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Aims: This study aims to systematically analyze the global trends in glioma
methylation research using bibliometric methodologies. We focus on identifying
the scholarly trajectory and key research interests, and we utilize these insights
to predict future research directions within the epigenetic context of glioma.

Methods: We performed a comprehensive literature search of the Web
of Science Core Collection (WoSCC) to identify articles related to glioma
methylation published from January 1, 2004, to December 31, 2023. The analysis
included full-text publications in the English language and excluded non-
research publications. Analysis and visualization were performed using GraphPad
Prism, CiteSpace, and VOSviewer software.

Results: The search identified 3,744 publications within the WoSCC database,
including 3,124 original research articles and 620 review articles. The research
output gradually increased from 2004 to 2007, followed by a significant increase
after 2008, which peaked in 2022. A minor decline in publication output
was noted during 2020-2021, potentially linked to the coronavirus disease
2019 pandemic. The United States and China were the leading contributors,
collectively accounting for 57.85% of the total research output. The Helmholtz
Association of Germany, the German Cancer Research Center (DKFZ), and the
Ruprecht Karls University of Heidelberg were the most productive institutions.
The Journal of Neuro-Oncology led in terms of publication volume, while
Neuro-Oncology had the highest Impact Factor. The analysis of publishing
authors revealed Michael Weller as the most prolific contributor. The co-
citation network analysis identified David N. Louis's article as the most
frequently cited. The keyword analysis revealed “temozolomide,” “expression,”
“survival,” and "DNA methylation” as the most prominent keywords, while
"heterogeneity,” “overall survival,” and “tumor microenvironment” showed the
strongest citation bursts.

Conclusions: The findings of this study illustrate the increasing scholarly interest
in glioma methylation, with a notable increase in research output over the past
two decades. This study provides a comprehensive overview of the research
landscape, highlighting the importance of temozolomide, DNA methylation, and
the tumor microenvironment in glioma research. Despite its limitations, this
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study offers valuable insights into the current research trends and potential
future directions, particularly in the realm of immunotherapy and epigenetic

editing techniques.
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bibliometric analysis

1 Introduction

Glioma, a type of central nervous system neoplasm, is the most
prevalent form of malignant intracranial neoplasm, accounting for
~40%—50% of all such tumors (Louis et al., 2021). Gliomas are
distinguished by their high invasiveness and malignancy, which
contribute to substantial morbidity and mortality. Despite the
utilization of a multimodal therapeutic regimen encompassing
surgical intervention, radiotherapy, and chemotherapy, the long-
term prognosis of glioma is often unfavorable. Glioma management
presents a formidable clinical challenge due to its high degree of
heterogeneity and resistance to conventional treatments. As such,
glioma management is an important topic within the realm of
medical research.

Recent scientific inquiry has revealed the pivotal role of
epigenetic regulation in the etiology, progression, and therapeutic
intervention of malignant neoplasms such as glioma (Capper
et al.,, 2018b; Romani et al., 2018; Pan et al., 2021; Ozair et al.,
2023). Methylation modification, a fundamental mechanism in
epigenetic regulation, encompasses several components, including
DNA methylation, RNA methylation, and histone methylation,
each contributing to the intricate biological behaviors exhibited
by cancer cells. A growing body of evidence in glioma research
has underscored the influence of methylation modification in
the malignant phenotype, stemness (Du et al., 2021; Mao et al,
2022; Sharma et al., 2023), and chemosensitivity to agents such
as temozolomide (Wick et al., 2014; Zhou et al., 2015; Zhang and
Zhu, 2019; Zapanta et al., 2024), as well as in the responsiveness
to radiotherapy.

The present study used bibliometric methodologies to
systematically analyze the existing literature pertaining to glioma
methylation, as indexed within the Web of Science Core Collection
(WoSCC) database, spanning a period of two decades. We
produced a comprehensive knowledge map to illustrate the
trajectory of research in this field and discern the focal points of
scholarly interest. The overarching aims of this study are to provide
a robust theoretical framework and to offer prescriptive guidance
for future glioma research, specifically from an epigenetic vantage
point. This approach is anticipated to support the genesis and
refinement of innovative therapeutic modalities targeted at this
intractable tumor.

2 Materials and methods

Compared with other databases, the WoSCC database
excels in the type
literature

accuracy of document annotation,

making it the optimal choice for analysis
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(Jiang et al., 2023; Mao et al., 2023). Therefore, we performed our
literature search within the WoSCC database. On March 2, 2024, we
searched the WoSCC database to identify all publications related
to the study of glioma methylation published between January 1,
2004, and December 31, 2023, using the following search formula:
(CCccec(rs=(glioma)) OR TS=(Gliomas)) OR TS=(Glial
Cell Tumors)) OR TS=(Glial Cell Tumor)) OR TS=(Tumor,
Glial Cell)) OR TS=(Tumors, Glial Cell)) OR TS=(Mixed
Glioma)) OR TS=(Glioma, Mixed)) OR TS=(Gliomas, Mixed))
OR TS=(Malignant Glioma)) OR TS=(Glioma, Malignant))
OR TS=(Gliomas, Malignant)) OR TS=(Malignant Gliomas))
AND TS=(methylation) (Supplementary material).

Published studies were selected according to the following
inclusion criteria: (1) full-text publications on the study of glioma
methylation; (2) articles and review manuscripts written in the
English language; and (3) documents published between January
1, 2004, and December 31, 2023. The exclusion criteria included (1)
topics unrelated to the study of glioma methylation and (2) non-
research publications, such as conference abstracts, news articles,
and brief reports. The full-text versions of the selected papers were
exported. The flow diagram of the study is shown in Figure 1.

