemia, and hyperglycemia; (2) IBS and Crohn’s
disease; (3) non-insulin-dependent diabetes mellitus; (4) chronic
pancreatitis; (5) magnetic resonance imaging and single photon
emission computed tomography; (6) gastric myoelectrical activity,
gastric sensorimotor dysfunction, and duodenal acidification;
(7) capsaicin; (8) satiety, belching, and bloating; (9) cyclic
vomiting syndrome, functional abdominal pain, fibromyalgia,
allergy, restraint stress, sleep disorder, and insomnia; (10) caffeine
and coffee; (11) brain activity and anterior cingulate cortex; (12)
aerobic exercise; (13) alginate, tetracycline, antidepressants, and

DA-9701; (14) acotiamide; (15) exenatide; (16) ferulic acid, citrate,
and chlorogenic acid; (17) glucagon-like peptide 1; (18) alanine
aminopeptidase and adipose tissue; (19) dupA; (20) GNB3 825T
allele; (21) gut-brain axis and brain network; (22) mast cells; and
(23) nuclear factor-κ B.

From 2017 to 2022, researchers focused their research on (1)
electrogastrogram, fMRI, and Gastroparesis Cardinal Symptom
Index; (2) alcohol; (3) default mode network; (4) overlap
syndromes, anorexia nervosa, abdominal migraine, eosinophilic
oesophagitis, and lactose intolerance; (5) herbal medicine, 6-
gingerol, and olive oil; (6) rifaximin, bismuth, amitriptyline,
escitalopram, and digestive enzyme; (7) cognitive behavioral
therapy; (8) placebo response; (9) low FODMAPs diet, isomaltase,
and fructose; (10) cortisol and corticotropin-releasing factor; (11)
brain-gut peptide, neurotrophic factor, adiponectin, and interstitial
cells of Cajal; (12) bile acid, ursodeoxycholic acid, and SIBO; (13)
coronavirus disease 2019; (14) duodenal inflammation; and (15)
dynamin-related protein 1.

In the burstiness analysis in Figure 8, the top 30 author
keywords were extracted; the ongoing bursts for the investigated
period were “acupuncture,” “duodenal eosinophilia,” “gut
microbiota,” and “anxiety.”
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FIGURE 5

Top 25 references with strong citation bursts in FD research. Burst strength is a measure of the rate of change in citations. A citation burst with
greater strength indicates a greater number of citations during a given period. During the period of 2006–2022, a thin blue line runs, while the bold
red line marks a reference burst, which is characterized by an increase in citations over a short period of time.

A list of author keywords with a high frequency in FD research
is presented in Table 6. The most frequent keywords were “H. pylori
infection” (705), “IBS” (602), “GERD” (367), and “quality of life”
(311).

Clustered scientific landscapes (Supplementary Figures 7, 8)
were generated using VOSviewer for two consecutive periods
(2017–2019 and 2020–2022), as described by Kokol et al.
(2018). Both landscapes were subjected to thematic analysis,
and the landscapes were analyzed and compared in order to
identify new research topics. Notably, terms related to H. pylori-
associated dyspepsia and disordered motility appeared in 2017–
2019 but not in 2020–2022, indicating that the research fervor
on these topics is fading. Further, it was revealed from the
hot topic analysis that FD research in the last 5 years has
centered on:

(1) subtle immune activation and inflammatory responses in FD
characterized by infiltration and activation of eosinophils and
mast cells;

(2) acupuncture therapy in FD;
(3) microbial dysbiosis in FD;
(4) FD’s frequent co-morbidity with other FGIDs, as well as

chronic pain and psychiatric disorders;
(5) the mechanisms responsible for the development of visceral

hypersensitivity in FD;
(6) the mechanisms of food-induced symptoms and dietetic

management in FD.

In the present study, the hot topics result obtained by
VOSviewer was consistent with the author keyword burstiness
analysis from CiteSpace, suggesting reliability in the findings.

4. Discussion

4.1. General information

This is the first exhaustive analysis of FD research that employs
a novel knowledge synthesis method and cutting-edge bibliometric
techniques to map out areas of FD research, analyze scientific
context within those areas, and assess how it has evolved over time.

As indicated by the number of publications in this field shown
in Figure 1, this field remained stagnant until 2017, when a sudden
explosion of scientific productivity became apparent. Therefore, the
last 4 years have witnessed intriguing findings that have attracted
considerable attention.

Table 1 shows that the USA, China, and Japan dominated
scientific production in this field. A major contributing factor to the
USA and China’s active performances is likely the second phase of
Integrative Human Microbiome Project launched by the National
Institutes of Health in 2013 and the Microbiome Program of the
Chinese Academy of Sciences in 2017. These programs provided
financial support for related research, which further attracted
psychiatrists, microbiologists, neurologists and gastroenterologists
to the area and sparked their interest in it.
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FIGURE 6

Co-occurrence network of author keywords with a minimum of 5 occurrences in FD research. A node size indicates the number of occurrences of
an author keyword. An edge between nodes indicates that author keywords are commonly occurring. The greater the thickness of an edge, the
more frequently an author keyword co-occurs with the other keyword. The color of a node indicates its category.

The centrality indicator can be used to quantify the significance
of each entity (i.e., an author, an institution, or a country) within
the co-authorship network; due to its short path to other nodes, a
node with a high degree of betweenness centrality can be viewed as
a bridge between different entities (represented by a purple halo)
(Abbasi et al., 2012). In other words, a higher centrality index
indicates stronger engagement with other entities as well as greater
influence in the academic community (Freeman, 1977; Fotopoulou
et al., 2022).

In this regard, as shown in Figure 2, collaboration among
countries was headed by Canada, the USA, Australia, England,
and Germany; also, during the period of cooperation, they held
a leading position in this field by authoring extremely influential
publications. This is not a surprising result because in another
bibliometric analysis which sought to provide a comprehensive
insight into the scientific profile of IBS research, it was found that
the USA, Canada, England, Sweden, and others were identified as
central co-authoring countries due to their worldwide collaboration
and production of impactful research (Zhong and Lin, 2022).
This indicates that European and North American countries have
invested significant resources and efforts in conducting high-
quality studies in FGIDs field.

In Table 1 and Figure 3, Western institutions topped the most
productive list; Japanese, Chinese, and Malaysian institutions also
demonstrated robust publishing activities.

An exceptional bibliometric profile and a high record of
publications made McMaster Univ the most impactful among the
top 10 most productive affiliations. Furthermore, Univ Malaya
had a remarkable number of publications and a high degree
of betweenness centrality, indicating its exceptional academic
impact on FD research. Although Univ Padua (10 publications;
betweenness centrality 0.14), Natl Univ Singapore (26 publications;
betweenness centrality 0.13), Queen Mary Univ London from
England (15 publications; betweenness centrality 0.12), Maastricht
Univ from the Netherlands (21 publications; betweenness centrality
0.11), and Royal Adelaide Hosp from Australia (17 publications;
betweenness centrality 0.11) did not contribute to the top 10 list
due to their low literature output, they demonstrated a high degree
of collaboration and their scientific publications were viewed as
potentially revolutionary contributions to the field. A significant
increase in the number of Asian institutions participating in FD
research has been observed; however, similar to the country co-
authorship landscape, institutions in North America, Europe, and
Australia generally tended to collaborate more actively and produce
highly influential scientific outcomes.

In Table 2 and Figure 4, Asian scholars exhibited the highest
levels of publication activity despite a low degree of international
collaboration. As regards betweenness centrality, Nicholas J. Talley,
Jan Tack, Gerald Holtmann, Michael Camilleri, Ken Haruma, and
Paul Moayyedi were ranked at the top of the list, reiterating the
excellence of North America, Europe, and Australia in FD research.
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TABLE 5 Results of the synthetic knowledge synthesis in FD research.

Theme Color Representative author keywords Prevailing sub-categories

H. pylori infection Red Gastric cancer, gastropanel, gastrin-17, cytotoxin associated
gene A (CagA), vacuolating cytotoxin, duodenal ulcer
promoting gene (dupA), malignancy, gastric ulcer, duodenal
ulcer, PPI, antacids, rebamipide, reflux esophagitis, quadruple
therapy, triple therapy

The association between H. pylori and the development of
noncardia gastric cancer and peptic ulcer disease; the molecular
basis by which H. pylori induces gastric cancer; diagnostic tests for
H. pylori infection; antibiotic eradication of H. pylori infection;
screening and treatment for H. pylori infection; the link between
gastroesophageal reflux disease (GERD) and H. pylori; the
involvement of H. pylori in FD

Pathophysiological
mechanisms of FD

Green Duodenal inflammation, mast cells, eosinophils, GNB3,
interleukin (IL)-17F, IL-10, melatonin, gastric motility,
impaired gastric accommodation, gastric slow waves, leptin,
peptide YY, cholecystokinin, glucagon-like peptide 1, motilin,
gastric emptying, tegaserod, itopride, prokinetics, acotiamide,
gut microbiota, small intestinal bacterial overgrowth (SIBO),
the interstitial cells of Cajal (ICCs), visceral hypersensitivity,
functional magnetic resonance imaging (fMRI), bile acids,
brain-gut axis, enteric nervous system, vagal nerve, food allergy,
dopamine, acupuncture, electroacupuncture

Neuronal mechanisms of visceral hypersensitivity in FD;
abnormal visceral pain signaling in FD; subtle infiltration and
activation of eosinophils and mast cells; dysregulation of the
gut-brain axis in FD; neuropeptides in the pathogenesis and
treatment of FD; dysregulation of enteroendocrine cells signaling
in FD; pathophysiologic involvement of ICCs in FD; bile acid
alterations as an important determinant in FD etiopathogenesis;
food allergy as stimulants in FD symptoms; brain network
alterations in FD; acupuncture treatment of FD

Extraintestinal
co-morbidities and
overlap syndromes
associated with FD

Yellow Migraine, chronic pelvic pain, fibromyalgia, chronic fatigue,
endometriosis depression, sleep disorders, insomnia, anxiety,
antidepressants, posttraumatic stress disorder, alexithymia,
post-cholecystectomy syndrome, aerophagia, Crohn’s disease,
celiac disease, lactose intolerance, GERD, IBS, functional
constipation

The extraintestinal co-morbidities of FD, many of which are
chronic painful disorders; psychological co-morbidities associated
with FD; FGID overlap syndrome; FD patients with overlapping
GERD

Herbal medicine in FD Light blue; pink Iberogast (STW5), Iberis amara, Mentha piperita, Glycyrrhiza
glabra, Angelica archangelica, Carum carvi, Chelidonium majus,
carraway oil, peppermint oil

Phytomedical treatment for FD

Diabetic gastroparesis Dark blue Glucose tolerance, type 2 diabetes mellitus, type 1 diabetes
mellitus, post-prandial hyperglycemia, hyperinsulinemia,
hypertriglyceridaemia, and insulin resistance, nonalcoholic fatty
liver disease, high-fat meal, oxidative stress, nitric-oxide,
adipose tissue, exercise, prolonged sitting

The overlap of symptoms in FD and gastroparesis;
pathophysiology of FD and gastroparesis and overlap

Dietary factors in FD Purple Body mass index (BMI), alcohol, FODMAPs (fermentable
oligo-, di-, and monosaccharides and polyols), gluten wheat

Mechanisms underlying food- and eating-induced symptoms of
FD; diet-focused approach to treating FD

The results of our study lend empirical support to recent papers
(Zyoud et al., 2019, 2021; Chen et al., 2022a; Zhang T. et al., 2022b)
that argues greater diversity of collaboration is necessary to advance
FGIDs field in Asia. Research on FD will therefore have much to
offer since Asian research into FD is still a fledgling.

