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Abstract
Background: This study aims to explore research hotspots and development trends in molecular imaging of glioma from 2014
to 2024.

Methods: A total of 2957 publications indexed in the web of science core collection (WoSCC) were analyzed using bibliometric
techniques. To visualize the research landscape, co-citation clustering, keyword analysis, and technological trend mapping were
performed using CiteSpace and Excel.

Results: Publication output peaked in 2021. Emerging research trends included the integration of radiomics and artificial
intelligence and the application of novel imaging modalities such as positron emission tomography and magnetic resonance
spectroscopy. Significant progress was observed in blood—brain barrier disruption techniques and the development of molecular
probes, especially those targeting IDH and MGMT mutations.

Conclusion: Molecular imaging has been pivotal in advancing glioma research, contributing to improved diagnostic accuracy
and personalized treatment strategies. However, challenges such as clinical translation and standardization remain. Future studies
should focus on integrating advanced technologies into routine clinical practice to enhance patient care.

Abbreviations: Al = artificial intelligence, BBB = blood—brain barrier, CEST = chemical exchange saturation transfer, CNS
= central nervous system, FDG = fluorodeoxyglucose, FET = fluoroethyltyrosine, FUS = focused ultrasound, IDH = isocitrate
dehydrogenase, JCR = journal citation reports, JIF = journal impact factor, MGMT = O6-methylguanine-DNA methyltransferase,
MRI = magnetic resonance imaging, MRS = magnetic resonance spectroscopy, PET = positron emission tomography, WoS =

web of science, WoSCC = web of science core collection.
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1. Introduction

Gliomas are the most common and aggressive malignant
tumors in the central nervous system.!!! Their high inci-
dence and mortality have made them a key focus of neuro-
oncological research. However, gliomas’ complex molecular
mechanisms and marked heterogeneity present significant
challenges for accurate diagnosis, effective treatment, and
prognostic evaluation.>* Molecular imaging, which enables
the visualization of biological processes at the molecular and
cellular levels,®! is pivotal in the precise diagnosis and indi-
vidualized treatment of gliomas. It also enhances understand-
ing of the biological and pathological mechanisms underlying
these tumors.!®7!
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In recent years, bibliometric analysis has emerged as a valu-
able approach for mapping research landscapes,® providing
insights into hotspots and advancements in fields such as immu-
notherapy, nanotechnology, and radiomics.’-'?l However, exist-
ing bibliometric studies often focus on specific technologies or
therapeutic approaches, devoting limited attention to glioma
molecular imaging — a rapidly growing interdisciplinary field.
This gap underscores the need for a systematic bibliometric
analysis to elucidate current research trends and priorities in
glioma molecular imaging.

Accordingly, this study aims to summarize progress in glioma
molecular imaging, identify future directions, and offer strategic
guidance for advancing molecular imaging technologies in gli-
oma research.
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2. Methodology
2.1. Study design

This bibliometric analysis aims to evaluate the status, research
hotspots, and development trends of molecular imaging tech-
nology for gliomas from 2014 to 2024.

2.2. Data acquisition and search strategy

Citation data were retrieved from the web of science core col-
lection (WoSCC), specifically focusing on the Science Citation
Index Expanded from 2014 to 2024.13* The search included
sub-databases such as the science citation index expanded
(coverage: 2014 to present), current chemical reactions (cover-
age: 1985 to present), and Index Chemicus (coverage: 1993 to
present).

Thematic keywords were selected based on relevance to
glioma and molecular imaging (7). The search query was:
TS = (“Glioma” OR “Glial Tumor” OR “Astrocytoma” OR
“Glioblastoma” OR “Diffuse Glioma” OR “Oligodendroglioma”
OR “Ependymoma”) AND (“Molecular Imaging” OR “posi-
tron emission tomography (PET)” OR “Single Photon Emission
Computed Tomography” OR “Magnetic resonance spectros-
copy (MRS)” OR “chemical exchange saturation transfer
(CEST)” OR “Optical Imaging” OR “Fluorescence Imaging” OR
“Bioluminescence Imaging” OR “Near-Infrared Imaging” OR
“Photoacoustic  Imaging” OR “Radionuclide Imaging”
OR “Radiotracer Imaging” OR “Hyperpolarized Magnetic
Resonance Imaging” OR “Ultrasound with Microbubble
Imaging”).

The search was limited to titles, abstracts, and keywords
(TS field) and included only English-language articles classi-
fied as “Article.” The initial search yielded 7103 articles; fil-
tering for article type reduced the results to 5043, followed
by a limitation to English-language publications (4971 arti-
cles). Finally, applying the period of 2014 to 2024 resulted
in 2957 articles. These articles were downloaded as plain
text files with full records and citations and subsequently
analyzed using CiteSpace V 6.4.R1 (Drexel University,
Philadelphia). Journal impact factors (JIF) and subject
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categories were obtained from the Journal Citation Report
2023 (Clarivate, https://www.webofscience.com/). Figure 1
provides a flowchart of the search strategy and selection
procedures.