VOSviewer (van Eck and Waltman, 2010) is a free JAVA-
based software designed to analyze and graphically display
large bibliometric datasets. To visualize research outcomes in a
specific field through co-citation network mapping, professor Chen
Chaomei developed CiteSpace software (Chen and Leydesdorff,
2014). CiteSpace uses an experimental framework to explore new
concepts and evaluate current methodologies, enabling users to
gain a deeper understanding of knowledge domains, research
frontlines, and trends, and to forecast potential future research
directions. Centrality is an important indicator in Citespace, the
larger the centrality value, the more important it is in the network.

In the analysis, nodes in the graph represent analyzed objects,
such as countries, institutions, journals, authors, and keywords.
The links between nodes indicate relationships, with line thickness
reflecting the strength of association. Centrality represents the
degree of importance of a node which quantified by higher values
signifies greater importance. Cluster analysis groups keywords,
differentiated by color, with smaller cluster labels indicating a larger
number of keywords. Burst detection identifies keywords with
sudden increases in frequency, marked by red intervals for the years
of surge.

In this study, VOSviewer (version 1.6.18) and CiteSpace
(version 6.2.4R, 64-bit,
analyze the data and visualize the scientific knowledge map.

advanced edition) were used to

Moreover, GraphPad Prism (version 8.0.2) was used to
analyze and plot the annual publication trends and national

distribution ratios.

frontiersin.org


https://doi.org/10.3389/fnins.2024.1440756
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Huo et al.

10.3389/fnins.2024.1440756
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FIGURE 1
Flowchart of the study. The different colors represent the various stages of the study; green represents the search phase with the key terms
identified, orange represents screening, and blue represents the analysis and visualization.

3 Results

The findings revealed that between January 1, 2004, and
December 31, 2023, the WoSCC database had compiled an
extensive archive of publications on glioma methylation amounting
to 3,744 documents. This included 3,124 original research
articles (84.96%) and 620 review articles (15.04%). Global
collaborative research efforts were reflected in these publications,
with contributions from institutions in 86 distinct countries and
regions. The research community was broad, encompassing 3,508
institutions and 19,444 individual authors.
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3.1 Analysis of article publishing trends

The annual scholarly publication output was characterized
by an upward trajectory from 2004 (Figure 2). The initial phase
spanning from 2004 to 2007 was characterized by a gradual increase
in the dissemination of academic papers, but the annual count
never surpassed 50 publications. After 2008, there was an increase
in the publication volume, which peaked in 2022. A transient
downturn in publication output was observed during 2020-2021,
a deviation potentially linked to the worldwide outbreak of the
coronavirus disease 2019 pandemic.
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3.2 Analysis of the article origins by
country and institution

A comprehensive evaluation identified 86 countries and regions
actively engaged in the study of glioma methylation. The annual
research output of the top 10 nations over the past 10 years is

450-
400~
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300~
250~
200~
150
100
50
o—

Number of articles

FIGURE 2
Annual publications related to glioma and methylation from January
1, 2004, to December 31, 2023.

10.3389/fnins.2024.1440756

articulated in Figures 3A, B. An in-depth evaluation of the research
productivity of these leading countries is presented in Table 1,
which shows their publication volumes and respective shares.
The United States, China, Germany, Italy, and Japan emerged as
the five leading countries. The aggregate research output of the
United States and China accounted for 57.85% of all publications,
outstripping that of the other countries by a considerable margin.
A detailed analysis of the most productive institutions highlighted
the dominance of the Helmholtz Association of Germany, with
253 publications, followed by the German Cancer Research Center
(DKFZ) and the Ruprecht Karls University of Heidelberg with 232
and 196 publications, respectively (Table 1).

In terms of the collaborative research patterns among the
nations and institutions, we observed a robust and intimate
research partnership between the United States and China
(Figure 3C). In terms of institutional collaborations, we identified
a preference among the majority of research entities for forming
alliances with domestic counterparts (Figure 3D), while cross-
national collaborations were less frequent.

3.3 Analysis of publishing and co-citing
journals

Table 2 shows the leading journals by publication volume,
and the corresponding heatmap of their publications is depicted
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Visualization of the country and institution analysis. Line chart (A) and heatmap (B) of annual publications from the top 10 contributing countries.
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TABLE 1 Top 10 countries (left) and institutions (right) involved in glioma methylation research.

Country Article counts

Centrality Percentage (%)

Rank Institution counts Citati

1 USA 1,108 0.10 29.59

(Country)

1 Helmholtz
Association
(Germany)

253 24,365

2 China 1,058 28.26

2 German Cancer 232 23,588
Research Center

(DKFZ) (Germany)

3 Germany 558 0.26 14.90

3 Ruprecht Karls 196
University
Heidelberg

(Germany)

27,033

4 Ttaly 264 0.07 7.05

4 University of 192 32,355
California System

(USA)

5 Japan 218 0.03 5.82

5 Harvard University 136 25,097

(USA)

6 France 215 0.15 5.74

6 Institut National de
la Sante et de la
Recherche Medicale
(Inserm) (France)

132 14,879

7 England 207 0.05 5.53

7 Capital Medical
University (China)

127 3,323

8 Canada 190

8 University of Texas 126 22,368

System (USA)

9 Switzerland 189

9 University of 120 18,937
Zurich

(Switzerland)

10 Netherlands 127 0.07 3.39

10 University of 112 24,519
California San

Francisco (USA)

in Figure 4A. Prominent among the journals was the Journal of
Neuro-Oncology, which claimed the leading position with 191
publications (5.10% of the total analyzed). This journal was closely
followed by Neuro-Oncology with 137 publications (3.66%), and
Frontiers in Oncology with 99 publications (4.7%). Notably, within
this elite group of journals, Neuro-Oncology had the highest
Impact Factor (15.9), and all were recognized within the prestigious
Q1 or Q2 ranking categories.