As indicated in Table 3, the active journals that published
FD studies provide substantial coverage to gastroenterology-related
topics. Furthermore, they are mostly based in England. In order
to identify the journals that have influenced the field, which
researchers dedicate considerable attention to, the co-citation
technique was used. The most highly co-cited journals are, however,
based in the USA, although it is important to note that Alimentary
pharmacology & therapeutics, Neurogastroenterology and motility:
the official journal of the European Gastrointestinal Motility Society,
and Scandinavian journal of gastroenterology also received high
co-citations.

High-quality, well-designed studies are required to bolster
the evidence base for FD research, as the most prolific journals
are found in Q2 or Q4. In addition, it is proposed that the
professional capacity building of journals published in Asian
nations be strengthened in order to produce high-quality scientific
results and share knowledge gained in the field of FD in Asia.

Neurogastroenterology and motility: the official journal of
the European Gastrointestinal Motility Society, World journal

of gastroenterology, Journal of gastroenterology and hepatology,
Digestive diseases and sciences, Alimentary pharmacology &
therapeutics, The American journal of gastroenterology, and
Scandinavian journal of gastroenterology were considered core
journals in the field based on their high publications and co-
citations.

4.2. Knowledge base

The document co-citation analysis was performed to identify
“intellectual turning point papers” in the field of FD, i.e., papers
that made significant contributions to domain knowledge. Based
on Table 4, the most influential articles describe the epidemiology
and economic burden of FD, as well as its pathophysiology (e.g.,
duodenal inflammation; dysbiosis; and psychological factors) and
associated therapeutic approaches, as well as overlap syndromes
in FD (Aro et al., 2009; Brook et al., 2010; Matsueda et al.,
2012; Lacy et al., 2013; Vanheel et al., 2014, 2017; Walker
et al., 2014; Talley et al., 2015; Tack et al., 2016; Igarashi
et al., 2017; Tan et al., 2017; Aziz et al., 2018; Sperber et al.,
2021).

Based on an analysis of the most frequently used author
keywords in FD papers, as displayed in Table 5, the extensively
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FIGURE 7

Timeline visualization of co-occurring author keywords network. In the map, each author keyword is displayed along with the year in which it first
appeared. Each node represents an author keyword. Co-occurrences of author keywords are represented by the links. The node’s size is
proportional to the frequency with which an author keyword occurs.

studied topics include: (1) IBS, FD and GERD overlap; (2)
gastroparesis and FD; (3) the pathophysiology of FD (e.g.,
disturbed gastric accommodation, impaired gastric emptying,
visceral hypersensitivity, psychosocial factors, and gastroduodenal
mucosa inflammation); and (4) treatments options such as PPIs,
prokinetics, and acupuncture.

4.3. Emerging trends

In addition to highlighting the fast-moving or newly emerging
areas in FD research based on the hot articles (Drossman, 2016;
Stanghellini et al., 2016; Enck et al., 2017; Moayyedi et al., 2017;
Aziz et al., 2018; Wauters et al., 2020b) with ongoing citation bursts,
burstiness of author keyword was used to define foci of research in
more depth. Those author keywords with ongoing citation bursts
(i.e., acupuncture, gut microbiota, duodenal eosinophilia, mast
cell, and anxiety) suggest the topics that prove to be potentially
of particular interest. Furthermore, the presented topics were
well represented in the results of a comparison of two corpora
pertaining to FD extracted from the WOSCC database (one for the
period 2017–2019 and the other for 2020–2022). Based on Figure 8
and Supplementary Figures 7, 8, potential future hot research
topics have been determined.

As previously stated, the pathophysiology of FD is
likely multifaceted, and a variety of classic pathophysiologic
mechanisms have been linked in certain dyspeptic symptoms.
These proposed themes in the pathophysiology include gastric
hypersensitivity, dysregulated gastric motor function (e.g., gastric
dysaccommodation and delayed gastric emptying), increased

sensitivity to chemicals or to gastric distension, H. pylori infection,
as well as dietary, environmental, and psychological factors.
Current treatment options for these pathways are limited to
chronic symptom relief with suboptimal efficacy. This contributes
to a high disease burden, diminished QOL, and financial hardships.
Further research on the pathophysiology of FD is therefore
necessary to provide more precise targets for future therapies and
novel treatments are desperately needed for this condition.

Figure 8 and Supplementary Figures 7, 8 demonstrated
that prevailing pathogenesis-associated author keywords were
related to duodenal abnormalities such as altered microbiota,
increased mucosal permeability, infiltration and activation of
eosinophils and mast cells, and psychiatric co-morbidities. It is
therefore possible to attribute FD’s pathogenesis to alterations
in the duodenal luminal and microbiota that interact with the
mucosal immune system to elicit symptoms, as evidenced by
accumulating evidence indicating that specific patient groups
may exhibit tangible pathology in the duodenum, including
eosinophilia, mast cell proliferation, and neuronal structural
changes.

With evidence available, the pathogenesis of FD was further
conceptualized as follows: (1) antigen presentation to the duodenal
mucosa, which may involve food macromolecules, nutrients or
microbial antigens; (2) activation of eosinophils and mast cells
via an immune cascade; (3) local nerve sensitization and systemic
immune activation contribute to FD symptomatology; and (4)
maintenance of a low-grade inflammation via bidirectional gut-
brain and brain-gut axes.

Therapeutically, despite the use of numerous therapeutic
approaches (such as dietary intervention, antibiotics, acid

Frontiers in Neuroscience 16 frontiersin.org

https://doi.org/10.3389/fnins.2023.1109510
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1109510 March 9, 2023 Time: 10:35 # 17

Zhang et al. 10.3389/fnins.2023.1109510

FIGURE 8

Top 30 author keywords with strong citation bursts in FD research. Burst strength is a measure of the rate of change in citations. A citation burst with
greater strength indicates a greater number of citations during a given period. During the period of 2006–2022, a thin blue line runs, while the bold
red line marks an author keyword burst, which is characterized by an increase in citations over a short period of time.

suppressants, and prokinetics) for the treatment of the various
symptoms associated with FD, no single approach has proven to
be consistently successful. Also, there are currently no treatments
that have been approved by the Food and Drug Administration for
the disorder. As depicted in Figure 8, a growing body of research
is examining the role of the microbiota, psychological distress,
and mood disorders in FD. In light of the recent reclassification
of FD as brain-gut regulation disorder and the growing body of
evidence demonstrating the crucial role of the gut microbiota in
symptom expression, there have been calls for integrated clinical
management models that combine conventional medical care with
microecological therapy, behavioral, and dietary interventions.
Besides, a survey conducted in Italy of more than 200 patients
with FGIDs, of whom 82.4% were diagnosed with FD according
to Rome III criteria, revealed that 48.7% of patients also used
complementary and alternative medicine (CAM) as a supplement
to conventional therapy, despite the fact that the majority of
patients receive conventional therapy (Lahner et al., 2013).
Acupuncture is one of the most frequently used CAM for FD.
Based on a meta-analysis of eight randomized controlled trials
(RCTs) that compared acupuncture with sham therapy in patients
with FD, acupuncture was found to significantly reduce symptoms
and gastric emptying time, while having few adverse effects (Mao
et al., 2020). Further, these key hot issues in FD research details
follow, with their associations emphasized (Figure 9).

4.3.1. Eosinophil-mast cell axis
Visceral hypersensitivity and abnormal gastric motility are

thought to directly contribute to FD symptoms, but other factors
such as increased gastric acid secretion, infection with H. pylori,
dysbiosis, psychological disorders, diet, lifestyle, and stomach shape
modify those physiological abnormalities and thus modify FD
symptoms. Collectively, symptoms of dyspepsia result from the
above factors interacting in a complex way.

Evidence is mounting suggesting that these interactions
primarily occur in the duodenum, a key organ involved in the
pathophysiology of FD, where the aforementioned factors cause
symptoms by affecting the organ; the duodenum is thought to be
essential for regulating the physiological processes of the stomach,
and in FD, gastric malfunction is thought to be secondary to
duodenum stimulation, thus causing dyspeptic symptoms.

In light of the idea that gastric dysmotility and gastric
hypersensitivity may be the downstream effects of duodenal
pathology, recent advances have shown that FD may be caused by
changes in the duodenum, such as minimal mucosal inflammation
and impaired mucosal integrity (Miwa et al., 2019).

There is no consensus as to whether immune activation
precedes barrier damage or vice versa, despite the repeated
links between the two. Most likely, the two pathophysiological
phenomena are amplified by one another, resulting in a vicious
circle, making it even more complex to unravel these mechanisms
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(Ceulemans et al., 2022). The inflammatory infiltrate is likely
to release granular components, resulting in barrier impairment.
A barrier defect, however, can allow luminal substances, such as
microbial components, food antigens, acids, bile acids, and lipids, to
invade the intestinal tissue, triggering mucosal immune responses
(Wauters et al., 2020b).

In FD, mucosal eosinophils are predominant, with mast cells
infiltration often occurring alongside, despite reports of CD8+

cytotoxic T lymphocytes and CD68+CCR2+ macrophages as
tissue cell populations (Gargala et al., 2007; Futagami et al.,
2010; Burns et al., 2019a). There is therefore low-grade immune
activation of the duodenum, which can be observed through
elevated amounts and activation of eosinophils and mast cells
(clustering and degranulation), resulting in greater duodenal
epithelial permeability (Vanheel et al., 2014), challenging the notion
that FD is purely psychosomatic. It was further observed that FD
was associated with increased duodenal eosinophils in a majority,
which do not exclusively represent either subtype of this disorder.

The initial report of duodenal eosinophil infiltration in FD has
been presented in pediatric patients from the USA, although there
are no controls included in this study (Friesen et al., 2002), as well
as in a nested case-control study of Swedish adults (Talley et al.,
2007). In this population-based study with 1,001 participants who
underwent endoscopy, there was a significant positive correlation
between eosinophil infiltration in the duodenum and early satiety,
a defining symptom of FD and particularly PDS (Talley et al., 2007).
This suggests that duodenal impairments may contribute to meal-
related complaints.

Subsequent replication of these results in the UK (Walker
et al., 2010) and Australia (Walker et al., 2014) confirmed a
preponderance of duodenal eosinophilia in PDS. However, there is
a similar prevalence between PDS and EPS in other cohorts (Walker
et al., 2009; Vanheel et al., 2014; Tanaka et al., 2016).

In fact, it is estimated that up to 40% of FD patients have micro-
inflammation, frequently in the form of eosinophil infiltration (Du
et al., 2018). In contrast, few studies have demonstrated changes
in stomach immune cell profiles, none of which are associated
with symptoms of FD (Futagami et al., 2010; Li et al., 2010;
Pasricha et al., 2021), confirming that dyspeptic symptoms do not
directly correlate with gastric pathophysiology. Accordingly, this
further strengthens the notion that the duodenum is likely to be
the key pathogenic organ for FD in that impaired duodenogastric
communication is induced by duodenal abnormalities therefore
generating FD symptoms (Vanheel and Farré, 2013; Wauters et al.,
2020a; Ceulemans et al., 2022). Furthermore, increased mast cells
and degranulation was found in the duodenum of FD patients
in addition to the eosinophilic infiltration (Vanheel et al., 2014;
Cirillo et al., 2015; Taki et al., 2019), although these findings
were not always consistent (Tanaka et al., 2016; Puthanmadhom
Narayanan et al., 2021), nevertheless substantiating the concept of
an eosinophil-mast-cell axis (Wechsler et al., 2021).