2.3. Bibliometric analysis

Bibliometric analysis and visualization were conducted using
CiteSpace (version 6.4.R1), the online bibliometric analysis
platform (https://bibliometric.com/app), and Microsoft Excel
(version 16.92) for data management. CiteSpace facilitates
the exploration of knowledge domains and their evolution-
ary dynamics through various visualization techniques.!'s:!*!
It identifies research frontiers, detects critical turning points,
and visualizes collaboration networks and thematic trends.
Betweenness centrality was used to gauge the importance of
nodes within networks; nodes with scores > 0.1 were marked
by purple rings.!'”]

Data were exported from WoS in plain text format, includ-
ing full records and cited references (up to 500 records per
batch), and then imported into CiteSpace for analysis. The
key analyses included literature mapping, coauthorship, key-
word co-occurrence, and journal publication analysis. JIF
from the Journal Citation Reports were integrated to eval-
uate the quality and influence of publications. Additionally,
the H-index available in WoS was employed to measure the
productivity and citation impact of authors, journals, and
institutions.

To identify key research trends and influential elements, this
study adopted the TOP N% algorithm with N% = 10%,1%%!
effectively minimizing bias from annual publication fluctuations
and enabling a more accurate depiction of temporal research
priorities.

In addition to CiteSpace, the online bibliometric platform
(https://bibliometric.com/app) was used to examine national
and regional collaborations, and Excel was used for data orga-
nization. This study provides a comprehensive bibliometric
analysis of research developments in glioma molecular imaging
by integrating multiple tools and metrics such as JIF, H-index,
and the TOP N% algorithm.

“sample of interest” is the studies published in WoSCC about
Glioma and its Molecular Imaging research

Using topics to search for related publications on WoSCC (n=7103) |

Exclusion criteria:

1. Non-English papers (n=72)

2. Other types besides articles (e.g., reviews,
conference proceedings) (n=1903)

|The topic of the publications is Glioma and Molecular Imaging (n=2957) |

| Download final data by quarter (2014.01.01-2024.12.31) |

| Bibliometric analysis by CiteSpace |

Figure 1. Flowchart of the literature selection process for bibliometric analysis. A total of 7103 records related to glioma and molecular imaging were retrieved
from the WoSCC database. After excluding non-English articles (n = 72) and non-original research types such as reviews and conference papers (n = 1903),
2957 articles were included for further bibliometric analysis using CiteSpace, covering the period from January 1, 2014, to December 31, 2024.
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3. Results

3.1. Date of publication analysis

A total of 2957 research articles on glioma and molecular imag-
ing were published between 2014 and 2024, yielding 69,876
citations, with an average citation of 23.62 per article. The
H-index reached 99, indicating that at least 99 articles were
cited 99 times or more.

As shown in Figure 2, between 2014 and 2016, the annual
publication count remained steady, ranging from 248 to 263
articles. Beginning in 2017, the publication volume increased
markedly, peaking at 297 articles in 2021. A slight decline was
observed thereafter, with 239 articles recorded in 2024.

Citation trends mirrored publication growth, rising from 205
in 2014 to 11,188 in 2022, which was the highest annual cita-
tion count within the study period. Although the citation num-
bers dipped slightly in 2023 and 2024, they remained relatively
high, at 10,174 and 9923 citations, respectively.

3.2. Analysis of country, institutional distribution, and
funding agencies

Between 2014 and 2024, the United States published the most
articles on glioma molecular imaging, with 983 publications
(33.24%), an H-index of 82, and a centrality of 0.35. China
followed with 659 publications (22.29%), an H-index of 62,
and a centrality of 0.19. Germany ranked third with 426 publi-
cations (14.41%), an H-index of 65, and an average citation of
32.03 per article. Japan (242 publications, 8.18%), France (174
publications, 5.88%), and the Netherlands (93 publications,
3.15%) also made notable contributions; the Netherlands
attained the highest average citation count of 35 per article
(Table 1).

Funding agency analysis showed that the United States
Department of Health and Human Services (547 articles, 35.87
average citations, H-index 70) and the National Institutes of
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Health (546 articles, 35.92 average citations, H-index 70) were
the leading agencies (Table 2). The National Natural Science
Foundation of China ranked third (399 articles, 29.64 aver-
age citations, H-index 57). Other prominent agencies included
the NIH National Cancer Institute (215 articles, 32.65 average
citations), the German Research Foundation (96 articles, 21.46
average citations), and the European Union (67 articles, 17.63
average citations).

Institutional analysis revealed that the Helmholtz Association
contributed the largest number of publications (229, 7.74% of
the total), with an average citation of 33.13 and an H-index of
49 (Table 3). The University of California System (149 publi-
cations, average citation 34.38) exhibited the highest centrality
of 0.57, indicating its key role in global collaborations. The
German Cancer Research Center (DKFZ) followed with 129
publications (4.36%) and an H-index of 34. Other leading
institutions included Harvard University (101 publications,
41.66 average citations, H-index 38) and the Chinese Academy
of Sciences (96 publications, 46.31 average citations, H-index
35).

3.3. Analysis of author and co-cited author distribution

An examination of author contributions showed that Galldiks,
Norbert, ranked first with 72 publications, 3426 citations, and
an average of 47.58 citations per article, yielding an H-index
of 30 (Table 4). Langen, Karl-Josef, followed with 68 publica-
tions and 2774 citations (H-index 29). Other notable authors
included Stoffels, Gabriele (45 publications, 1698 citations),
Lohmann, Philipp (45 publications, 1334 citations), and Albert,
Nathalie L. (44 publications, 1319 citations).