The scholarly influence of a journal is often measured by the
citation frequency of its publications. Figure 4B, Table 2 show that
Neuro-Oncology had the highest co-citation frequency of 2,535,
followed by New England Journal of Medicine with 2,364 citations
and Cancer Research with 2,269 citations. Among the top 10
journals by citation frequency, New England Journal of Medicine
had the second highest citation frequency and the highest Impact
Factor (158.5). All journals within this citation frequency hierarchy
areplaced within the esteemed Q1 or Q2 quadrant.

The thematic distribution within the field of glioma
methylation research is illustrated in Figure 4C. The colored
pathways symbolize citation links, with the citing journals on
the left and the cited journals on the right. The visual analysis
shows two primary citation trajectories. First, research from
the molecular/biology/immunology domain was predominantly
referenced by research within the molecular/biology/genetics
domain. Second, studies within the medicine/medical/clinical
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domain were also predominantly cited by research from the
molecular/biology/genetics domain.

3.4 Analysis of publishing authors

In tribute to the scholars whose contributions have been
pivotal to the field of glioma methylation research, we meticulously
identified the leading authors, as distinguished by their publication
records (Table 3). At the time of writing, these esteemed authors
had collectively authored 482 publications, constituting 12.88% of
the entire body of research on this topic. Michael Weller led with an
impressive 79 publications, succeeded by Guido Reifenberger with
68 publications, Wolfgang Wick with 65, Andreas von Deimling
with 57, and Tao Jiang with 43. A geographical survey of these
academic leaders identified their origins. There were four from
Germany, three from Switzerland, two from China, and one from
France. CiteSpace was used to produce a visual representation of
the collaborative relationships among these authors (Figure 5A).

Figure 5B highlights the most co-cited authors based on their
citation frequency above 50 citations. Within the co-citation
network, the size of each node is proportional to the citation
frequency, with the most prominent nodes representing the authors
who have been most frequently co-cited, including David N Louis
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TABLE 2 Top 10 journals (left) and co-cited journals (right) involved in glioma methylation research.

Journal Article counts  IF (2022) Quartile in category (2022) Rank Cited journal Co-Citation IF (2022) Quartile in category
1 Journal Of 191 39 Q2 1 Neuro-Oncology 2,535 15.9 Q1
Neuro-Oncology
2 Neuro-Oncology 137 15.9 Q1 2 New England Journal Of 2,364 158.5 Q1
Medicine
3 Frontiers In Oncology 99 4.7 Q2 3 Cancer Research 2,269 11.2 Q1
4 Cancers 85 52 Q2 4 Clinical Cancer Research 2,046 11.5 Q1
5 Acta Neuropathologica 70 12.7 Q1 5 Nature 2,025 64.8 Q1
6 Plos One 68 3.7 Q2 6 Journal Of 2,010 3.9 Q2
Neuro-Oncology
7 Scientific Reports 52 4.6 Q2 7 Acta Neuropathologica 1,972 12.7 Q1
8 Clinical Cancer Research 51 11.5 Q1 8 Journal Of Clinical 1,943 45.4 Q1
Oncology
9 International Journal Of 45 5.6 Q1 9 Proceedings Of The 1,671 11.1 Q1
Molecular Sciences National Academy Of
Sciences Of The
United States Of
America
10 Acta Neuropathologica 43 7.1 Q1 10 Cancer Cell 1,627 50.3 Q1
Communications
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Visualization of the journal analysis. (A) Density graph of journal publications. The red parts represent more publications than the blue parts. (B)
Network visualization of the co-cited journals. The node size represents the number of published articles. The connecting lines represent the
strengths of the relationships. (C) Dual-map overlays of the cited journals and the citing journals.

with 1,418 citations, Roger Stupp with 1,310 citations, and Monika
E Hegi with 1,244 citations.

3.5 Analysis of references

The co-citation network analysis from 2004 to 2023 produced
a comprehensive map of 1,553 nodes interconnected by 8,317
relationships (Figure 6A). Of the most highly co-cited publications
presented in Table 3, the dominant position was occupied by
David N. Louiss seminal article, “The 2016 World Health
Organization Classification of Tumors of the Central Nervous
System: A Summary,” published in Acta Neuropathologica, which
accumulated a substantial count of 487 citations. A close second
was the groundbreaking study by David Capper, titled “DNA
methylation-based classification of central nervous system tumors,”
published in Nature, which garnered 284 citations (Table 4).

Utilizing a methodological approach that integrates co-citation
clustering and temporal analysis (Figures 6A, B), we discerned the

Frontiersin Neuroscience

temporal trajectory of research focal points. The early research
periods were marked by an emphasis on mgmt (cluster 0) and
rassfla (cluster 10). Subsequent periods witnessed a shift toward
Idh1 (cluster 3) and hypomethylation (cluster 7). In more recent
years, the contemporary research landscape has been dominated
by other pivotal topics, including glioblastoma (cluster 1), TERT
(cluster 2), DNA methylation profiling (cluster 4), dipg (cluster 5),
radiomics (cluster 6), m6A (cluster 8), immune infiltration (cluster
9), and leptomeningeal metastases (cluster 11).