Chemokines regulate eosinophil recruitment into the
gastrointestinal tract, with eotaxin-1 [C-C motif chemokine
ligand (CCL) 11], which is constitutively expressed in the intestinal
lamina propria, being one of the most important (Powell et al.,
2010). Eotaxin-3 (CCL26) is another powerful eosinophil-
recruiting chemokines (Weller and Spencer, 2017). Therefore,
the expression of CC-chemokine receptor (CCR)-3, which binds

eotaxins, is required for the recruitment of eosinophils to the
intestine (Blanchard and Rothenberg, 2009).

As far as immune profiles are concerned, those of the proximal
small intestine appear to be predominantly influenced by the
T-helper (Th)-2 phenotype (Brown and Esterházy, 2021). IL-5
is a key component of eosinophil biology, as its expression acts
as the strongest stimulator among the various Th-2 cytokines
required for eosinophil activation (Keely et al., 2015). Further,
increased production of IL-5 and IL-13 by stimulated lymphocytes
in FD patients is consistent with the profile of a Th2-type
immune response (Kindt et al., 2009). In this Belgian study, Kindt
et al. (2009), specifically, reported systemic changes in both FD
and IBS patients, including increased CD3+CD45RA+CD45RO+

lymphocytes, as compared with the control group, suggesting
that naïve T cells may be in transition to a memory phenotype
(Kindt et al., 2009). Further, increased levels of IL-5 and IL-13 and
decreased interferon-γ (IFN-γ) production following lymphocyte
stimulation was reported in the combined FD and IBS cohort when
compared to controls (Kindt et al., 2009). A decrease in IL-12
production was also observed following stimulation of monocytes
(Kindt et al., 2009). Therefore, there is a shift to a Th-2 cytokine
response in FD, such as those observed in atopy and allergy.

Another study, by Liebregts et al. (2011), reported
increased proportions of circulating gut-homing T helper
cells (CD4+α4β7+CCR9+) and increased production of tumor
necrosis factor-α (TNF-α), IL-1β, IL-6, and IL-10, despite no
increase in overall Th cell levels, implying immune recruitment
to the gastrointestinal tract in these patients. In addition, this
study demonstrated that elevated serum cytokines and enhanced
lymphocyte recruitment to the small intestine, both of which
are indicative of active inflammatory states, were associated with
symptoms (upper abdominal pain, cramps, nausea, vomiting, and
delayed gastric emptying) in patients with FD (Liebregts et al.,
2011).

Mechanistically, a compromised mucosal barrier allows
pathogens and food antigens to penetrate the intestinal barrier,
leading to a Th2 immune response, which then activates
immune responses initiated by mast cells and eosinophils. Upon
activation, mast cells and eosinophils further produce pro-
inflammatory cytokines and transforming growth factors that
contribute to Th1/Th2 polarization (Keely et al., 2015). In parallel,
activated eosinophils function as antigen-presenting cells for Th2-
lymphocytes with immunoglobulin (Ig) class-switching to IgE in B
cells via IL-4 or IL-13. Importantly, eosinophils are the most widely
recognized and influential effector cells during Th2 responses
(Powell et al., 2010). In this regard, Th2-associated IL-5 can
activate duodenal eosinophils, and the granular content released by
eosinophils, such as major basic protein (MBP), may then act as a
signal to activate mast cells. As a reciprocal mechanism, mast cells
are also identified as recruiters of eosinophils in FD, when they are
activated by IL-4 or IL-13 released from Th2 cells.

Further to this, evidence is also growing that group 2 innate
lymphoid cells (ILC2s) may contribute to the recruitment of
eosinophils by producing cytokines, including IL-5 and IL-13
(Larose et al., 2017). In terms of mechanism, the loss of duodenal
homeostasis is accompanied by the switch from ILC3-mediated
homeostasis to ILC2-dominant response (Larose et al., 2017).
Expansion of ILC2 populations are therefore activated by cytokines
such as IL-33, IL-25, IFN-γ, and IL-1β, as well as serine protease
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TABLE 6 Top 20 author keywords with the highest frequency in FD research.

Rank Keywords Count Rank Keywords Count

1 H. pylori infection 705 11 Anxiety 121

2 IBS 602 12 Impaired glucose tolerance 116

3 GERD 367 13 Gastroparesis 107

4 Quality of life 311 14 Depression 101

5 Impaired gastric accommodation 252 15 Type 2 diabetes mellitus 99

6 Duodenal ulcer 239 16 Atrophic gastritis 97

7 PPIs 207 17 Gastric emptying 94

8 Epigastric pain 186 18 Prokinetic agents 90

9 Visceral hypersensitivity 147 19 Oxidative stress 77

10 Acupuncture 135 20 Inflammation 76

FIGURE 9

Schematic overview of the evidence regarding immune activation in FD.

released by mast cells (Larose et al., 2017). In this cascading
inflammatory response, IL-5 and IL-13 are secreted by ILC2s,
subsequently promoting eosinophilic recruitment and further
perpetuating the inflammatory events (Larose et al., 2017). In
addition, IL-33 is shown to stimulate mast cell activation, which in
turn triggers the recruitment of eosinophils (Larose et al., 2017).

A link between FD and atopy and allergy can, therefore, be
explained by the presence of duodenal eosinophils (Wauters et al.,
2020a); although the hypothesis has been proposed in the literature,
there is no direct evidence that the duodenal eosinophilia observed
in FD patients is due to a type-2 immune response (Burns et al.,
2019a).

In contrast, increased levels of TNF-α and IL-1β production
point toward a Th17-driven response, as IL-17 has been
shown to trigger the production of these cytokines from
human macrophages (Liebregts et al., 2011). Eosinophils are

responsible for regulating Th17 responses (Sugawara et al.,
2016). Furthermore, pre-clinical studies have shown that intestinal
eosinophil recruitment involves IL-17-dependent mechanisms,
implying that FD-associated eosinophilia may occur independently
of type-2 responses (Griseri et al., 2015). In light of recent reports
of increased mucosal Th17 density in pediatric FD patients with
chronic gastritis (Singh et al., 2020), it may be possible to explain
at least some of the symptoms of this condition by Th17 cytokine
responses (Keely et al., 2015; Burns et al., 2019a). The most
recent work by Burns et al. (2023) shows that FD patients have
elevated Th2- and Th17-like cells localized to the duodenum,
implying that dual lymphocyte response pathways are implicated
in the generation of FD symptoms. In addition, the existence of
effector and memory cells indicates that the microinflammation
in FD is antigen driven (Burns et al., 2023). Taken together, the
interplay between Th2- and Th17-signaling and ILC2-mediated
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inflammatory signals may be hallmarks of immune activation
profile in the text of FD (Keely et al., 2015).

In addition to the stimulation of mast cells by MBP derived
from eosinophils, IL-4 and IL-13 released by Th2 cells may also
stimulate mast cell activation in a manner similar to that of
eosinophils, resulting in high levels of mediators released, such
as histamine, substance P, and tryptase (Powell et al., 2010).
Consequently, a co-accumulation of eosinophils and mast cells is
prevalent in disorders of gut-brain interaction, lending credence to
the idea of an eosinophil-mast cell axis.

With growing interest in the duodenum, research on duodenal
immune dysfunction in FD, as indicated by increased eosinophil
and mast cell infiltration and degranulation, has confirmed its
association with FD symptoms such as early satiation, postprandial
fullness, and abdominal pain (Wang et al., 2015; Lee et al., 2019;
Järbrink-Sehgal et al., 2021).

But how does the low-grade inflammation augment mucosal
permeability and cause physiological abnormalities in the stomach
(i.e., gastric motility dysfunction and gastric hypersensitivity) that
directly result in dyspeptic symptoms?

Visceral hypersensitivity is a crucial factor in FGIDs, greatly
influencing the occurrence and severity of symptoms. This is due
to abnormal mucosal immune response activation in relation to the
level of inflammatory response and the close proximity of immune
cells and sensory neurons.

In particular, Tanaka et al. (2016) found increased glial
cell line-derived neurotrophic factor expression in eosinophils
and a correlation with epigastric burning in patients with FD.
Additionally, eosinophils may interact with neuronal signaling
via neurotrophins that they produce, such as brain-derived
neurotrophic factor and nerve growth factor (Cirillo et al., 2015;
Ceulemans et al., 2022). The neuro-immunological perspective thus
adds to the understanding of the mechanism of gastrointestinal
symptoms associated with immune activation, as seen in FD.
Furthermore, cytotoxic granular proteins produced by eosinophil
degranulation, such as MBP and eosinophil peroxidase, can
act as antagonists of the muscarinic M2 receptor, potentially
causing smooth muscle dysfunction, which is linked to disturbed
intestinal motility (Walker et al., 2010; Zala et al., 2015). The
mechanistic association between these immune cells, intestinal
epithelium, and various nerves may therefore cause increased
mucosal permeability and altered smooth muscle contraction,
leading to gastroduodenal hypersensitivity and motor dysfunction,
which are directly associated with FD symptoms.

In addition, since the findings reveal altered expression of
proteins that comprise the cell junction, the paracellular pathway
is likely to be involved in barrier dysfunction in FD. Trans-
tight junction conductance occurs via two distinct pathways:
pore and leak (Shen et al., 2011). There is thus evidence that
tight junction dysregulation contributes to increased intestinal
permeability, loss of intestinal barrier, and disorders of gut-brain
interaction, including FD. The pathophysiology of FD is likely to
be influenced, more specifically, by the paracellular leak pathway as
opposed to the pore pathway, according to recent literature.

There is a paucity of research on the specific pathways that are
responsible for the altered permeability seen in FD; however, it is
likely that duodenal immune activation will occur as a result of and
contribute to changes in duodenal permeability since eosinophils
and mast cells have been linked to both epithelial cell damage

and repair (Komori et al., 2019). Duodenal eosinophil counts were
also correlated with the protein expression of intercellular tight
junctions, including zonula occludens-1, occludin, and claudin-1
(Vanheel et al., 2014; Nojkov et al., 2020); these tight junctions
have also been associated with altered gene expressions in the
duodenum, including IL-1β and IL-6 (Stenfeldt and Wennerås,
2004), but a more comprehensive understanding of the cause-and-
effect relationship between duodenal barrier defect and abnormal
immune activation is still awaited.

Additionally, the promotion and sprouting of fine nerve fibers
in the duodenum, a condition more prevalent in patients with
EPS, was linked to the accumulation of mucosal eosinophils with
degranulation (Lee et al., 2019). According to another study in
FD patients, eosinophils were found to be more abundant near
submucous plexus neurons and were associated with structural
abnormalities (gliosis, altered ganglionic architecture, and
neuronal abnormalities) as well as functional impairments (lower
calcium response to depolarization and electrical stimulation)
of the submucous nerve plexus, thereby affecting neuronal and
muscular function (Cirillo et al., 2015). Since the submucous
plexus is responsible for mediating local gut contractions
and reflex responses (Fleming et al., 2020), it is possible that
inflammatory mediators released by eosinophils contribute to
abnormal stimulation of submucous plexus neurons, leading to
altered duodenogastric feedback and, ultimately, results in the
manifestations of FD, including disturbances in gastric motility
and symptoms associated with it. The results of both studies thus
provide further evidence that duodenal immune activation in FD
is linked to altered submucous neuronal responsiveness, neuronal
structural abnormalities and sensitization of the afferent nerves
(Cirillo et al., 2015; Lee et al., 2019).