3.4. Analysis of cited journals

A total of 575 journals published articles in this field. The
top 3 journals by publication volume were European Journal
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Figure 2. Annual number of publications and total citations related to glioma molecular imaging from 2014 to 2024. The bar chart shows the yearly publication
count, while the line represents the cumulative citations. A linear trend line is also plotted to illustrate the overall citation growth (R? = 0.9759).
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of Nuclear Medicine and Molecular Imaging (1034 articles),
Oncology (627 articles), and Clinical Neurology (481 arti-
cles). In co-citation analyses, Neuro-Oncology was cited most
frequently (1589 citations), followed by the Journal of Neuro-
Oncology (1399 citations) and the Journal of Nuclear Medicine
(1299 citations) (Table 3).

3.5. Analysis of references

Among the top 10 most-cited articles (2014-2024), several were
published in high-impact journals such as Cell and Advanced
Materials and specialized journals like Neuro-Oncology. Details of
the top 10 most-cited references are listed in Table 6. The most-
cited article, published in Cell, received 630 citations, underscoring
the critical role of top-tier journals in propelling research in this
domain. Articles published around 2014 and earlier accrued higher
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citation counts, but more recent publications (2020 onward)
showed strong citation growth potential. Key research themes
included neuro-oncology, radiomics, and molecular metabolic bio-
markers, reflecting the multidisciplinary nature of this field.

Co-citation analysis identified 10 major clusters, numbered by
importance (Fig. 3). The largest was Cluster #0 (F-18-FET PET),
underscoring the prominence of radioactive tracers in molecular
imaging. Cluster #1 (pseudoprogression) addressed diagnostic
challenges in tumor assessment, while Clusters #6 (radiomics)
and #4 (2-hydroxyglutarate) highlighted rapid research growth
in radiomics and metabolic biomarker detection. The timeline
distribution (Fig. 4) indicated that early research clusters, such
as #3 (F-18-FDOPA PET) and #9 (fluorescence), were active
between 2010 and 2015, gradually giving way to more recent
topics (#0 F-18-FET PET, #1 pseudoprogression, #6 radiomics,
and #4 2-hydroxyglutarate).

Top 10 countries/regions contributing to glioma molecular imaging research from 2014 to 2024, ranked by number of publications.

Rank Country/region Counts % of 2957 Citations Average citations H-index Centrality
1 USA 983 33.243 30,660 31.19 82 0.35
2 China 659 22.286 16,199 24.58 62 0.19
3 Germany 426 14.406 13,644 32.03 65 0.16
4 Japan 242 8.184 4536 18.74 36 0.01
5 France 174 5.884 3360 19.31 33 0.09
6 Italy 146 4.937 3528 24.16 29 0.2
7 England 138 4.667 3361 24.46 30 0.17
8 Canada 100 3.382 2953 29.53 27 0.04
9 South Korea 97 3.28 2277 23.47 27 0.02
10 Netherlands 93 3.145 3255 35 30 0.12
Metrics include total citation count, average citations per article, H-index, and betweenness centrality.

Table 2
Top 10 funding agencies supporting glioma molecular imaging research from 2014 to 2024.

Funding agencies Articles Citations Average citations H-Index
United States Department of Health and Human Services 547 19,622 35.87 70
NIH USA 546 19,614 35.92 70
NSFC 399 11,945 29.64 57
NIH NCI 215 7019 32.65 41
MEXT 132 2323 17.6 23
Japan Society for the Promotion of Science 121 2126 17.57 23
Grants in Aid for Scientific Research KAKENHI 117 2111 18.04 23
DFG 96 2060 21.46 25
EU 67 1181 17.63 19
National Key Research Development Program of China 49 1439 29.37 23

Metrics include the number of funded articles, total citations, average citations per article, and H-index.

DFG = German Research Foundation, EU = European Union, MEXT = Ministry of Education Culture Sports Science and Technology, NCI = National Cancer Institute, NIH = National Institutes of Health, NSFC

= National Natural Science Foundation of China.

Top 10 research institutions publishing glioma molecular imaging studies from 2014 to 2024.

Rank Institution Counts % of 2957 Citations Average citations H-index Centrality
1 Helmholtz Association 229 7.744 7586 33.13 49 0.46
2 University of California System 149 5.039 5122 34.38 39 0.57
3 German Cancer Research Center DKFZ 129 4.363 3695 28.64 34 0.22
4 French National Institute of Health and Medical Research 119 4,024 1988 16.71 27 0.05
5 Centre National de la Recherche Scientifique CNRS 113 3.821 2234 19.77 28 0.19
6 University of Munich 105 3.551 3805 36.24 32 0.07
7 Harvard University 101 3.416 4208 41.66 38 0.35
8 Chinese Academy of Sciences 96 3.247 4446 46.31 35 0.14
9 University of Cologne 84 2.841 3666 43.64 32 0.02
10 University of Texas System 83 2.807 3335 40.18 30 0.02

Metrics include publication count, total citations, average citations per article, H-index, and centrality score.
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Top 10 most productive authors in glioma molecular imaging research from 2014 to 2024, ranked by publication count.