3.6 Analysis of keywords

Keyword analysis is a pivotal methodology that can be
used to capture the landscape and evolutionary trajectory of a
specific research domain. Utilizing the co-occurrence dataset
of keywords from VOSviewer, the most commonly featured
terms were “temozolomide” (869 occurrences), “expression”
(767 occurrences), “survival” (600 occurrences), and “DNA

frontiersin.org


https://doi.org/10.3389/fnins.2024.1440756
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org

Huo et al.

10.3389/fnins.2024.1440756

TABLE 3 Top 10 authors (left) and co-cited authors (right) involved in glioma methylation research.

Author Counts Location Rank Co-cited author Citations
1 Michael Weller 79 Switzerland 1 David N. Louis 1,418
2 Guido Reifenberger 68 Germany 2 Roger Stupp 1,310
3 Wolfgang Wick 65 Germany 3 Monika E. Hegi 1,244
4 Andreas Von Deimling 57 Germany 4 Michael Weller 762
5 Tao Jiang 43 China 5 Manel Esteller 693
6 Wei Zhang 41 China 6 Hai Yan 613
7 Roger Stupp 37 Switzerland 7 Quinn T Ostrom 545
8 David Capper 32 Germany 8 Martin J van den Bent 540
9 Marc Sanson 31 France 9 Wolfgang Wick 538
10 Monika E. Hegi 29 Switzerland 10 Patrick Y. Wen 473
A
&
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9 * % & &ur«o\\1k~ ”
thonf@iklas | sim ) $
felsbelig: 1 T
welle
figarella-branger, dominiqu gang
™ hegi,rigni © park siing-hye
sansop, marc { *0 park, @ul-ige
© idbaihahmed g/ | /g
i i stuppyboger ®
brandegjalba a. ®
francesd®), enrico
S vosviewer
FIGURE 5
Visualization of the author analysis. Network visualization of the author collaborations (A) and co-cited authors (B). The different colors represent
different clusters. Larger nodes represent more articles.

methylation” (514 occurrences) (Table5, Figures7A, B).
Following the exclusion of less frequently utilized keywords,
a network of 185 keywords, each appearing no fewer than
34 times, was assembled and stratified into four discrete
clusters. The initial cluster (red) incorporates an array of
keywords, including, but not limited to, “DNA methylation,”
“prognosis,”  “mechanisms,” “differentiation,” and associated
terms. The subsequent cluster (green) encompasses 47 keywords,
related to “radiotherapy,”

and “mgmt promoter methylation.” The third cluster (blue)

predominantly “temozolomide,”
comprises 46 keywords, with a focus on “classification,”
“central nervous system,” “integrated genomic analysis,” and
related terminologies. The fourth cluster (yellow) encompasses
21 keywords, including “association,” “DNA repair gene,
“hypermethylation,” and other pertinent terms. The temporal
shifts in the research focal points are depicted as a volcano plot,
which was generated using CiteSpace software. The volcano plot
intuitively portrays the progression of the research hotspots over
time (Figures 7C, D).
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3.7 Analysis of references and keywords
with the strongest citation bursts

Utilizing CiteSpace software, we curated a list of the 50 most
influential and highly cited publications in glioma methylation
research. Among them was the influential publication by David
N. Louis published in Acta Neuropathologica, which presents
a comprehensive overview of the “The 2016 World Health
Organization Classification of Tumors of the Central Nervous
System: A Summary”, achieving a citation frequency of 175.16. The
temporal distribution of these publications spanning from 2004 to
2023 underscores their sustained relevance and frequent citation
over two decades.

Among the 50 publications, six articles remained in an active
phase of citation intensity at the time of writing (Figure 8A),
which signifies the ongoing and future prominence of glioma
methylation research.

We evaluated the most salient keywords, focusing on the 50
keywords with the highest burst strength among a total of 867
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keywords (Figure 8B). The keywords that had garnered persistent

» «

interest as of 2023 included “heterogeneity;

»

“landscape;

overall survival,

pediatric high grade,” “targeted therapy,
“machine learning;” “liquid biopsy,” “lower-grade glioma,” “high

promotes,”

» «

grade;

» «

deep learning;

» <«

system,

» <«

central nervous system,

» o«

web server;

tumor

» o«

microenvironment,

» o«

messenger RNA,” “stem-like
cells,” “immune microenvironment,” “classification,” and “immune
infiltration.” These keywords not only encapsulate the recent focal
points of research efforts but also signal the future trajectories of

glioma methylation research.

4 Discussion

This study is the first to use bibliometric methodologies to
systematically evaluate glioma methylation research. This study
constructed a dataset comprising 3,744 publications indexed within
the WoSCC database from 2004 to 2023. We performed a detailed
visualization analysis using CiteSpace and VOSviewer software to
evaluate the contributing authors, affiliated institutions, publishing
journals, and pivotal keywords. The synthesis of these data
produced a knowledge network map, which shows the landscape of

Frontiersin Neuroscience

09

glioma methylation research over the past two decades and offers
an insightful perspective into the current research paradigms and
the trajectory of future research on this topic.

