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Abstract
Background Radiation-induced brain injury (RIBI) is a debilitating sequela after cranial radiotherapy. Research on the 
topic of RIBI has gradually entered the public eye, with more innovations and applications of evidence-based research 
and biological mechanism research in the field of that. This was the first bibliometric analysis on RIBI, assessing brain 
injury related to radiation articles that were published during 1998–2023, to provide an emerging theoretical basis for 
the future development of RIBI.
Methods Literature were obtained from the Web of Science Core Collection (WOSCC) from its inception to December 
31, 2023. The column of publications, author details, affiliated institutions and countries, publication year, and keywords 
were also recorded.
Results A total of 2543 journal articles were selected. The annual publications on RIBI fluctuated within a certain range. 
Journal of Neuro-oncology was the most published journal and Radiation Oncology was the most impactful one. LIMOLI 
CL was the most prolific author with 37 articles and shared the highest h-index with BARNETT GH. The top one country 
and institutions were the USA and the University of California System, respectively. Clusters analysis of co-keywords dem-
onstrated that the temporal research trends in this field primarily focused on imaging examination and therapy for RIBI.
Conclusion This study collects, visualizes, and analyzes the literature within the field of RIBI over the last 25 years to map 
the development process, research frontiers and hotspots, and cutting-edge directions in clinical practice and mecha-
nisms related to RIBI.
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WOSCC  Web of science core collection
SSCI  Social sciences citation index
SCI  Science citation index
H-index  High-citation index
SRS  Stereotactic radiosurgery
NF-κΒ  Nuclear factor-kappa B
TNF  Tumor necrosis factor
COX  Cyclooxygenase
BBB  Blood–brain barrier
ECM  Extracellular matrix
T1WI  T1-weighted image
T2WI  T2-weighted image
FLAIR  Fluid-attenuated inversion recovery sequence
DWI  Diffusion-weighted imaging
ASL  Arterial spin labeling
PWI  Perfusion weighted imaging
rCBV  Cerebral blood volume
PET  Positron emission tomography
BMSCs  Bone marrow mesenchymal stem cells
EGb  Ginkgo biloba extract

1 Introduction

The incidence of all brain and other central nervous system (CNS) tumors was 24.83 per 100,000 population [1]. Radio-
therapy is an effective and primary treatment of residual tumor and tumor recurrence following the surgical resection 
and is a backbone of first-line treatment in brain tumor [2]. Additionally, radiotherapy is also extensively used to treat 
intracranial benign disease [3], such as arteriovenous malformations (AVM) [4], meningioma [5], capillary hemangioma 
[6], vestibular schwannomas [7], pituitary adenomas [8], craniopharyngiomas [9], especially the lesion is not amenable 
to surgical resection.

Unfortunately, irradiated areas always contain the normal tissue surrounding the tumor, and consequently, any 
patients undergo progressive and irreversible side effects. Radiation-induced brain injury (RIBI), such as neuronal archi-
tecture alteration, inducing neuroinflammation, suppressing adult neurogenesis, vascular impairment, and neurological 
disorders, which lead ultimately to declination of cognitive capacity [10], is frequently developed in about 30% of patients 
receiving radiotherapy for head and neck cancer [11]. The consistent progress of RIBI can eventually cause cerebral 
herniation and death [12]. The incidence rate of RIBI varies with radiotherapy modality, total dose, and dose fraction-
ated regimen [2]. The earliest description of RIBI was reported in a 45-year-old man who received X-ray radiation of the 
scalp in 1930 [13]. In the 1980s, Sheline et al. classified RIBI further into three distinct types based principally on the time 
frame from radiotherapy, namely acute injury which develops during the radiotherapy period, early delayed injury also 
namely pseudoprogression which develops within 12 weeks after radiotherapy, and late delayed injury which develops 
few months to years following radiotherapy [13, 14]. However, there is a different standard for the three phases of RIBI, 
as follow: acute injury occurring in days to weeks, early delayed injury occurring from 1 to 6 months, late delayed injury 
occurring at times greater than 6 months after irradiation [15]. The necrosis is the ultimate state of RIBI in late delayed 
injury [15], also named radionecrosis. Even though with the stereotactic precision, Gamma Knife and CyberKnife® pro-
cedures also produce scattered radiation to normal cerebral tissue outside the targeted areas [10]. Since brain injury 
induced by radiation is hardly avoided following radiotherapy, the research on exploring the underlying mechanisms, 
early diagnosis, and management of RIBI are particularly important. Here, we summarized the development process and 
cutting-edge trends of RIBI through bibliometric analysis.