Rank Author Counts Citations H-index coauthor Citations
1 Galldiks 72 3426 30 Louis 693
2 Langen 68 2774 29 Stupp 529
3 Stoffels 45 1698 21 Wen 421
4 Lohmann 45 1334 21 Galldiks 360
5 Albert 44 1319 19 Ostrom 264
6 Bartenstein 44 1187 19 Unknown- 251
7 Shah 43 1569 21 Albert 230
8 Unterrainer 34 810 17 Weller 161
9 Fink 34 1416 19 Law 139
10 Ellingson 32 956 16 Pauleit 129
Citation metrics, H-index, and major coauthors are also presented.
Top subject categories and co-cited journals in glioma molecular imaging research from 2014 to 2024.
% of JIF (quartile) JIF (quarile)
Rank Count 2957 Journal JIF 2023 Co-cited journal Citation Centrality JIF 2023
1 1034 34.956 European Journal of 8.6 1 Neuro-Oncology 1589 0.11 16.4 1
Nuclear Medicine and
Molecular Imaging
2 627 21.197 Oncology 3.2 2 Journal of Neuro-Oncology 1399 0.06 3.2 2
3 481 16.261 Clinical Neurology 9.1 1 Journal of Nuclear Medicine 1299 0.13 9.1 1
4 187  6.322 Chemistry Multidisciplinary  16.4 1 Clinical Cancer Research 1078 0.1 10 1
5 168  5.68  Multidisciplinary Sciences 3.8 1 Cancer Research 1061 0.11 12.5 1
6 164 5.544 Medicine Research Exper- 2.7 2 European Journal of Nuclear Medicine and 1021 0.11 8.6 1
imental Molecular Imaging
7 159  5.375 Surgery 4.5 1 PLOS ONE 1003 0.03 2.9 3
8 157 5.308 Neurosciences 3 2 American Journal of Neuroradiology 910 0.08 3.1 3
9 148  5.003 Nanoscience Nanotech- 3.5 2 Journal of Clinical Oncology 896 0.06 421 1
nology
10 143 4.834 Biochemistry Molecular 29 3.3 New England Journal of Medicine 870 0.02 96.2 1
Biology
11 141 4,768 Pharmacology Pharmacy 3 2 Journal of Neurosurgery 869 0.05 35 2
12 126 4.261 Materials Science Multidis- 10 1 Journal of Neurosurgery 849 0.05 3.5 1
ciplinary
13 86 2.908 Biochemical Research 3.1 1 Proceedings of the National Academy of Scienc- 834 0.12 9.4 1
Methods es of the United States of America (PNAS)
14 86 2.908 Biophysics 19 3 Acta Neuropathologica M 0.04 9.3 1
15 86 2.908 Engineering Biomedical 12.4 1 The Lancet Oncology 693 0.03 58.7 1
16 81 2.739  Cell Biology 104 1 Scientific Reports (UK) 677 0.03 3.8 2
17 73 2.469  Neuroimaging 4.7 1 Nature Medicine 655 0.03 58.7 1
18 73 2.469  Spectroscopy 5168 2 Neurosurgery 653 0.02 3.9 2
19 66 2.232  Chemistry Physical 3.6 1 International Journal of Radiation Oncology, 601 0.02 2.7 3
Biology, Physics
20 65 2.198  Chemistry Medicinal 1.3 3 Nature 578 0.02 50.5 1

The table includes journal impact factors (JIF), JIF quartiles, citation counts, and centrality, highlighting both source journals and frequently co-cited journals in the field.

JIF = journal impact factor.

3.6. Analysis of keywords and co-occurrence clusters

Keyword clustering (Fig. 6)

further delineated specific

Keyword frequency, burst strength, and clustering analyses indi-
cated the primary focus and evolving trends in glioma molecu-
lar imaging (Table 7, Figs. 5 and 6). High-frequency keywords
included “PET” and “MRS,” ranked first and second with
occurrences of 496 and 391. Notable bridging keywords based
on betweenness centrality were “survival” (0.28) and “expres-
sion” (0.08).

Citation burst analysis (Fig. 5) revealed that early research
(2014-2017) emphasized foundational topics such as “cerebral
gliomas” and “angiogenesis.” From 2018 onward, attention
shifted toward practical applications, exemplified by “diag-
nostic accuracy” and “MGMT promoter methylation.” More
recent trends (2022-2024) featured emerging imaging technol-
ogies (e.g., “photoacoustic imaging”) and interest in the “tumor
microenvironment.”

research themes: Cluster #0 (resection): Surgical interventions
and imaging guidance. Cluster #2 (FET PET): Advancements
in metabolic imaging for tumor characterization. Cluster #7
(radiotherapy): Imaging’s role in planning and monitoring treat-
ment efficacy. Cluster #11 (photothermal therapy) and Cluster
#9 (blood-brain barrier): emerging topics pointing to novel
therapeutic and imaging strategies. These clusters illustrate the
field’s multidisciplinary nature, integrating imaging modalities,
therapeutic strategies, and molecular insights to improve glioma
diagnosis and treatment.