4.1 Global research trends about
methylation and glioma

The numerical growth of publications indicates the engagement
of the research community with the topic of glioma methylation.
From 2004 to the present, there has been an overall ascending
trajectory in publication volume, punctuated by distinct
chronological phases. Figure2 shows that the initial period
from 2004 to 2007 was characterized by a gradual increase in
annual publications. Subsequently, a pronounced increase in the
number of publications was observed from 2008 to 2018. After
2019, the publication volume witnessed a dramatic upsurge, which
peaked in 2022, illustrating the heightened interest in this domain
in recent years. With regard to national publication output, the
United States was the leading contributor, followed by China,
Germany, Italy, and Japan, respectively. Notably, the volume of

publications from China closely rivaled that of the United States,
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TABLE 4 Top 10 co-cited references related to glioma methylation research.

Rank Title IF (2022)

1 The 2016 world health Acta Neuropathologica (IF=12.7)
organization classification of
tumors of the central nervous
system: a summary (Louis et al.,

2016)

10.3389/fnins.2024.1440756

Author PMID

27157931

Year Citations

David N. Louis 2016 487

2 DNA methylation-based
classification of central nervous
system tumors (Capper et al.,
2018a)

Nature (IF=64.8)

David Capper 29539639 2018 284

3 The 2021 WHO classification of
tumors of the central nervous
system: a summary (Louis et al.,,
2021)

Neuro-Oncology (IF=15.9)

David N. Louis 34185076 2021 272

4 IDH]I and IDH2 mutations in
gliomas (Yan et al., 2009)

New England Journal of Medicine (IF=158.5)

Hai Yan 19228619 2009 183

5 Molecular profiling reveals Cell (IF=64.5)
biologically discrete subsets and
pathways of progression in diffuse

glioma (Ceccarelli et al., 2016)

Michele Ceccarelli 26824661 2016 182

6 MGMT gene silencing and benefit
from temozolomide in
glioblastoma (Hegi et al., 2005)

New England Journal of Medicine (IF=158.5)

Monika E. Hegi 15758010 2005 181

7 Comprehensive, integrative
genomic analysis of diffuse
lower-grade gliomas (Brat et al.,
2015)

New England Journal of Medicine (IF=158.5)

Daniel J. Brat 26061751 2015 174

8 Effects of radiotherapy with
concomitant and adjuvant
temozolomide vs. radiotherapy
alone on survival in glioblastoma
in a randomized phase III study:
5-year analysis of the
EORTC-NCIC trial (Stupp et al.,
2009)

Lancet Oncology (IF=51.1)

Roger Stupp 19269895 2009 164

9 Integrated genomic analysis Cancer Cell (IF=50.3)
identifies clinically relevant
subtypes of glioblastoma
characterized by abnormalities in
PDGFRA, IDHI, EGFR, and NF1

(Verhaak et al., 2010)

Roel G. W. Verhaak 20129251 2010 160

10 The somatic genomic landscape of Cell (IF=64.5)

glioblastoma (Brennan et al., 2013)

Cameron W. Brennan 24120142 2013 149

and from the start of 2020, China secured the leading position in
annual publication volume.

In this study, we used the metric of citation-to-publication ratio
to appraise the quality of publications across various regions. Our
findings unveiled that within the top 10 regions by publication
volume, the United States secured the dominant position, with
an impressive citation tally of 84,628 (Table 1). The citation-to-
publication ratio of the United States, standing at 40.42, was
notably high, signifying a high caliber of academic contributions.
China, with a publication volume of 1,058, was the runner-up
in terms of volume, yet its citation count of 23,152 placed it
eighth. The citation-to-publication ratio was 21.88, suggesting a
relative quality discrepancy. The recent upsurge in publication
retractions by Chinese researchers is a concerning phenomenon
that requires attention (Palla et al., 2020; Audisio et al., 2022;
Kwee and Kwee, 2023). It is imperative to emphasize the
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importance of authentic research data and findings in the pursuit
of scientific excellence.

On the other side, publications surge may be attributed
to the efficacy of the glioma treatment regimen proposed by
professor Stupp. This regimen involves the use of temozolomide
the
methylation status of the gene encoding O6-methylguanine-
DNA methyltransferase (MGMT) (Hegi et al., 2004, 2005; Stupp
et al., 2005). Furthermore, the advent of The Cancer Genome Atlas
(TCGA) (Kim et al., 20105 Stegh et al., 2010) in 2006, a collaborative
endeavor between the National Cancer Institute and the National

for chemotherapy, a treatment strategy that targets

Human Genome Research Institute, provided a genomic roadmap
for 33 tumor types, with glioblastoma multiforme being a focal
point in the initial 3 years of the study. This initiative has
substantially underpinned glioma methylation research. The
International Cancer Genome Consortium (Hudson et al., 2010),
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TABLE 5 Top 20 keywords related to glioma methylation research.

10.3389/fnins.2024.1440756

Rank Keyword Counts Rank Keyword Counts
1 Temozolomide 869 11 Promoter methylation 352
2 Expression 767 12 Mutations 332
3 Survival 600 13 Adjuvant temozolomide 280
4 DNA methylation 514 14 Malignant glioma 252
5 Classification 454 15 Gene-expression 221
6 MGMT 449 16 IDHI 218
7 Radiotherapy 443 17 Chemotherapy 214
8 MGMT Promoter 422 18 Progression 199
methylation
9 Central-nervous-system 394 19 Newly-diagnosed glioblastoma 196
10 Prognosis 370 20 Hypermethylation 194
A
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FIGURE 7
Visualization of the keyword analysis. Network of high-frequency keywords (A), density graph (B), clustering visualization (C), and keyword clustering
volcano map (D).