The expanding knowledge of immune activation in FD has not
yet led to significant advances in anti-inflammatory medications
targeting eosinophil infiltration. It is recommended that PPIs
be used as the first line of treatment in accordance with
consensus recommendations from North America, Europe, and
Japan (Moayyedi et al., 2017; Wauters et al., 2021b; Miwa et al.,
2022).

The expression of vascular cell adhesion molecule-1, which
is recognized by eosinophil ligands, has been shown to be
inhibited by the use of PPIs (Barthel et al., 2006), providing an
explanation for the response of eosinophilia in an acid-independent
manner. In addition, the release of IL-5 by Th2-lymphocytes can
activate eosinophils via eotaxins through a mechanism involving
the activation of signal transducer and activator of transcription
6 (STAT6) pathway (Zimmermann et al., 2003). It has been
demonstrated that omeprazole prevents STAT6 from binding to
the eotaxin-3 promoter, which in turn inhibits the expression of
eotaxin-3 by esophageal cells in eosinophilic esophagitis (EoE)
(Cheng et al., 2013). Even though these mechanisms are implicated
in EoE, which is characterized by a substantial inflammation
profile where there are an increased number of eosinophils present,
certain mechanisms associated with eosinophil infiltration may
also exist in FD; therefore, similar mechanisms may be at work
in the duodenum of FD patients when taking PPIs for their anti-
eosinophilic effects (Min et al., 2017).

PPI therapy was also evaluated clinically for its effect on
suppression of duodenal eosinophilia in 20 FD patients in a case-
control study (Potter et al., 2019). Patients who took PPIs had a
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lower descending duodenal eosinophil count than those who did
not (p = 0.03) despite there being no difference between the groups
in the eosinophil counts in the duodenal bulb or in gastric biopsies
(Potter et al., 2019).

Furthermore, Wauters et al. (2021a) reported the first
prospective evidence for PPIs reducing duodenal eosinophils. The
study found that treatment with pantoprazole reduced the number
of mast cells and duodenal eosinophils in patients with FD, along
with the ameliorated intestinal permeability as well as severity of
symptoms (Wauters et al., 2021a). Moreover, clinical efficacy was
associated with reduced mucosal eosinophil counts in these patients
(Wauters et al., 2021a). Due to the fact that this effect was not
mediated by changes in duodenal pH, it appears to be a direct
impact on inflammation, free of PPI’s acid suppressant properties
(Wauters et al., 2021a). FD patients also showed duodenal changes
that were not reversed once long-term PPI was withdrawn,
suggesting that persistent changes may be at play (Wauters et al.,
2021a).

In dyspeptic patients, gastric acid secretion is within the normal
range (Collen and Loebenberg, 1989). It is not completely clear how
acid-suppressive drugs ease dyspeptic symptoms when GERD and
FD do not overlap significantly. The available evidence suggests
that PPIs alleviate symptoms by suppressing eosinophils, which
indeed supports the central role played by eosinophils in fueling
and maintaining low-grade inflammation and altered brain-gut
communication, thus in turn generating symptoms in FD.

Furthermore, other anti-inflammatory therapies for
gastroduodenal disorders other than FD should be considered, as
they may support the transferability of these results to FD patient
cohorts. An excellent illustration of this is budesonide, which is
efficient in treating diseases of the proximal small intestine, such
as refractory celiac disease (Mukewar et al., 2017). In a pioneering
study of assessing anti-inflammatory therapies for FD, Talley et al.
(2021) conducted a randomized, double-blind, placebo-controlled
trail in adults with FD and mucosal eosinophilia using steroids that
are also known to be effective in treating EoE accompanied by a
reversible over-expression of eotaxin-3 and IL-13 (Blanchard et al.,
2007). Although there was no significant difference in symptomatic
response between the treatment and placebo groups, a decrease
in duodenal eosinophil counts from pre- to post-treatment was
linked to improved postprandial fullness and early satiety (Talley
et al., 2021). Although this study failed to demonstrate efficacy of
steroids in the treatment of FD, it shows that duodenal immune
dysfunction is linked to gastroduodenal symptoms.

Other anti-inflammatory treatments that target duodenal
eosinophil recruitment and activation, such as monoclonal
antibodies against Th2-derived cytokines (Stein et al., 2006;
Straumann et al., 2010; Rothenberg et al., 2015; Hirano et al., 2020),
anti-α4β7 integrin antibody (Bochner, 2000; Grandinetti et al.,
2019), and Janus kinase/STAT6 pathway inhibitors (Cheng et al.,
2016), are also anticipated for FD patients.

4.3.2. Gut microbiota
As a third component of the “gut-brain” axis, microbiota has

been actively researched. The luminal contents, although separated
by the intestinal barrier, are influential on mucosal homeostasis and
immune activation, with the gut microbiome being an important
factor (Peterson and Artis, 2014). It has been suggested that FD
patients exhibit low-grade duodenal and systemic inflammation,

specifically increased duodenal permeability and eosinophilia
(Talley et al., 2007; Liebregts et al., 2011); hence, altered gut
microbiota are relevant to these processes (Vanheel et al., 2014).

There is evidence that FD is associated with alterations
in microbial communities throughout the gastrointestinal tract,
not only at one location. There was a significant difference
in the composition and total number of microbiota in gastric
fluid of patients with FD compared to healthy subjects (Nakae
et al., 2016). When compared to healthy subjects, there was a
significant decrease in Prevotella abundance and an increase in
Bifidobacterium and Clostridium abundance (Nakae et al., 2016).
Furthermore, a negative correlation was found between the relative
abundance of Prevotella and the severity of PDS symptoms (Nakae
et al., 2016).

In addition, one study demonstrated that gastric fluid samples
from patients with FD lacked Acidobacteria, and a higher ratio
of Bacteroidetes to Proteobacteria was observed (Igarashi et al.,
2017). Despite the ambiguity as to what constitutes a healthy
microbiome, gastric fluid from healthy individuals normally
contains Acidobacteria and typically has a low ratio of Bacteroidetes
to Proteobacteria (Igarashi et al., 2017).

Mechanistically, gastric fluid has a higher species richness,
which may indicate that the microbes present, as well as
toxic bacterial components and metabolic mediators such
as lipopolysaccharides, induce leukocytes to produce pro-
inflammatory cytokines, leading to gastric inflammation and,
potentially, increased mucosal permeability (Rupp and Stengel,
2022). The result could be a malfunctioning enteric nervous
system manifesting as a disturbance in gastric motility (Rupp
and Stengel, 2022). However, the gut microbiota is linked to
immune cells, enteroendocrine cells, and the enteric nervous
system via a complex circuit system that operates in a coordinated
but still unclear fashion. In addition, as previously discussed,
there have been very few studies reporting changes in gastric
immune cell subpopulations, and none of these have been
linked to FD symptoms (Futagami et al., 2010; Li et al., 2010;
Pasricha et al., 2021). Given the preceding discussion, additional
research is required to determine if the gastric fluid microbiota
is sufficiently large and diverse for bacterial components and
bacteria-derived molecules to affect the stomachs of FD patients,
causing inflammation and mucosal permeability.

Further, in the FD group, luminal Streptococcus was found
at higher abundance in the oral cavity, esophagus, stomach, and
duodenum than in the control group, and its relative abundance
was positively associated with upper gastrointestinal symptoms in
both the PDS and EPS subtypes (Fukui et al., 2020). FD patients
were also found to exhibit Streptococcus as the predominant genus
within the duodenal mucosa (Zhong et al., 2017). Moreover,
microbial load was found to be positively related to the severity
of meal-related FD symptoms, but negatively correlated with QOL
(Zhong et al., 2017). Despite the inconsistency of microbiota
studies, which is largely due to differences in methodology used in
assessing the microbiome as well as differences in sampling sites
and sequencing targets, it appears that there is a consensus that a
bacterial overgrowth of Streptococcus species (bacterium with acid
producing abilities) is present in FD patients (Paroni Sterbini et al.,
2016; Zhong et al., 2017; Fukui et al., 2020).

One example of gut microbiota abnormalities in the small
bowel is a condition known as SIBO, which is defined as an
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increased concentration of small intestine bacteria as measured by
quantitative culture (at least 105 colony-forming units per milliliter
of jejunal aspirate) (Ghoshal and Ghoshal, 2017). An association
between SIBO and the FD has been demonstrated in several studies
(Shimura et al., 2016; Tziatzios et al., 2021; Chuah et al., 2022). In
addition, a recent systematic review and meta-analysis revealed that
patients with FD are more likely to suffer from SIBO detected by
breath tests than healthy controls, with no significant differences
in SIBO prevalence between subtypes of FD (Gurusamy et al.,
2021). These studies point to a potential link between dysbiosis
and the pathogenesis of FD, with SIBO possibly being associated
with the onset or worsening of symptoms in a subset of FD
patients. However, there is no evidence that dysbiosis and FD are
causally related to one another, and the specific microbiome that is
pathognomonic for FD is also unknown.

Although FD microbial changes are not restricted to a
single region in the gastrointestinal tract, low-grade duodenal
inflammation may result from alterations to the gut microbiota of
the small intestine. Future studies may benefit from this hypothesis.
In particular, the duodenal microbiota is physiologically necessary
for the maintenance of small intestinal digestive functions because
it is responsible for the fermentation of food and the release
of digestive enzymes such as bile salt hydrolase (Urdaneta and
Casadesús, 2017; Duncanson et al., 2021). However, total dietary
fat consumption and dietary fat profile alter the relative abundance
and diversity of duodenal bacteria due to their role as substrate,
with a high-fat diet associated with decreased Bacteroidetes and
increased Firmicutes (Sandhu et al., 2017). Diet, therefore, is
closely associated with the microbiota, contributing to immune
and microbial interactions in FD. In fact, FGIDs, such as FD, were
significantly more prevalent in obese compared to normal weight
patients (Tambucci et al., 2019).

As microbiota, and thereby their functional repertoires are
altered in the context of FD, the changes in the short-chain fatty
acid (SCFA) profile, products of fermentation as well as the pool
of bile acids follow (Pavlidis et al., 2015; Wei et al., 2021). As a
result, these changes in bile acid composition may, in turn, promote
alterations in gut microbial diversity, resulting in epithelial stress
and damage (Banerjee et al., 2016; Beeckmans et al., 2020).

The link between bile acid biology and FD pathophysiology
suggests that duodenal microbiota-mediated bile acid signaling
might be involved. It has been observed that reduced duodenal
primary bile salt amounts in FD are associated with decreased
intestinal barrier function (Beeckmans et al., 2018, 2020). The
mechanism for this phenomenon is thought to involve overgrowth
of pro-inflammatory bacteria as a result of reduced primary bile
salt concentrations in the duodenum, leading to cellular stress
responses and barrier dysfunction, which also contributes to low-
grade inflammation (Kakiyama et al., 2013; Pavlidis et al., 2015).
Duodenal epithelial barrier dysfunction could occur as a result of
these changes.