4. Discussion

the past
imaging
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ular
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experienced

glioma molec-
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Table 6
Top 10 most-cited references in glioma molecular imaging literature from 2014 to 2024.
First
RANK Reference Citations Joumal JIF author Time
1 Acetate is a bioenergetic substrate for human glioblastoma and brain 630 Cell 455 Mashimo  December 18, 2014
metastases
2 Response assessment in neuro-oncology working group and European 529 Neuro-Oncology 16.4  Albert September 1, 2016
Association for neuro-oncology recommendations for the clinical use of
PET imaging in gliomas
3 Self-targeting fluorescent carbon dots for diagnosis of brain cancer cells 447 ACS Nano 15.8  Zheng November 1, 2015
4 Through scalp and skull NIR-II photothermal therapy of deep orthotopic brain 370 Advanced Materials 274 Guo August 29, 2018
tumors with precise photoacoustic imaging guidance
5 Safety and tumor specificity of cetuximab-IRDye800 for surgical navigation in 379 Clinical Cancer Research 10 Rosenthal August 15,2015
head and neck cancer
6 Joint EANM/EANO/RANO practice guidelines/SNMMI procedure standards 352 European Journal of Nuclear 8.6 Law March 13,2019
for imaging of gliomas using PET with radiolabelled amino acids and [18F] Medicine and Molecular Imaging
FDG: version 1.0
7 Amide proton transfer imaging of adult diffuse gliomas: correlation with 344 Neuro-Oncology 16.4 Togao March 1, 2014
histopathological grades
8 Targeted tumor theranostics in mice via carbon quantum dots structurally 285 Nature Biomedical Engineering 26.8 Li March 30, 2020
mimicking large amino acids
9 T2-FLAIR mismatch, an imaging biomarker for IDH and 1p/19q status in 285 Clinical Cancer Research 10  Patel October 15,2017
lower- grade gliomas: a TCGA/TCIA project
10 Dual-targeting upconversion nanoprobes across the blood—brain barrier for 280  ACS Nano 15.8 Ni February 1, 2014
magnetic resonance/fluorescence imaging of intracranial glioblastoma
Listed are article titles, citation counts, journal names, impact factors (JIF), first authors, and publication dates.
JIF = journal impact factor.
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Figure 3. Collaboration network among countries contributing to glioma molecular imaging research. Each node represents a country, with node size indi-
cating the number of publications. The connecting lines indicate international collaborations, and the thickness of the lines reflects the strength of cooperative

relationships.

developments driven by technological innovations and
multidisciplinary collaborations.?-5! These advances have
significantly influenced modern medicine, informing clin-
ical decision-making and deepening knowledge of tumor
biology.

4.1. Temporal trends in research output

Publication trends (Fig.2) reveal a steady increase from
2014, peaking in 2021. Despite a slight decline in the

number of publications, citation counts continued to rise,
reaching 11,188 in 2022. This underscores ongoing schol-
arly interest in glioma molecular imaging and the lasting
impact of emerging innovations on diagnostic and thera-
peutic approaches.

4.2. PET imaging: evolution of tracers and applications

PET imaging remains a cornerstone of glioma research, as
indicated by its prominence in keyword analyses (Table 7)
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Figure 4. Institutional collaboration network in the field of glioma molecular imaging. Nodes represent research institutions, with node size proportional to the
number of publications. Links between nodes indicate inter-institutional collaborations, and thicker lines reflect stronger cooperative intensity.

Top 20 keywords in glioma molecular imaging publications from 2014 to 2024, ranked by frequency of occurrence.

Rank Keywords Occurrences Centrality Rank Keywords Occurrences Centrality
1 PET 496 0.02 11 MRI 236 0.11
2 MRS 391 0.16 12 Brain 209 0
3 Brain tumors 342 0.15 13 Glioblastoma multiforme 203 0
4 Glioblastoma 337 0.04 14 Therapy 190 0.06
5 Cancer 326 0.07 15 Radiotherapy 189 0
6 Tumors 317 0.05 16 Classification 184 0.06
7 PET 297 0 17 Central nervous system 158 0.09
8 Survival 282 0.28 18 High grade gliomas 156 0.56
9 In vivo 268 0.07 19 Diagnosis 156 0
10 Expression 259 0.07 20 Gliomas 155 0

Centrality scores reflect the keywords’ importance in the overall co-occurrence network.

MRI = magnetic resonance imaging, MRS = magnetic resonance spectroscopy, PET = positron emission tomography.

and co-citation clusters (Fig. 3). While early studies pri-
marily employed FDG tracers, newer amino acid tracers
such as F-18-FET and F-18-FDOPA have enhanced glioma
by reducing uptake in normal brain tissue.?®! These trac-
ers facilitate more precise differentiation of glioma sub-
types?”?! and underscore the importance of PET-based
biomarkers in routine clinical practice. Additionally, PET
tracers targeting hypoxia and angiogenesis have expanded
PET’s clinical utility, aiding in therapy-response moni-
toring and clarifying tumor biology.?**"! Hybrid modali-
ties such as PET/MRI have also gained traction, merging
metabolic and structural insights to refine treatment
planning.3%33

5. MRI-based innovations

MRS and CEST have substantially enriched MRI-based
approaches for glioma assessment.** Both techniques offer
unique perspectives on tumor metabolism and heterogene-
ity, as evidenced by their centrality in co-citation analyses
(Fig. 3). CEST imaging, for example, enables noninvasive

metabolic profiling.*’! Moreover, integrating radiomics and
machine learning has improved the accuracy of genomic
marker predictions (e.g., IDH mutation, MGMT promoter
methylation),*¢-38 marking a turning point toward precision
medicine.