which was established in 2008, further augmented the omics data
for malignant neoplasms. This spurred the progressive increase in
research pertaining to tumor methylation (Jones et al., 2012). In
China, the Chinese Glioma Genome Atlas (CGGA), initiated by
professor Tao Jiang in 2012, has been instrumental in advancing
the field of glioma omics (Bao et al., 2013, 2014; Wang and Jiang,
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2013). The robust publication volume from the United States and
mainland China is likely linked to the extensive utilization of the
CGGA and TCGA databases. The advent of innovative analytical
techniques has also drawn the attention of researchers to the field
of glioma methylation, leading to a more nuanced and in-depth
exploration of the field.
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A
References Year Strength Begin End 2004 - 2023 Keywords Year Strength Begin End 2004 - 2023

Hegi ME, 2005, NEW ENGL J MED, V352, P997, DOI 10.1056/NEJMoa043331, DOI 2005  103.12005 2010 s promoter hypermethylation 2004 34282004 2013 smm——
Stupp R, 2005, NEW ENGL J MED, V352, P987, DOI 10.1056/NEJMoa043330, DOI 2005  70.382005 2010 s tumor suppressor gene 2004 14.262004 207 ———e
Hegi ME, 2004, CLIN CANCER RES, V10, P1871, DOI 10.1158/1078-0432.CCR-03-0384, DOl 2004  32.412005 2009, et multiple genes 2004 1312004 2010 st
Mdllemann M, 2005, INT J CANCER, V113, P379, DOI 10.1002/ijc.20575, DOI 2005  29.382005 20710 s alkylating agents 2004 8.52004 2014 s— e
Cairncross G, 2006, J CLIN ONCOL, V24, P2707, DOI 10.1200/JCO.2005.04.3414, DOL 2006 26382007 20171 mmmm—— glioblastoma multiforme 2005 13.52005 2011 . st
van den Bent MJ, 2006, J CLIN ONCOL, V24, P2715, DOI 10.1200/JCO.2005.04.6078, DOl 2006  25.342007 2011 . ommmmte malignant glioma 2005 17.72006 2014 cmm——eeeee
Louis DN, 2007, ACTA NEUROPATHOL, V114, P547, DOI 10.1007/500401-007-0278-6, DOl ~ 2007  32.862008 2012 . oo phase ii trial 2006 16.752006 2013 . s
Louis DN, 2007, WHO CLASSIFICATION T, VO, PO 2007 24.962008 2012 . m——— repair gene mgmt 2007 852007 2011 oo
Parsons DW, 2008, SCIENCE, V321, P1807, DOI 10.1126/science.1164382, DOl 2008  60.392009 2013 e —— phase i 2005 10.362008 2012 s
Chin L, 2008, NATURE, V455, P1061, DOI 10.1038/nature07385, DOI 2008  41.662009 2013 e —— inactivation 2004 9.542008 2011 o
Hegi ME, 2008, J CLIN ONCOL, V26, P4189, DOI 10.1200/JC0O.2007.11.5964, DOI 2008  37.512009 2013 — radiation therapy 2005 7.052008 2011 . o
Brandes AA, 2008, J CLIN ONCOL, V26, P2192, DOI 10.1200/JC0.2007.14.8163, DOL 2008  29.492009 2013 ——— promoter methylation 2007 9.652009 2012 e
Preusser M, 2008, BRAIN PATHOL, V18, P520, DOI 10.1111/.1750-3639.2008.00153.x, DOl 2008 28512009 2012 o immunohistochemical expression 2009 5.952009 2011 —
Balss J, 2008, ACTA NEUROPATHOL, V116, P597, DOI 10.1007/500401-008-0455-2, DOl 2008  27.172009 2013 S ——— codon 132 mutation 2010 20.262010 2015 ——
Yan H, 2009, NEW ENGL J MED, V360, P765, DOI 10.1056/NEJM0a0808710, DOI 2009 67.562010 2014 S —— malignant gliomas 2008 10192010 2014 oo
Stupp R, 2009, LANCET ONCOL, V10, P459, DOI 10.1016/51470-2045(09)70025-7, DOI 2009  61.372010 2014 e — integrated genomic analysis 2010 16.722011 2014 ——
Weller M, 2010, NAT REV NEUROL, V6, P39, DOI 10.1038/nrneurol.2009.197, DOI 2010 44572010 2015 ———— idh1 mutations 2010 892012 2016 ——
Wick W, 2009, J CLIN ONCOL, V27, P5874, DOI 10.1200/JC0.2009.23.6497, DOI 2009 36232010 2014 —— phase iii 2011 6992012 2015 —
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Dang L, 2009, NATURE, V462, P739, DOI 10.1038/nature08617, DOl 2009 2952010 2014 — adjuvant procarbazine 2013 8.612013 2015 —
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Noushmehr H, 2010, CANCER CELL, V17, P510, DOI 10.1016/j.ccr.2010.03.017, DOL 2010 39742011 2015 ——— pediatric glioblastoma 2015 6212015 2018 —_—
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FIGURE 8

Analysis of the top 50 references (A) and keywords (B) with the strongest citation bursts. The blue line indicates the keyword occurrence and its

duration. The red line indicates the burst time and duration

The collaboration network (Figure5) illustrates a robust
partnership between the United States and China, the two
leading contributors. The United States has also formed close
collaborations with Germany, the United Kingdom, Italy, and
France, whereas China has shown a propensity for collaborations
with Japan, Canada, and the Netherlands. The preeminence of
the United States in this field is further accentuated by its
substantial publication volume, frequent citations, and centrality
score of 0.1. The institutional analysis revealed that 3,508
institutions contributed to glioma methylation research. Among
the institutions in the top decile of publication volume, four
were from the United States, and three were from Germany,
while the others were from France, China, and Switzerland
(Table 2, Figure 6). The Helmholtz Association achieved the most
prolific publication record, with 253 articles accumulating 24,365
citations, averaging 96.30 citations per article. The German Cancer
Research Center (DKFZ) was second, with 232 articles and 23,588
citations, averaging 101.67 citations per article. Ruprecht Karls
University Heidelberg ranked third, with 196 articles and 27,033
citations, averaging 137.92 citations per article. The University of
California System secured the fourth position, with 192 articles
and 32,355 citations, averaging 168.52 citations per article. Our
analysis indicated a preference for domestic collaboration among
both national and international institutions. We advocate for a
concerted effort to bolster cross-border institutional collaborations,
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which we believe would help to overcome academic silos
and foster an environment that is conducive to unrestrained
knowledge dissemination.