In addition to this, changes in bile acid may be the link
between diet, the microbiota, and leaky gut, all of which may
be factors that contribute to the development of FD (Keely
and Talley, 2020). For example, excess dietary fats are likely to
increase intestinal permeability through a variety of mechanistic
pathways, including the modification of tight junction expression
and distribution, the promotion of the transition to barrier-
disruptive hydrophobic bile acids, and the induction of oxidative

stress and apoptosis in enterocytes (Duncanson et al., 2021). Also,
increased gut permeability associated with a high-fat diet may also
result from the activation of pro-inflammatory signaling cascades
directly, as well as indirect mediators, such as increased barrier-
disruptive cytokines, decreased barrier-forming cytokines, negative
modulation of intestinal mucus composition, and enrichment of
gut microbiota with barrier-disruptive properties (Rohr et al.,
2020). In general, disruption of bile acid-microbiota-epithelial
barrier homeostasis is a crucial mechanism underlying FD
pathophysiology.

The dysbiotic signature relating to symptomatology has
not yet been definitively identified despite microbial changes
being implicated in FD pathogenesis. Research is still underway
to determine exactly how the duodenal dysbiosis, duodenal
eosinophilia, and barrier dysfunction interact in FD. A recent
study found that decreased duodenal mucosal Neisseria and
Porphyromonas abundance in FD patients is associated with
symptoms and duodenal eosinophils, implying a link between
duodenal dysbiosis and immune activation (Wauters et al., 2021d).
Inflammatory immune responses and microbial changes may lead
to the dysfunctional regulation of cellular stress response pathways,
disrupting gut homeostasis and causing loss of mucosal integrity,
which in turn leads to the recruitment of eosinophils and the
perpetuation of symptoms (Burns et al., 2019b). Furthermore, the
studies summarized above highlight the importance of further
research into the effects of primary and secondary bile salts on
duodenal permeability, as well as the potential role of bile salts in
the mucosal immune profile of FD (Beeckmans et al., 2020).

Aside from compositional imbalances, there may be a
metabolomic dysregulation as well. Among the key functions of
the gut microbiota is the processing of indigestible components
of polysaccharides, producing SCFAs such as butyrate, which has
anti-inflammatory properties (Silva et al., 2020). In colitis models,
SCFAs have demonstrated beneficial effects by alleviating mucosal
inflammation (Vieira et al., 2012); other studies have linked the
SCFA profile with specific IBS subtypes as well as the disturbance
of gut motility (Hurst et al., 2014; Dalile et al., 2019; Shaidullov
et al., 2021). In light of the paucity of literature regarding the role
of SCFAs in FD, the profile of SCFA in FD duodenum has yet
to be defined. Nonetheless, evidence from IBS or colitis-related
data, along with others, give a clue that altered SCFAs may, to
some extent, be responsible for gut motility disturbances, increased
duodenal permeability, and immune cell infiltration in FD.

There are no conclusive studies that have established whether
dysbiosis itself is the cause or merely an outcome of the FD
pathological process, but several studies have pointed to probiotics
as a possible treatment alternative.

As reported by Igarashi et al. (2017), a markedly different
bacterial composition in gastric fluid was found between FD
patients and healthy controls, and the shift in the microbiota
analysis of FD patients was restored to that seen in the control
group after treatment with the probiotic Lactobacillus gasseri
OLL2716 (LG21 strain). In this study, a probiotic product
containing Lactobacillus strains was used, which produce SCFAs
including acetate, propionate and butyrate (Markowiak-Kopeć
and Śliżewska, 2020). In a RCT using LG21 strain in H. pylori
negative FD, continuous intake of LG21 strain resulted in symptom
resolution in PDS rather than EPS (Ohtsu et al., 2017). Therefore,
LG21 may exhibit its beneficial effects mainly in conditions
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associated with abnormal gastric motility such as delayed gastric
emptying and gastric dysaccommodation (Ohtsu et al., 2017).

In addition, a recent study showed that Bacillus spores were
more effective than placebo in treating FD adults (Wauters et al.,
2021c). Probiotic therapy may be beneficial for immunomodulation
and microbial regulation in FD as patients taking spore-
forming probiotics more frequently achieved clinical endpoints
with decreased pro-inflammatory IL-17 and Th17 cytokines and
increased concentrations of Faecalibacterium and Roseburia in
stools (Wauters et al., 2021c). In addition to providing evidence for
the positive effects of probiotics on symptom severity, microbiome
composition, and immune regulation, additional research indicates
that probiotic consumption is associated with the modulation
of microbial metabolites, resulting in the increase of beneficial
intestinal metabolites, such as pelargonic acid, benzoic acid, and
SCFAs, and the decrease of harmful intestinal metabolites, such as
hippuric acid (Sun et al., 2021).

It is currently unknown what exact mechanism may be
responsible for the potential beneficial effects of probiotics on
FD symptoms; however, SCFAs are hypothesized as potential
mediators. As mentioned above, the addition of probiotics to
FD may enrich beneficial bacteria or SCFA-producing bacteria,
thereby restoring SCFA production (van Zanten et al., 2012; Sun
et al., 2021). By virtue of their immunological, endocrine, vagal,
and other actions, SCFAs have also been shown to modulate
gut-brain interactions, as well as ameliorate gut-barrier injury,
inhibit intestinal inflammation, and regulate gut motility (Ropert
et al., 1996; Lewis et al., 2010). Given limited studies investigating
these effects in humans, probiotic-mediated resolution of microbial
dysbiosis through SCFAs and the related immune modulation in
FD remains a hypothesis.

Further, it is interesting to note that in a recent study
that analyzed the microbial profiles of FD patients, no distinct
differences were observed between them and their healthy control
counterparts (Vasapolli et al., 2021). Though, it is noted that
the effects of PPI and prokinetic use, dietary modifications, and
delayed gastric emptying on the microbiota composition in the
stomach and duodenum of FD patients cannot be completely
ruled out. Overall, the evidence presented thus far points to a
link between FD and dysbiosis; additional research is necessary to
gain a deeper understanding of the pathogenic microbiome and
its mechanisms, as well as the mechanisms underlying probiotics’
potential beneficial effects. Further clues might be provided by the
duodenal microbiota-mediated bile acid signaling and metabolites
resulting from diet-microbiota interactions.

4.3.3. Mental disorders
Psychological co-morbidities, such as stress, anxiety,

or depression, are linked to FGIDs and contribute to the
pathophysiology of the disorder. The prevalence of anxiety
and depression has been found to be higher among those with
FD, although the estimates of the co-morbidities are highly
variable (Li Y. et al., 2002; Hartono et al., 2012). The results
of a study in Sweden, which followed up 887 participants for
10 years, indicated that anxiety at baseline, but not depression,
was associated with the newly onset FD (Aro et al., 2015). As
evidenced by these observations, the pathogenesis of FD is strongly
influenced by mental disorders. Further studies indicate that
mental disorders and psychosocial factors may contribute to FD

through modulation of cerebral processing of visceral afferent
signals and pain perception mediated by stress hormones (Van
Oudenhove and Aziz, 2013; Hannibal and Bishop, 2014).

The altered glycometabolism was studied in 40 FD patients
and 20 controls during resting state (Nan et al., 2015). In
FD patients, glucose metabolism in the insula, anterior cerebral
cortex, middle cingulate cortex, and middle frontal cortex was
higher after controlling dyspepsia (Nan et al., 2015). Among
the subjects, the abnormalities were positively correlated with
anxiety and depression scores, which suggests that the altered
cerebral glycometabolism might result from the vicious cycle
of psychopathology and gastrointestinal symptoms. Psychological
vulnerabilities may affect glucose metabolism in these homeostatic
afferents and sensory areas beyond simply influencing visceral
afferent signaling (Nan et al., 2015). Also, other studies that used
fluorodeoxyglucose positron emission tomography to assess resting
brain glucose metabolism in FD patients found higher levels of
metabolism in various brain regions thought to be involved in pain
modulation circuits, including the anterior cingulate cortex, the
insula, and the thalamus compared to healthy subjects (Zeng et al.,
2011). However, these differences were not associated with anxiety
levels, but rather with symptom severity (Zeng et al., 2011).

Furthermore, while not specifically identified in FD
patients, psychological variables and stress hormones have
been demonstrated to influence gastrointestinal motility, mucosal
immune activation, intestinal permeability, and microbiota
(Molina-Torres et al., 2019). Taken together, psychosocial
disorders, such as anxiety and mood disorders, were found to be
independently associated with the occurrence of FD and PDS,
which suggests top-down communication between the brain and
gut (Aro et al., 2009; Jones et al., 2017).

Alternatively, the symptoms of FD or the disease burden itself
are thought to cause anxiety or depression as a result of low-
grade intestinal inflammation. It has been noted that patients
with high baseline anxiety levels are more likely to develop new
onset gastrointestinal symptoms; additionally, patients with FD
or IBS and no mood disorders at baseline were more likely to
develop anxiety or depression symptoms (Koloski et al., 2016).
A study conducted by Koloski et al. (2016) has suggested that mood
disorders precede FGID in one-third of patients, whereas FGID
precedes mood disorders in two-thirds, indicating that bottom-up
pathway signaling is relevant to a subset of these patients.

A number of different pathways are involved in the interaction
of the gut microbiota with the central nervous system, which
could interfere with brain function via possible neurological
(vagus nerve and spinal cord), endocrine [hypothalamus-pituitary-
adrenal axis (HPA)], metabolic (SCFAs, bile acids, and others),
and immunological (cytokines) pathways (Cryan and Dinan, 2012).
This suggests that mental disorders may be the result of dysbiosis
and, as such, might be contributing to the development of FD.

Furthermore, an increased number and rate of degranulation
of mast cells in the duodenum is associated with anxiety and
depression in FD (Yuan et al., 2015). In addition, a 10-year study
found a correlation between baseline duodenal eosinophilia and
anxiety at follow-up, suggesting that gastroduodenal inflammation
may contribute to psychiatric symptoms in patients with gut
symptoms (Ronkainen et al., 2021). However, to verify the bottom-
up model of FD based on the view of duodenal subtle inflammation,
large prospective controlled studies are required, since the limited
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number of patients with increased duodenal mucosa infiltration
by mast cells and eosinophils has prevented firm conclusions
regarding the interaction between symptoms, duodenal low-grade
immune activation, and psychological distress (Wauters et al.,
2021e).

It is also suggested that, apart from psychosocial factors such as
anxiety and depression, activation of the HPA axis may bridge gut-
brain-axis by producing both gut-derived and central mediators
that induce stress, which, in turn, produces symptoms associated
with FD (Ceulemans et al., 2022). There is evidence that stress
may negatively affect mental health in a variety of ways. For
its role in FD, occupational stress or burnout was found to be
associated with FD among female employees (Nam et al., 2018).
Additionally, patients with FD had higher levels of stress compared
with healthy controls; there was also a positive correlation between
preceding and concurrent stress and the severity of fullness, a
cardinal symptom of the FD (Klaassen et al., 2022). The authors
conclude that elevated stress levels may precede fullness sensations
in patients with FD (Klaassen et al., 2022).