6. Ultrasound: innovations in drug delivery and
imaging

Ultrasound technology, particularly focused ultrasound
(FUS), addresses longstanding barriers in glioma manage-
ment by temporarily modulating the blood-brain barrier.3!
This innovation permits targeted delivery of diagnostic
probes and therapeutics to the tumor microenvironment,
representing a significant breakthrough. Ultrasound-based
modalities such as microbubble-enhanced imaging!*”! and
photoacoustic imaging*!! have further expanded real-time
visualization of tumor margins, vascularity, and oxygen-
ation levels, reflecting the growing integration of ultrasound
with other modalities.
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Top 50 Keywords with the Strongest
Citation Bursts

Keywords
cerebral gliomas
in vivo
angiogenesis
proton mr spectroscopy
uptake kinetics

Year Strength Begin End 2014 - 2024

2014
2014
2014
2014
2014

apparent diffusion coefficient 2014

rat brain

peptides
monoclonal antibody
contrast agents
magnetic resonance
carcinoma

stem cells
prognostic value
high grade glioma
low grade glioma
tissue

methionine
malignant gliomas
magnetization transfer
fluorescence
diagnostic accuracy
¢ 11 methionine
amino acid pet
heterogeneity
prediction
tomography
association

extent

mgmt promoter methylation

surgery
central nervous system
european association
photothermal therapy
idh

features

system

recurrence

machine leaming
autoimmune encephalitis
deep learning
immunotherapy

protein

tumor microenvironment
leucine rich

trial

accuracy

design

amide proton transfer
patterns

2014
2014
2014
2015
2015
2015
2015
2016
2014
2014
2017
2017
2014
2015
2016
2018
2015
2018
2019
2019
2019
2019
2015
2019
2014
2014
2020
2017
2020
2020
2014
2019
2019
2021

2021

2021

2021

2021

2021

2014
2018
2022
2017
2022

1047 2014 2017 mamm—
8162014 2017 mmm——
7.372014 2016 mume
7.072014 2017 e
6762014 2017 mumm——
6382014 2016 mmm——e

622014 2015 pm
5712014 2016 e
5312014 2016 mumm——
7.062015 2018 _ e
5.612015 2017 s
5.512015 20716, mmc—
5.252015 2016 e
6.152016 2019 w——
5.032016 2018 e
7.772017 2018
7162017 2019 e
5492017 2018 __ pwm
4992017 2018 o
4792017 2019 . e
7.312018 2019 e
5272018 2022 ommm—
4842018 2021 o om—
4762018 2022 m—
7.322019 2027 ——
6462019 2022 e
6142019 2022 m—m—
5892019 2021 sum—
5632019 2021 o om—
5282019 2021 o m——
5122019 2021 e

17.06 2020 2024 s

6.12020 2021 o
5.652020 2022 e
5522020 2022 emm—
5512020 2024 o
5.452020 2022 o
8362021 2024 e
8362021 2024 o
7612021 2022
7212021 2024 e
6092021 2022 o
5942021 2024
5092021 2024 o o
4652021 2024 e
4592021 2024 o
4592021 2024
5072022 2024 e
4972022 2024
4742022 2024

Figure 5. Distribution of journals publishing glioma molecular imaging studies. The bar chart presents the top journals ranked by the number of publications,
highlighting the core platforms contributing to the dissemination of research in this field.

7. Emerging techniques and future directions

Techniques like fluorescence-guided surgery and nanoparticle-
based probes are poised for significant growth. Fluorescence
imaging with 5-aminolevulinic acid (5-ALA) has improved
intraoperative delineation of tumor margins,*?! while thera-
nostic nanoparticles offer combined diagnostic and therapeutic

capabilities.*3! These developments underscore the broader
trend toward converging diagnostics and therapy, thereby
bridging gaps between preoperative planning and intraoperative
decision-making.

Bibliometric indicators also highlight a shift toward merging
multimodal imaging with omics data. Hybrid systems such as
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Figure 6. Keyword co-occurrence network in glioma molecular imaging literature. Nodes represent keywords, with larger nodes indicating higher frequency.
Links between nodes reflect co-occurrence relationships, and clustering reveals major research themes and topic evolution.

PET/MRI and artificial intelligence (Al)-driven radiomics mod-
els offer new avenues to enhance reproducibility, diagnostic
accuracy, and clinical applicability.** These technologies prom-
ise to embed molecular imaging in the broader precision medi-
cine framework firmly.

7.1. Summary and implications

Over the past decade, glioma molecular imaging has evolved
from traditional imaging methods to highly integrated, multi-
disciplinary applications. Progress in tracer development, hybrid
imaging modalities, and computational analytics has trans-
formed clinical practice, advancing from simple diagnosis to
personalized treatment and prognostic management. Challenges
persist, including the need for protocol standardization and
rigorous validation of Al models. Nonetheless, the synergy of
imaging technologies with molecular and genomic data pro-
vides unprecedented opportunities to improve clinical outcomes
in glioma management, reinforcing the pivotal role of molecular
imaging in the future of neuro-oncology.