When deliberating on the most appropriate journal for
their manuscripts, researchers frequently consult the body of
literature already present within their field. In our analysis of
pertinent journals, Journal of Neuro-Oncology was the leading
platform, with the highest publication frequency. Among its most
recent contributions, one study elucidated that the application of
epigenetic editing technologies to modulate MGMT methylation
status, or to regulate its methylation patterns in a rhythmic
manner, can significantly impact the chemosensitivity of gliomas
to temozolomide (Gonzalez-Aponte et al., 2024; Zapanta et al,
2024). These scholarly achievements not only serve as a benchmark
for the dissemination of related research, but they also provide
a theoretical framework for future translational application of
MGMT methylation modulation in clinical glioma treatment.

The analysis of author contributions unveiled a compelling
observation; despite the United States having the largest number
of publications, the most prolific author did not reside within
the research community of the United States. This suggests a
robust and diverse research base within the United States, and the
achievements were not overly centralized. Professor Michael Weller
from Switzerland was the most prolific contributor, achieving
seminal breakthroughs in the realm of glioma methylation as far
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back as 2002 (Watanabe et al., 2002; Baeza et al., 2003; Waltereit and
Weller, 2003). Professor Tao Jiang of China was also distinguished
among the leading authors, a status likely influenced by his role
in establishing the CGGA. Moreover, professor Weller’s work was
recognized for its authoritative impact, as reflected in his ranking
within the top quartile of citations. His research has progressively
ventured into the domain of glioma immunotherapy, with an
emphasis on the intricate immune microenvironment of glioma
and the importance of devising targeted therapeutic strategies (Le
Rhun et al., 2019; Hansch et al., 2023; Schmassmann et al., 2023).

4.2 Hot topics and frontiers in glioma and
methylation research

One of the most efficacious strategies for discerning the
focal points and future trajectories within a research field is
the systematic dissection of keywords. Keywords allow the focal
points of pertinent literature to be understood, and through the
application of cluster analysis on frequently occurring keywords, a
targeted examination of emergent terms. This approach clarifies the
research hotspots and may predict the avenues along which future
investigations are likely to proceed.

Upon analysis of the data provided in Table 5, “temozolomide”
was identified as the predominant keyword, accompanied by a
spectrum of interrelated keywords, including “survival,” “DNA
methylation,” “MGMT," “radiotherapy;,” and “MGMT promoter
methylation,” which were also highly ranked in terms of frequency.

Temozolomide is a cornerstone chemotherapeutic agent after
surgical intervention for glioma, and its significance in the
management of glioblastoma multiforme is particularly notable
(Lee, 2016). Temozolomide exerts its tumor-inhibiting action by
causing DNA methylation injury, predominantly targeting O6
guanine residues. This subsequently perturbs DNA replication and
repair mechanisms. This disruption can initiate double-stranded
DNA breaks and induce cellular apoptosis, thereby curtailing the
proliferative and growth capacities of neoplastic cells (Strobel et al.,
2019). Through its repair capabilities, MGMT plays a critical role
in the cellular response to temozolomide-induced DNA damage.
Therefore, elevated MGMT expression is commonly correlated
with the diminished therapeutic efficacy of temozolomide. In
stark contrast, the occurrence of MGMT promoter methylation
is associated with diminished enzyme expression, which increases
tumor susceptibility to temozolomide (Pegg and Byers, 1992;
Kitange et al., 2009). In clinical practice, the methylation status of
the MGMT promoter has been affirmed as a prognostic indicator,
pivotal in forecasting the sensitivity of patients with glioma to
temozolomide, as well as predicting their subsequent clinical
outcomes (Melguizo et al., 2012; Mansouri et al., 2019).

In the evolving landscape of glioma research, there is a quest to
identify therapeutic strategies that can overcome the resistance of
glioma to temozolomide, which would have profound implications
for improving patient outcomes. To date, the majority of these
research efforts have been anchored within the foundational
stages of experimental research (Xue et al, 2022; Nam et al,
2023; Zhou et al, 2023; Wang et al,, 2024; Ye et al, 2024),
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yet they have managed to penetrate various pivotal biological
mechanisms. These include the intricate processes of tumor energy
metabolism, angiogenesis, the functional role of exosomes, lipid
metabolism, and the complex interplay of epigenetic modifications.
Innovative drug delivery systems are poised to provide a potential
breakthrough in overcoming these therapeutic barriers (Wang
etal., 2022).