Hyperactivity of the HPA axis plays a role in the interaction
between stress and immune activation. The HPA axis is activated
in response to stress-related events, which is indicated by
an increase in cortisol, adrenocorticotropin, and corticotropin-
releasing hormone (CRH) production (Barden, 2004). It is
important to note that CRH is not only produced by the
hypothalamus during chronic restraint stress (Zheng et al., 2009).
Intestinal eosinophils produce CRH and substance P locally,
which activate mast cells and, consequently, increase intestinal
permeability (Zheng et al., 2009). The release of CRH by
eosinophils is stimulated by psychological stress, possibly through
stimulation of the neurokinin receptor 1/2 purinergic receptors
located on eosinophils by substance P derived from nerve endings.
Further, these stress-induced changes in mucosal permeability
have been linked to the eosinophil-mast cell axis in other studies
(Wallon et al., 2008; Vanuytsel et al., 2014). This is demonstrated
by peripheral administration of CRH, which activates both
eosinophilic and mast cell receptors, increasing the permeability of
the small intestine (Wallon et al., 2008; Vanuytsel et al., 2014). By
pre-treating with cromoglycate, a mast cell stabilizer, the effect can
be blocked (Wallon et al., 2008; Vanuytsel et al., 2014). Collectively,
enteric permeability can be altered by stress-induced signaling
between the central nervous system and immune activation or,
more specifically, mucosal mast cells (Söderholm and Perdue, 2001;
Teitelbaum et al., 2008; Rodiño-Janeiro et al., 2015). In support
of the notion that a mast cell-mediated mechanism may increase
mucosal permeability in response to psychological stress, Vanuytsel
et al. (2014) conducted a study where healthy volunteers were
exposed to psychological stress (public speeches), and the effects
of this psychological stress on intestinal mucosal permeability were
measured using lactulose-mannitol ratios. In response to this type
of psychological stress, mucosal permeability increased (Vanuytsel
et al., 2014). Moreover, the study showed that CRH administration
increased mucosal permeability and that the mast cell stabilizer
cromoglycate reduced the mucosal permeability increases caused
by both speech and CRH (Vanuytsel et al., 2014).

It has recently been shown by Wauters et al. (2021a) that
patients with FD exhibit higher subjective stress levels and salivary
cortisol levels than controls. Additionally, patients with FD showed
reduced awakening cortisol levels after taking PPIs; these changes

were associated with PPI-related duodenal eosinophil reduction,
but not with a decrease in mucosal hyperpermeability (Wauters
et al., 2021a). There were, however, no associations between PPI-
related changes in mast cells and cortisol in FD, and the reduction
in higher awakening cortisol was observed in the absence of
subjective stress-level changes (Wauters et al., 2021a). Accordingly,
the exact role of mast cells in the increased mucosal permeability
induced by stress is yet enigmatic.

Overall, a valuable insight is provided by these findings, which
demonstrate that in response to psychological stress, the CRH-
eosinophil-mast axis is activated, resulting in degranulation and
the release of potentially damaging pro-inflammatory mediators
such as tryptase, histamine, serotonin, and others, which potentiate
duodenal low-grade inflammation and impaired mucosal barriers.
Thus, the hyperactivity of the HPA axis also provides a pathway,
which allows infiltrating antigens or components of microbiota to
penetrate the epithelial barrier and influence immune cells and
neurocytes directly through the intestinal mucosa, establishing
a critical link between gut microbiota and brain function and
leading to further stress induction (Teitelbaum et al., 2008).
The suppression of stress-induced low-grade inflammation of the
mucosa as evidenced by the infiltration and degranulation of
eosinophils or mast cells could, therefore, be a therapeutically useful
approach for restoring homeostatic brain-gut axis to these sufferers,
as it may break the vicious circle of gut-brain communication
resulting from stress stimulation by targeting pro-inflammatory
signaling pathways in the intestine.

In addition, the vagus nerve’s role in chronic stress response
cannot be neglected. There is evidence that stress can reduce the
activity of the vagus nerve, which may contribute to gastrointestinal
inflammation (Taché and Bonaz, 2007; Bonaz et al., 2016). It has
been suggested that the vagus nerve’s efferents provide an anti-
inflammatory effect in the gut as well as ameliorate the increased
intestinal permeability, both of which might be linked to vagal
activity mediated reinforcement of tight junctions (Zhou et al.,
2013; Van Houten et al., 2015), although further research is needed
to determine the exact mechanism. This suggests that reduced vagal
activity induced by stress may have a weaker protective effect on the
epithelial barrier, increasing epithelial permeability and, as a result,
promoting bacterial translocation (Rupp and Stengel, 2022). In this
regard, targeting vagal tone in FD patients with high stress levels
may also have a positive effect on regulating brain-gut interactions
(Bonaz et al., 2018).

The activation of the duodenal eosinophil-mast cell axis
has been highlighted in emerging studies of subtle duodenal
pathology in FD patients. It is still debated, though, how infiltrating
eosinophils and mast cells contribute to increased intestinal
mucosal permeability. A decrease in transepithelial electrical
resistance and an increase in passage of a paracellular probe
associated with reduced expression of tight junction proteins were
observed in healthy volunteers after 30 min of acid perfusion
of the duodenum (Vanheel et al., 2020). Additionally, duodenal
acid perfusion may activate mast cells, as seen by enhanced
tryptase expression (Vanheel et al., 2020). However, pretreatment
with cromoglycate fail to abrogate acid-induced epithelial barrier
impairment, suggesting that the compromised integrity after acid
exposure is caused by acid exposure itself rather than by a
mast cell-dependent event (Vanheel et al., 2020). Eosinophils
in colonic mucosa, however, have been shown to express
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muscarinic acetylcholine receptors, releasing CRH when stimulated
by cholinergic stimulation, disrupting intestinal epithelial barrier
function by paracrinely acting on mast cells, whereas activated
eosinophils alone had no effect on epithelial permeability (Wallon
et al., 2011). Although these mechanisms have not been specifically
studied in patients or animal models of FD, discrepancies in the
association between immune activation and barrier dysfunction
may be explained by the fact that barrier dysfunction may be
secondary to other pathological process, such as luminal substances
(e.g., changes in enteric bacteria, SCFA profile, and bile acid pool),
in addition to factors released by the inflammatory infiltrate (Xu
et al., 2014). Further research in the context of FD may be spurred
by the potential triad of mental disorders, duodenal immune cell
infiltrates, and barrier defects.

As previously mentioned, FD patients may initially develop
mental disorders during the course of their illness. Thus,
neuromodulators and phytotherapy may be of benefit to these
patients. In an updated meta-analysis of RCTs of all drugs for
FD, it was concluded that, compared with placebo, antipsychotics
showed greater efficacy, followed by pregabalin and tricyclic
antidepressants (Ford et al., 2021; Black et al., 2022). In this analysis,
serotonin norepinephrine reuptake inhibitors, selective serotonin
reuptake inhibitor, and serotonin-1A agonists did not provide any
benefit (Black et al., 2022).

Furthermore, a wide range of psychological therapies have
been investigated, but the four main modalities studied in FD
are psychodynamic-interpersonal therapy, cognitive behavioral
therapy, stress management and mindfulness, and gut-directed
hypnotherapy (Black et al., 2022). Despite promising results for
patients with FD in terms of decreased psychological distress,
improved gastrointestinal symptoms, and enhanced QOL, the
evidence base for these treatment approaches is scant, which makes
it impossible to recommend any particular modality over another
(Black et al., 2022).

Regarding the mechanisms by which psychological therapies
benefit patients with FD, there is a hypothesis that psychotherapy
alleviates mental disorders by altering the microbiome or
modulating vagal tone (Rupp and Stengel, 2022), but further
research is required to examine these intriguing effects of
psychotherapy specifically on patients with FD.

There may be a pre-existing gut-driven syndrome in some FD
patients that is related to the onset of brain-related symptoms,
therefore necessitating a different treatment approach; however,
this strategy is still debated. As discussed previously, two factors
may be implicated in the pathogenesis of gut-to-brain bottom-up
models: one is dysbiosis, and the other is activation of duodenal
mast cells and eosinophils.

From the perspective of dysbiosis, although studies abound
repeatedly demonstrating the efficacy of probiotics in improving
mental health, leading to the coinage of the term “psychobiotics,”
they are not specifically studied in the context of FD (Liu et al., 2019;
Ansari et al., 2020). Fecal matter transplant (FMT) is also a proven
method for restoring a balanced microbiota and may be a suitable
treatment option for intestinal dysbiosis (Khoruts and Sadowsky,
2016). Still, it is unclear whether FMT treatment for FGIDs is a
panacea or merely a placebo (Pulipati et al., 2020; Shanahan et al.,
2021). Further, there is a paucity of FD-related data investigating
whether FMT may pose potential therapeutic gains for patients

with FD-associated dysbiosis and, simultaneously, mitigate or even
prevent common mental disorders in those with FD.

Furthermore, an RCT of 86 FD patients without SIBO found
that rifaximin provided significantly more relief of postprandial
fullness or bloating than placebo; however, psychological co-
morbidities were not assessed (Tan et al., 2017).

Nevertheless, little is known about this entity that lies at the
intersection of FGIDs, depression, and anxiety. At least some
evidence indicates that co-morbid patients cluster differently than
those with FGID, depression, or anxiety alone (Zhang T. et al.,
2022b). In this regard, the treatment strategies to ameliorate gut
microbiota dysbiosis that is associated with improved mental
function needs to be further examined with regards to whether
these have been studied specifically among patients with mental
disorders, co-morbid FD patients, or simple FD patients, as
variability in symptom and subgroup characterization can skew
interventional trial results and lead to falsely attributed positive
effects to other patient cohorts. It is therefore paramount, not
only to demonstrate a specific microbial signature for FD or
mental disorders, but also to well characterize the gut microbiota
species in patients who have both FD symptoms and established
psychological co-morbidities.

The bottom-up model also allude to eosinophilic duodenitis
and increased duodenal mast cells as therapeutic targets for
improving mental health and psychological function. Thus, anti-
inflammatory (Dellon et al., 2020; Wauters et al., 2021a) and
anti-allergy therapies (Friesen et al., 2006; Potter et al., 2020)
that target these immune infiltrates and demonstrate promising
therapeutic efficacy in FD patient cohorts or those with eosinophilic
gastrointestinal disorders are awaited in FD patients co-morbid
with psychiatric conditions. As shown in the study by Wauters
et al. (2021a), perceived stress was greater in FD patients compared
to healthy controls, and was unaffected by PPI therapy. Further,
ex vivo permeability in FD patients was higher with a significant
decrease to levels of healthy controls following PPI therapy
(Wauters et al., 2021a). Nonetheless, the PPI’s anti-inflammatory
effects did not seem to be responsible for this effect (Wauters
et al., 2021a). Thus, the role of duodenal eosinophils and mast cells
as therapeutic targets in co-morbid FD sufferers requires further
investigation.

4.3.4. Acupuncture
As previously mentioned, dyspeptic symptoms are more likely

to arise when multiple functional abnormalities are present
(Vanheel et al., 2017). There may be multiple pathophysiological
mechanisms responsible for symptoms, so agents targeting only
one mechanism are unlikely to be effective (Lee, 2021).

In cases of refractory symptoms, acupuncture can be used as
an alternative treatment to conventional therapies (Masuy et al.,
2019). This treatment involves the use of solid metallic needles,
which penetrate the skin and are then manually manipulated, such
as lifting, twisting, and thrusting, in order to stimulate specific
acupuncture points (Ko et al., 2016; Tomita et al., 2018).