8. Conclusion

In the past decade, molecular imaging has catalyzed significant
advancements in glioma research, particularly in noninvasive
diagnostics, individualized treatment planning, and therapeutic
monitoring. The widespread adoption of hybrid imaging sys-
tems, cutting-edge tracers, and Al-driven radiomics has facili-
tated robust tumor characterization and the prediction of key
biomarkers such as IDH mutations and MGMT promoter
methylation. While ongoing efforts to standardize protocols
and broaden accessibility remain essential, the convergence of
imaging technologies and molecular insights signifies a trans-
formative era in neuro-oncology, one that promises to enhance
precision medicine and improve patient outcomes.

8.1. Limitations

This study has several limitations. First, data collection was lim-
ited to the Web of Science Core Collection, which, despite its
comprehensive coverage, may not include all pertinent studies

from other databases. Second, restricting the search to English-
language publications excludes relevant work in different
languages, possibly limiting global scope. Finally, although bib-
liometric methods effectively highlight quantitative trends and
collaborations, they do not capture individual studies’ full qual-
itative depth or clinical impact. Future research could benefit
from integrating multiple databases and utilizing a wider range
of bibliometric tools to offer a more holistic view of progress in
glioma molecular imaging.

Author contributions

Methodology: Hui Zhou.

Supervision: Yilin Luo, Shiguang Li.

Visualization: Guoping Zhang.

Writing — original draft: Hui Zhou.

Writing — review & editing: Hui Zhou, Xianchun Zeng.

References

[1] Price M, Ballard C, Benedetti J, et al. CBTRUS statistical report:
primary brain and other central nervous system tumors diag-
nosed in the United States in 2017-2021. Neuro-Oncol.
2024;26(Supplement_6):vil-85.

[2] Lauko A, Lo A, Ahluwalia MS, Lathia JD. Cancer cell heterogeneity
& plasticity in glioblastoma and brain tumors. Semin Cancer Biol.
2022;82:162-75.

[3] Eder K, Kalman B. Molecular heterogeneity of glioblastoma and its
clinical relevance. Pathol Oncol Res. 2014;20:777-87.

[4] Barthel L, Hadamitzky M, Dammann P, et al. Glioma: molecular signa-
ture and crossroads with tumor microenvironment. Cancer Metastasis
Rev. 2022;41:53-75.

[5] Mankoff DA. A definition of molecular imaging. J Nuclear Med.
2007;48:18N.

[6] Li H, Gong Q, Luo K. Biomarker-driven molecular imaging probes in
radiotherapy. Theranostics. 2024;14:4127-46.

[7] Rowe SP, Pomper MG. Molecular imaging in oncology: current impact
and future directions. CA Cancer J Clin. 2022;72:333-52.

[8] Rousseau R. Library science: forgotten founder of bibliometrics.
Nature. 2014;510:218.

[9] Zhang H-y, Yu H-y, Zhao G-x, Jiang X-z, Gao G, Wei B-j. Global
research trends in immunotherapy for glioma: a comprehen-
sive visualization and bibliometric analysis. Front Endocrinol.
2023;14:1273634.



Zhou et al. ® Medicine (2025) 104:25

[10] He C, Xiong P, Zeng C, Qiu X, Long T, Song H. Bibliometric analysis of
the top 100 most cited articles on the immunotherapy for glioblastoma.
Childs Nerv Syst. 2025;41:1-10.

[11] Chen W, Lei C, Liu P, et al. Progress and prospects of recurrent glioma:
a recent scientometric analysis of the web of science in 2019. World
Neurosurg. 2020;134:e387-99.

[12] Zhang D, Zhu W, Guo J, Chen W, Gu X. Application of artificial intel-
ligence in glioma researches: a bibliometric analysis. Front Oncol.
2022;12:978427.

[13] Pranckuté R. Web of Science (WoS) and Scopus: the titans of bib-

liographic information in today’s academic world. Publications.

2021;9:12.

AlRyalat SAS, Malkawi LW, Momani SM. Comparing bibliometric

analysis using pubmed, scopus, and web of science databases. J Vis Exp.

2019: e58494.

[15] Chen C. Searching for intellectual turning points: progres-
sive knowledge domain visualization. Proc Natl Acad Sci USA.
2004;101(suppl_1):5303-10.

[16] Chen C. CiteSpace II: detecting and visualizing emerging trends and
transient patterns in scientific literature. J] Am Soc Inf Sci Technol.
2006;57:359-77.

[17] Chen C, Hu Z, Liu S, Tseng H. Emerging trends in regenerative med-
icine: a scientometric analysis in CiteSpace. Expert Opin Biol Ther.
2012;12:593-608.

[18] Meng Q, Ji Y, Li Z, Hu X, Chong H-Y. Applications of agent-based

models for green development: a systematic review [published

online ahead of print April 27, 2024]. Environ Dev Sustain. doi:
10.1007/s10668-024-04948-0.

Shen J, Li J, Yu P, Du G. Research status and hotspots of anticancer

natural products based on the patent literature and scientific articles.

Front Pharmacol. 2022;13:903239.

Padmanabhan P, Kumar A, Kumar S, Chaudhary RK, Gulyis B.

Nanoparticles in practice for molecular-imaging applications: an over-

view. Acta Biomater. 2016;41:1-16.

[21] Cen P, Zhou Y, Cui C, et al. Optical molecular imaging and theranostics

in neurological diseases based on aggregation-induced emission lumi-

nogens. Eur | Nucl Med Mol Imaging. 2022;49:4529-50.