The keyword burst analysis revealed that the period from
2019 to 2022 yielded a spectrum of keywords, which we
systematically classified into two distinct categories. The first
category was associated with methodologies, notably highlighting
“deep learning” and “machine learning.” The second category
pertained to research focus, which included the keywords “tumor
microenvironment,” “immuno-microenvironment,” and “immune
infiltration.” These keywords not only define the research hotspots
of recent years but also underscore the evolving landscape of
this field. The application of deep learning and machine learning
techniques, with their robust analytical capabilities for complex
datasets, has permeated various aspects of glioma management,
ranging from diagnostics and differential diagnostics to the
stratification and prognostic evaluation of glioma. Notably, the
utilization of deep learning in conjunction with radiomics for
the differential diagnosis of glioblastoma multiforme from other
intracranial lesions (Nakagawa et al., 2018; Zhang et al., 2021)
has demonstrated superior diagnostic efficacy. Furthermore, these
analytical approaches have been effectively extended to the
preoperative staging (Tian et al., 2018; Gutta et al, 2021; Li
et al., 2022) and prognostic assessment (Kim et al., 2019; Feng
et al., 2020; Metz et al., 2020) of glioma. Therefore, they have
helped to enhance preoperative diagnostic precision, grading
accuracy, genetic profile prediction, and survival evaluation.
Collectively, these sophisticated analytical methodologies have led
to significant advancements in the perioperative management
of glioma, offering promising avenues for future research and
therapeutic development.

The glioma microenvironment, a focal point within tumor
immunology, is pivotal for elucidating the etiology, progression,
invasive behavior, and mechanisms of chemoresistance. It also
serves as a cornerstone for developing targeted therapeutic
As
contributions of professor Michael Weller are intricately related

interventions. shown in the published literature, the
to the immunological underpinnings of glioma (Naghavian et al.,
2023). Professor Weller’s team has spearheaded a therapeutic
approach that synergizes the L19 antibody with the LI9TNF fusion
protein, coupled with the chemotherapeutic agent lomustine
(CCNU). This regimen has demonstrated robust therapeutic
efficacy in a murine model of orthotopic glioblastoma multiforme.
The L19TNF fusion protein, with its specificity for the tumor
neovasculature, in tandem with the alkylating properties of
CCNU, has been shown to induce DNA damage within the
tumor and facilitate tumor cell necrosis. The clinical efficacy
of this synergistic therapeutic modality has been corroborated
in a study registered under the identifier NCT04573192, where
three of five patients with recurrent glioblastoma multiforme
exhibited measurable objective remission (Look et al, 2023).
In a subsequent investigation led by professor Weller (Hansch
et al., 2023), the transmembrane protein CD317 was considered
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an innovative target for chimeric antigen receptor (CAR) T-cell
therapeutics. CAR T-cells endowed with specificity for CD317 have
demonstrated pronounced antitumor efficacy against glioma cells,
thereby introducing a novel paradigm in the immunotherapeutic
arsenal against glioblastoma multiforme. In parallel, the role
of DNA methylation in the context of glioma immunotherapy
is emerging as a subject of scrutiny. The establishment of a
DNA methylation-based predictive model has been instrumental
in the stratification of patients with low-grade glioma, and
it holds potential as a biomarker for the prognostication of
immunotherapeutic responses (Yang et al., 2022). Additionally, the
methylation modification mediated by M6A has been identified
to exert an influence over the immunological microenvironment
of glioma, leading to the dysfunction of tumor-infiltrating T-cells
and consequently impacting immunotherapy outcomes (Zhao
et al, 2023). These findings underscore the multifaceted and
dynamic nature of the glioma microenvironment and highlight the
importance of continued exploration into the immunotherapeutic
potential against this formidable disease entity.

Collectively, the body of work ranging from professor Weller’s
seminal studies to the growing potential of DNA methylation
in the domain of immunotherapy exemplifies the intensive and
innovative pursuit of therapeutic strategies for glioma. These
insights have significantly enriched our understanding of the
glioma microenvironment and have laid a robust scientific
foundation and promising clinical horizon for the development
of innovative targeted therapies. The collective impact of these
advancements is far-reaching, offering a renewed sense of optimism
for patients with glioma and leading toward a therapeutically
diverse and efficacious future for glioma. These findings are
instrumental in the ongoing quest to enhance the longevity and
qualitative aspects of life for individuals battling this aggressive
neurological malignancy.

5 Limitations

This study has several limitations that should be considered.
First, our data analysis was limited to the WoSCC database,
neglecting a broader spectrum of databases that could have been
pertinent to our research. Second, aiming to refine the accuracy of
our analysis, we elected to include only specific scholarly articles,
namely original contributions and comprehensive reviews. Finally,
despite the objectivity inherent in VOSviewer and CiteSpace,
the subjective perspectives of the analysts may have exerted
some influence on the interpretation of the findings. These
considerations underscore the necessity for a more expansive and
diverse approach in subsequent research endeavors.

6 Conclusions

Methylation is integral to the pathogenesis of glioma, with
the epimutations of specific genes exerting a significant regulatory
effect on the biological behavior of this type of tumor. Epigenetic
editing techniques may be a novel strategic approach in clinical
oncology, but although promising, this development presents
unprecedented challenges. We exhaustively analyzed the literature
on glioma methylation spanning almost two decades within the
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WoCSS database. Using bibliometric methodologies, we elucidated
the origins of these publications, the contributing institutions,
authorship, publishing journals, and keywords. This analysis
provides an exhaustive overview of the current landscape and
identifies the focal points of glioma methylation research. The
evolution of novel analytical algorithms and the development of
sophisticated research tools are anticipated to invigorate further
exploration within this field. Particularly, the investigation into
methylation-associated immunotherapies for glioma treatment
is expected to be increasingly refined, facilitating an effective
transition from basic scientific inquiry to clinical application.
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