Neuroimaging research has accumulated a growing body of
evidence indicating significant functional and structural changes in
multiple brain regions in FD sufferers, including the frontal cortex,
somatosensory cortex, postcentral gyrus, precuneus, and caudate
tail (Zeng et al., 2009; Nan et al., 2014; Lee et al., 2016; Qi et al.,
2020). Interestingly, acupuncture can regulate, to a certain extent,

Frontiers in Neuroscience 25 frontiersin.org

https://doi.org/10.3389/fnins.2023.1109510
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/


fnins-17-1109510 March 9, 2023 Time: 10:35 # 26

Zhang et al. 10.3389/fnins.2023.1109510

some of the aforementioned abnormal functional activities (Zeng
et al., 2012; Chen et al., 2021; Dong et al., 2022). Acupuncture and
electroacupuncture have been studied extensively for their effects
on gastric and intestinal motility impairments. However, more
attention is now being focused on the effect of these techniques on
the brain-gut interaction (Ye et al., 2018; Masuy et al., 2019).

Several systematic reviews and meta-analyses have confirmed
acupuncture’s promising efficacy in treating FD patients (Kim et al.,
2015; Pang et al., 2016; Zhou et al., 2016; Ho et al., 2017; Guo
et al., 2020; Zhang J. et al., 2020). A Cochrane review, however,
found no evidence of benefit (Lan et al., 2014). The inconsistent
results of meta-analyses are likely to be attributed to the low
levels of evidence (no explicit blinding or randomization and short
follow-up periods), as well as the inherent characteristics of the
acupuncture procedure (no single adequate sham intervention for
acupuncture trials, impossibility of complete blinding, positive
therapeutic effects produced by sham acupuncture, and operator
dependence due to no standardized protocol) (Yoon et al., 2022).
However, RCTs involving acupuncture therapy in FD research are
typically subject to these limitations. In general, a number of RCTs
have well documented acupuncture’s efficacy in patients with FD.

The physiological abnormalities known to directly cause FD
symptoms are thought to be gastric motor and sensory dysfunction.
There is evidence that acupuncture modulates gastric sensory-
motor function, which accounts for its therapeutic effect on some
FD patients (Tang et al., 2020; Zhang S. et al., 2020; Li Y. et al., 2022).

It is however possible that constant exposure to multiple
factors (e.g., H. pylori infection, increased gastric acid, and altered
microbiota) may lead to priming of the duodenum, as manifested
by increased mucosal permeability and low-grade inflammation,
thus modifying these sensory-motor abnormalities and ultimately
resulting in the manifestation of symptoms (Miwa et al., 2019).
Acupuncture’s alleviation of sensory-motor dysfunction may
therefore be explained more explicitly in terms of its effects on
the root cause, i.e., impaired intestinal permeability and duodenal
micro-inflammation.

It is important to note, however, that although subtle duodenal
inflammation characterized by increased eosinophils and mast cells
with their degranulation has led to new insights into immune-
mediated pathophysiology, there is limited evidence to support
the effect of acupuncture on duodenal low-grade inflammation in
FD, since most data come from studies that are not specifically
targeted at this disease. The possible mechanism of action includes
acupuncture’s immunomodulatory effects to maintain homeostasis
under Th2-skewed conditions, inhibition of duodenal mast cell
degranulation, and regulating inflammatory responses as well
as modulating gastrointestinal function by stimulating distinct
autonomic pathways through regional or heterotopic acupoints
(Yang et al., 2022).

In the context of brain to gut interaction, abnormal brain
activation or altered engagement of descending or ascending
pathways may contribute to the pathophysiology. Greater levels of
glycometabolism in the anterior cingulate cortex, insula, middle
cingulate cortex, and cerebellum were found to have a positive
correlation with Symptom Index of Dyspepsia (SID) scores, while
having a negative correlation with SID scores (Zeng et al., 2011).
As reported by Zeng et al. (2012), acupuncture treatment reduced
glycometabolism in the brainstem, anterior cingulate cortex, insula,

thalamus, and hypothalamus, resulting in a decrease in SID scores
and an increase in NDI scores.

From the gut to brain perspective, intestinal microbiota plays
a significant role in altering brain function by balancing host
immune responses; immune responses are further considered to be
a key regulator of the gut-brain axis. As evidence grows, altered
microbiota may contribute to the pathophysiology and clinical
course of FGIDs, rather than simply being an epiphenomenon.
It appears, based on the IBS-related data (Song et al., 2020),
that acupuncture may help by managing microbial dysbiosis,
improving the interaction between the intestinal microbiota and
the brain-gut axis, and decreasing pro-inflammatory cytokines.
Thus, acupuncture may be able to suppress inflammation not only
by inhibiting the release of inflammatory cytokines via the various
somatic autonomic reflex pathways, as was discussed previously,
but also by regulating the brain-gut axis through the intestinal
microbiota. New approaches to FD can therefore be fostered by
acupuncture’s ability to modulate gut microbiota, interrupting the
gut-brain vicious cycle.

Several chemosensing receptors are found in the
gastrointestinal mucosa that detect nutrients in the lumen (Farré
and Tack, 2013; Depoortere, 2014). This avalanche-effect occurs
as a result of gut peptides being released from enteroendocrine
cells into the bloodstream due to the detection of nutrients in the
duodenum and jejunum (Farré and Tack, 2013; Depoortere, 2014).
These signals are either transmitted via the vagus nerve or directly
by fenestrated endothelial cells within circumventricular organs,
such as the area postrema (Farré and Tack, 2013; Depoortere,
2014). There has been recent evidence that intensities of symptoms
in FD may be associated with nutritionally specific altered release
of gut hormones.

The peptide ghrelin, which has been studied extensively in
FD pathophysiology, was captured in the present study with a
strong citation burst. Ghrelin is an appetite-stimulating hormone
that is primarily produced by gastric X/A-like endocrine cells
in rats and P/D1 type cells in humans (Cummings et al., 2001;
Farré and Tack, 2013). Ghrelin is produced and released primarily
by the stomach, but it is also produced and released in small
amounts by the small intestine and the brain, where it regulates
gastric motility and appetite via mammalian/mechanistic target of
rapamycin (mTOR) signaling activation (Yagi et al., 2013). As a
ligand for growth hormone secretagogue receptors, acyl ghrelin
aids normal gastrointestinal motility by acting on the brain-gut axis
(Yagi et al., 2013).

Since ghrelin and acyl ghrelin concentrations were found to
be subnormal in FD patients, stimulating ghrelin receptors may be
able to improve stomach emptying in these cohorts (Shindo et al.,
2009; Kim et al., 2012). Electroacupuncture elevates ghrelin levels
in the hypothalamus, stomach antrum, and small intestine and
promotes adenosine 5′-monophosphate-activated protein kinase
(AMPK)/Tuberous Sclerosis Complex 2 (TSC2)/Ras homolog
enriched in brain (Rheb) signaling by inhibiting mTOR, resulting
in dyspepsia relief (Tang et al., 2020).

There is evidence that ghrelin and acyl ghrelin alleviate
depressive-like behavior in animal models of chronic stress (Fan
et al., 2017; Huang et al., 2017) as well as suppress certain
inflammatory responses (Ziko et al., 2018). Through ghrelin-
AMPK signaling, electroacupuncture-induced ghrelin production
improved gastrointestinal motility and suppressed stress-induced
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intestinal mucosal inflammation (Tang et al., 2020). Consequently,
acupuncture may restore ghrelin expression in FD, which indicates
a potentially dual therapeutic role for mood disorders and mucosal
inflammatory cell infiltration, therefore improving gastrointestinal
motility (Takeshita, 2020). It should be noted, however, that the
enteroendocrine cells, epithelial cells, immune cells, autonomic
nerve, and gut microflora are interdependent and operate in a
convoluted circuit system by undefined mechanisms. In view of
these difficulties in studying and comprehending such broad ranges
of interactions, any comprehensive understanding of acupuncture
in FD is presently imperceptible.

Overall, acupuncture has been shown to be an effective
alternative treatment for patients suffering from FD.
Mechanistically, investigations with patients and animal models
have indicated that acupuncture may ameliorate intestinal
inflammation, regulate the brain-gut axis via modulating brain
processing of visceral pain, reforming intestinal microbiota,
and restoring peptide hormones expression, and thereby
alleviate FD symptoms.

5. Future perspectives

In this work, we performed a bibliometric analysis on 2,957
papers on FD that were obtained from the WOSCC of Clarivate
Analytics between 2006 and 2022. The greatest level of publication
activity was observed among Asian researchers from Japan,
South Korea, and China. However, the extent of their worldwide
collaboration fell short of extensiveness and diversification, and
their research outcomes appeared to be less influential than those
produced by their Western counterparts.

North America and Europe are obviously at the forefront of FD
research, as shown by the current research. In recent bibliometric
studies investigating the brain-gut axis and IBS, this conclusion
was further corroborated (Zyoud et al., 2021; Wu et al., 2022).
Besides the overwhelming support for research, the abundance of
highly resourced research environments, and the higher availability
of a well-trained workforce, the diversity of the lines of research
developed by each research group certainly contributes to Western
countries’ exceptional research performance. A closer look at
the research directions of each prolific author in Table 2 can
provide an indication of this. The betweenness centrality of the
collaborative network demonstrated a dominance and influence
of some researchers (e.g., Nicholas J. Talley, Jan Tack, Gerald
Holtmann, Michael Camilleri, Ken Haruma, and Paul Moayyedi)
over others in FD research. As likely initiators of collaborative
relationships, these authors are typically the ones to provide the
central funding or resources to support the community clusters
in the network in which they are involved (Ekundayo and Okoh,
2020). Consequently, removal of such authors would result in
fragmentation of the collaborative network and a general decline
in FD research (Ekundayo and Okoh, 2020).

Jan Tack and colleagues, for example, are actively involved
in the basic research pertaining to FD, which involves the
investigation of duodenal pathology (i.e., increased permeability
and infiltration of immune cells) and the interaction of such
pathology with luminal (acid, bile acid, and microbiota) and
central (stress) factors. In addition, their work is concerned with

the evaluation of clinical research that may yield further proof
of the efficacy of specific traditional herbal therapy and other
medications for the benefit of FD patients. The overlap between
FD and other FGIDs is also one of their primary research foci.
Productive Asian authors, on the other hand, are more focused
in providing clinical evidence of CAM as treatment strategies,
such as herbal medicine and acupuncture. The evidence for these
treatments, however, remains weak, and the trials were primarily
published in less prestigious journals, making herbal medications
less generalized on a global basis. Much of this challenge stems from
difficulty in designing of the trials. Herbal remedies are typically
prescribed using combinations of dried herbs decocted with water,
with each combination having a different flavor. As a result, it
is challenging to create a placebo that is identical to the studied
drug, making it impossible to conduct a completely blinded study
(Wan et al., 2013). In addition, research to date has been extremely
heterogeneous in terms of the study population due to unclear
diagnostic criteria, interventions in the form of varying dosages
and combinations of herbal prescriptions, and treatment duration.
A recent meta-analysis concluded that sham manual acupuncture
and sham electroacupuncture significantly improved the symptoms
and QOL scores of FD patients (Liu et al., 2022). Thus, clinical trials
involving CAM may actually demonstrate a high placebo effect. In
the context of CAM in FD patients, the main question regarding
placebo has involved whether a particular therapy results in more
symptom improvement than a placebo. However, clinical trials
involving acupuncture and herbal compounds where a placebo
control was not included further undermines their evidence base.
Taken together, despite the widespread use of CAM, many of
the studies to date are underpowered, had low-quality evidence,
and have not been consistently replicated (Yoon et al., 2022).
Among those studies, only a few were suitable for examining the
effectiveness of herbal medications and acupuncture in FD patients.
Nevertheless, this opportunity presents itself for clarifying these
issues and contributing to this important area of research.