Galldiks N, Lohmann P, Friedrich M, etal. PET imaging of gliomas: Status

quo and quo vadis. Neuro-Oncol. 2024;26(Supplement_9):5185-98.

Carney B, Kossatz S, Reiner T. Molecular imaging of PARP. J Nucl

Med. 2017;58:1025-30.

Sohn CK, Bisdas S. Diagnostic accuracy of machine learning-based

radiomics in grading gliomas: systematic review and meta-analysis.

Contrast Media Mol Imaging. 2020;2020:2127062.

Haris M, Yadav SK, Rizwan A, et al. Molecular magnetic resonance

imaging in cancer. | Transl Med. 2015;13:1-16.

Langen K-], Stoffels G, Filss C, et al. Imaging of amino acid transport

in brain tumours: positron emission tomography with O-(2-[18F]

fluoroethyl)-L-tyrosine (FET). Methods. 2017;130:124-34.

Vettermann F, Suchorska B, Unterrainer M, et al. Non-invasive pre-

diction of IDH-wildtype genotype in gliomas using dynamic 18 F-FET

PET. Eur ] Nucl Med Mol Imaging. 2019;46:2581-9.

Lohmeier J, Radbruch H, Brenner W, Hamm B, Tietze A, Makowski

MR. Predictive IDH genotyping based on the evaluation of spatial

[14

[19

[20

[22

[23

[24

25

126

[27

28

10

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

Medicine

metabolic heterogeneity by compartmental uptake characteristics in
preoperative glioma using 18F-FET PET. ] Nucl Med. 2023;64:1683-9.
Verger A, Stoffels G, Bauer EK, et al. Static and dynamic 18 F-FET PET
for the characterization of gliomas defined by IDH and 1p/19q status.
Eur J Nucl Med Mol Imaging. 2018;45:443-51.

af Rosenschold PM, Costa J, Engelholm SA, et al. Impact of [ 18F]-fluoro-
ethyl-tyrosine PET imaging on target definition for radiation therapy of
high-grade glioma. Neuro-Oncol. 2015;17:757-63.

Schwarzenberg J, Czernin J, Cloughesy TF, et al. Treatment response
evaluation using 18F-FDOPA PET in patients with recurrent malignant
glioma on bevacizumab therapy. Clin Cancer Res. 2014;20:3550-9.
Patel CB, Fazzari E, Chakhoyan A, et al. 18 F-FDOPA PET and MRI
characteristics correlate with degree of malignancy and predict sur-
vival in treatment-naive gliomas: a cross-sectional study. ] Neurooncol.
2018;139:399-409.

Collet S, Valable S, Constans J, et al. [18F]-fluoro-I-thymidine PET
and advanced MRI for preoperative grading of gliomas. Neurolmage.
2015;8:448-54.

Crain ID, Elias PS, Chapple K, Scheck AC, Karis JP, Preul MC.
Improving the utility of 1 H-MRS for the differentiation of glioma
recurrence from radiation necrosis. ] Neurooncol. 2017;133:97-103.
Paech D, Windschuh J, Oberhollenzer J, et al. Assessing the predictabil-
ity of IDH mutation and MGMT methylation status in glioma patients
using relaxation-compensated multipool CEST MRI at 7.0 T. Neuro-
Oncol. 2018;20:1661-71.

Kim M, Jung SY, Park JE, et al. Diffusion-and perfusion-weighted MRI
radiomics model may predict isocitrate dehydrogenase (IDH) mutation
and tumor aggressiveness in diffuse lower grade glioma. Eur Radiol.
2020;30:2142-51.

Sasaki T, Kinoshita M, Fujita K, et al. Radiomics and MGMT promoter
methylation for prognostication of newly diagnosed glioblastoma. Sci
Rep. 2019;9:14435.

Do DT, Yang M-R, Lam LHT, Le NQK, Wu Y-W. Improving MGMT
methylation status prediction of glioblastoma through optimizing
radiomics features using genetic algorithm-based machine learning
approach. Sci Rep. 2022;12:13412.

Chevaleyre C, Novell A, Tournier N, et al. Efficient PD-L1 imaging of
murine glioblastoma with FUS-aided immunoPET by leveraging FcRn-
antibody interaction. Theranostics. 2023;13:5584-96.

Peng C, Wu Y, Yang Y, et al. Using ultrasound-targeted microbubble
destruction to enhance radiotherapy of glioblastoma. ] Cancer Res Clin
Oncol. 2021;147:1355-63.

Anastasiadis P, Gandhi D, Guo Y, et al. Localized blood-brain bar-
rier opening in infiltrating gliomas with MRI-guided acoustic emis-
sions—controlled focused ultrasound. Proc Natl Acad Sci USA.
2021;118:€2103280118.

Kaneko S, Kaneko S. Fluorescence-guided resection of malignant gli-
oma with 5-ALA. Int ] Biomed Imaging. 2016;2016:6135293.
Coburger J, Wirtz CR. Fluorescence guided surgery by 5-ALA and intra-
operative MRI in high grade glioma: a systematic review. ] Neurooncol.
2019;141:533-46.

Zaharchuk G, Davidzon G. Artificial intelligence for optimization
and interpretation of PET/CT and PET/MR images. Semin Nucl Med.
2021;51:134-42.