In addition, despite the growing body of evidence from clinical
research on CAM in recent years, basic research has lagged behind.
The potential mechanisms of acupuncture’s effect on FD, for
example, have not yet been thoroughly explored, as previously
mentioned. Many studies have linked the related mechanism of
action with improved gastric motility and gastric hypersensitivity,
both of which are directly related to the manifestation of dyspeptic
symptoms; however, very few investigations have looked more
deeply into the potential pathogenic features from the perspective
of the primed duodenum, which is known to induce both gastric
visceral hypersensitivity and abnormal motility (Wauters et al.,
2020a). CAM research on FD, therefore, appears disconnected from
these emerging targets.

Further, FD patients can also exhibit certain overlaps with
GERD and IBS, and are, therefore, often misclassified (Quigley and
Lacy, 2013; Pleyer et al., 2014; von Wulffen et al., 2019). Compared
to patients with single FGID, those with overlap syndrome visit
the hospital more frequently and report more frequent and severe
gastrointestinal symptoms, more severe depression, as well as lower
QOL (Lee et al., 2020; Barberio et al., 2022; Jones et al., 2022).
FGID overlap syndrome is often explained by diseases sharing
the same pathophysiology (such as visceral hypersensitivity and
gastrointestinal motility disorder) occurring in multiple organs
instead of being confined to one gastrointestinal segment. IBS
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is characterized by inflammatory infiltrates in the colon or
duodenum, predominantly composed of lymphocytes and mast
cells (Barbara et al., 2004; Walker et al., 2009). Infiltration and
degranulation of eosinophils in the colonic mucosa are also likely
to be associated with IBS development (Salvo-Romero et al.,
2020; Casado-Bedmar et al., 2022). It is therefore possible for
proximal small intestinal eosinophilia to cause FD rather than
IBS. The development of IBS occurs most often in those with
distal small intestinal or colonic immune activation, whereas
extensive intestinal involvement may lead to both overlapping
(Kaji et al., 2010; Talley, 2020). The delayed gastric emptying
caused by duodenal immune activation and the resultant duodeno-
gastric reflexes in FD may, in turn, lead to increased refluxates
and distension of the stomach, which further promotes transient
lower esophageal sphincter relaxations in post-prandial periods and
contributes to the development of GERD (McCallum et al., 1981;
Lee et al., 2004; Ronkainen et al., 2019). There is a substantial
overlap between IBS and GERD with FD, suggesting that these
disorders may share a common etiopathogenesis, namely duodenal
eosinophilia, although the extent to which this contributes to their
frequent overlap is unknown.

There is a plethora of evidence demonstrating the efficacy
of herbal medicine, such as Banxia-xiexin-tang (also termed
as Banha-sasim-tang in Traditional Korean medicine or
Hange-shashin-to in Kampo medicine), Chaihu-shugan-san
(Sihosogan-san in Traditional Korean medicine or Saikosokan-to
in Kampo medicine), Liu-jun-zi-tang (termed as Yukgunja-tang in
Traditional Korean medicine or Rikkunshito in Kampo medicine),
and STW-5 (Iberogast) as well as acupuncture in treating FGIDs
and GERD (Dai et al., 2020; Tan et al., 2020; Gwee et al., 2021; Yoon
et al., 2022). In light of this, it remains to be determined whether
these therapeutic strategies are optimally suited to overlapping
patient cohorts. Additionally, basic studies investigating the
mechanisms of CAM in treating overlap syndromes in FD patients
may facilitate a greater understanding of potential therapeutic
targets by sharpening the focus on the mucosal eosinophil-mast
cell axis.

In conclusion, although 10% of the world’s population suffers
with FD, the most common gastric sensorimotor disorder,
it is underappreciated in clinical practice and tends to be
refractory to therapy. Even though our understanding of the
pathophysiology of FD has significantly advanced over the last
two decades, realizing it goes beyond mere motility disorders
and even psychosomatic syndromes, it is apparent that we are
only at the beginning of unraveling this complex biology. As
highlighted in this review, a research agenda for FD was proposed,
focusing on the following identified research gaps: (1) there
is mounting evidence that immune activation plays a role in
FD, but its underlying causes are still a hot area of research.
Additionally, there are still few therapeutic options available for
targeting this immune activation in FD. From a global standpoint,
intense collaboration between immunologists, epidemiologists,
pathologists, neuroscientists, microbiologists, and psychologists is
unquestionably the cornerstone of future research advancement.
Only through a multidisciplinary scientific approach can FGIDs
hold promise for fascinating discoveries and new targets for
impacting clinical and therapeutical management of the disorder;
(2) despite having the most publications in this topic, the Eastern
countries, particularly China, Japan, and South Korea, showed

minimal academic influence and little signs of global cooperative
partnerships. In this regard, it is urgent for Asia to engage
in collaborative efforts with other regions; (3) while there are
robust research activities for CAM in Asian countries, there has
been no consistent conclusion regarding its effectiveness. The
basic research of CAM in FD has mostly concentrated on the
dysregulated gut motility and gut sensation; however, there is a
dearth of data on a potentially more significant factor—duodenal
epithelium, that is, how the altered duodenal immune profiles
and the gut flora are affected by CAM. Thus, well-planned,
large-scale trials are required to assess the efficacy of CAM in
treating FD, particularly in Asia. Basic research on CAM could
benefit from the incorporation of novel viewpoints such as shifts
in bile acid pool, duodenal immune alterations, mucosal barrier
dysfunction, and miscommunication between the brain and the
gut; (4) FD tended to overlap with another FGID (80% or more
have an overlap) (Xiong et al., 2017). Current clinical guidelines
for the treatment of FGID overlap syndrome frequently result in
a multidrug regimen, which lowers patient adherence to therapy.
In this context, CAM, which has recently been considered as an
adjunctive treatment for FD, may be anticipated to have a role
to play; (5) additional research that focuses on the identification
of organic biomarkers or pathologic abnormalities to assist in the
diagnosis of FD is required. Potentially game-changing emerging
biomarkers that transform the diagnostic landscape include biopsy-
detected duodenal inflammation, confocal laser endomicroscopy-
identified cell gaps, and altered gut microbiota signatures. There
may, however, be challenges to further exploring and confirming
these novel pathophysiologic mechanisms. For instance, evaluating
the intestinal microbiota signatures in FD is confounded by the
wide heterogeneity of the human microbiota as well as the hostile
and changing environment of the proximal small intestine, in
which microbes have finicky growth requirements (Guarner and
Malagelada, 2003; Turnbaugh et al., 2010). Furthermore, sampling
and storage methods currently used for small bowel research are
limited (Bharti and Grimm, 2021); (6) as to the exact mechanism
of action of probiotics used in FD patients, it is unclear and is
likely to vary from patient to patient. There is a need for further
investigation to evaluate the treatment efficacy of probiotics in FD
and to identify the appropriate strain and dose. In the meantime, as
a growing body of evidence suggests that the intestinal microbiota
interacts with neuroendocrine pathways in the brain-gut and gut-
brain axes to potentially affect psychosocial symptoms as well
as gastrointestinal discomfort in FD, probiotics appear to be a
promising treatment option for co-morbid psychological distress
and affective disorders, which warrants additional investigation;
(7) in light of the recent observations, a greater emphasis has
been placed in last few years on demonstrating that altered
microbiomes lead to immune activation rather than an associative
link. There is, however, a need for further research to determine the
causal association between altered mucosal barrier dysfunction and
gastrointestinal dysbiosis. Often, it is hypothesized that impaired
barrier function enables uncontrolled entry of antigens into the
lamina propria, resulting in an immune response. Hence, it remains
an open question whether increased permeability plays a causal role
in these conditions or if it is merely a consequence of immune
activation although mechanistic insights into this last option are
lacking in humans with FD. The unanswered and controversial
issues seem to have opened up a new opportunity in the search
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for a more effective curative therapeutic plan tailored to a patient’s
dyspeptic symptoms, whether it be by modifying diet, manipulating
microbiota, stabilizing intestinal barriers or targeting inflammatory
cytokines.

6. Strength and limitations

This study, like other bibliometric studies (Lin et al., 2021a;
Luo and Lin, 2021; Zhang and Lin, 2022; Zhang L. et al., 2023),
quantifies and draws qualitative conclusions from the size and
characteristics of previously published academic publications from
one of the most renowned and esteemed databases to examine the
development of scientific research output in the field of FD and
to identify potential future research directions and opportunities
for collaboration. The utilization of a novel knowledge synthesis
method and cutting-edge bibliometric analysis and mapping tools
is the primary strength of the present study. By doing so,
we were able to present an in-depth analysis of FD research
and highlight several crucial aspects of the literature production
process. In addition, the consistency of the results obtained from
the two bibliometric mapping tools ensures that the information
derived is highly valuable and reliable. On the level of meta-
knowledge, we identified the FD research processes from a multi-
dimensional perspective, such as the most productive countries
and institutions, cooperation patterns among entities, and a
timeline for knowledge development, thereby aiding researchers in
identifying the most appropriate research partners and resources
from the outset. In addition, we identified hot themes and trending
topics.

This research study did have some limitations. First, despite
being a reputable platform and one of the most thorough,
accurate, and unbiased sources for literature searching, not all
journals, institutions, or specific authors who contributed FD-
related research are necessarily contained in the WOSCC database.
Using alternative search engines may have yielded marginally
different results. However, the database was selected due to its
superior metadata, which permits multiple dimensions of analysis
to be examined using network visualization software, as well as
its ability to assign document type labels more precisely than
other databases (Yeung, 2019). In addition, the qualitative nature
of the thematic analysis increased the likelihood of subjective
conclusions.

7. Conclusion

To the best of our knowledge, this is the first comprehensive
and synthetic knowledge synthesis of FD research. The bibliometric
analysis revealed a surge in interest in FD research in recent
years, which may have been influenced by the introduction of
the most recent Rome IV criteria, which underwent significant
revisions, particularly in the definition of FD. The analysis of author
keywords revealed that the field was most thoroughly studied with
regard to H. pylori infection, pathophysiological mechanisms (such
as duodenal inflammation; dysbiosis; and psychological factors),
extraintestinal co-morbidities and overlap syndromes related to FD,
herbal medicine, diabetic gastroparesis, and dietary factors in FD.

The eosinophil-mast cell axis, gut microbiota, and psychological
co-morbidity were among the potential central themes identified
by the hot topic analysis in the pathophysiology of FD. More
research is needed to determine the efficacy of anti-inflammatory
drugs, mucosal protective agents, psychotherapy, dietary therapy,
and microecological therapy in the treatment of FD.

This analysis can assist researchers and practitioners in
comprehending the broader aspects of FD research and its
emerging research trends. As a result, it can help a health
professional gain perspective on the most significant research
themes and act as a springboard for additional research.
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