Bibliometrics is a branch of informatics that has been used for describing the relationships between published works 
through conducting a quantitative and qualitative analysis of the metadata of scientific literature [16]. Although this 
type of report has been widely proposed in other fields, to our knowledge, there is still no bibliometric study on RIBI. To 
fill the knowledge gap, a bibliometric study of the current scholarly literature of RIBI would be of interest.
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2  Method

2.1  Data acquisition and search strategy

Two authors independently retrieved literature from the Science Citation Index Expanded (SCI-EXPANDED) and Social 
Sciences Citation Index (SSCI) in the Web of Science Core Collection (WoSCC) from its inception to December 31, 2023 
(Fig. 1). WoSCC is one of the most commonly used academic database sources, which covers multiple disciplines, ensuring 
the comprehensiveness of our search. And it has a strong citation analysis function, which is very suitable for bibliometric 
analysis [17, 18]. The search strategy was set referred the previous studies (written in the supplemental file). The literature 
type was limited to article and review. No limitation in publication language. Relevant articles were exported and stored 
in the form of plain.txt (including full record and cited references) for further analyses.

2.2  Data analysis

This Bibliometric analysis was performed by five software, namely, R version 4.3.2 [19], VOSviewer [20], CiteSpace [21], 
Scimago, and Excel 2010 (Fig. 1).

Bibliometrix is an R package (version 4.3.2) containing a series of functions for scientometric quantitative research. 
Biblioshiny is a web-based tool that helps scholars import, gather, filter, and analyze data from bibliometrix. In this 
study, it was used to (1) analyze the production of all the countries, institutions, journals, and authors involved; (2) 
calculate the cooperation frequency among countries; (3) identify the hotspot of RIBI-related research by displaying 
cumulative occurrences of the top keywords, documents, and reference; (4) evaluate the influence of authors by h-, 
g-, m-index and citations; and (5) use three-field plot to visualize the relationship between three different fields [19].

VOSviewer is a Java application, which is widely used for science mapping, which visualizes the collaborative 
relationships between countries, authors, institutions, and the research topics in the field of RIBI. It can assign a set 
of closely related nodes into several clusters, where the same color indicates higher correlations of nodes. Addition-
ally, VOSviewer also supports the overlay visualization map. In this study, it was used with Scimago. Scimago is an 

Fig. 1  Detailed process for literature screening
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information visualization tool whose aim is to reveal the structure of science to show the distribution and intercon-
nection of the different countries intuitively. VOSviewer and Scimago were used to display: (1) the collaboration 
between corresponding authors’ countries on the world map. (2) the co-occurrence network that reflected the 
associations between authors’ keywords, and (3) the co-authorship network that explored the authors’ and their 
institutions’ collaboration networks [20].

CiteSpace is also a Java application, which is usually used to reflect the evolution of the bibliometric network over 
time. In this study, it was specially used to identify highly cited references and keywords with the strongest citation 
burst during a certain period [21].

Excel is used to summarize the annual and cumulative number of publications and predict the future trend of 
publications in RIBI in the coming decade based on the polynomial fitting model.

3  Result

3.1  Types and trends of publications

From January 1, 1998, to December 31, 2023, the topic of RIBI has published 2543 articles. Research articles (n = 2035, 
80.0% of the total) constitute most of the published items and the rest items were reviews (n = 394, 15.5%), book 
chapter (n = 2, 0.8%), and proceedings paper (n = 88, 3.5%). In descending order by year, the highest number of 
documents were published, in 2023 (n = 178), 2022 (n = 175), 2021 (n = 170), 2018 (n = 161), 2020 (n = 158), and 2017 
(n = 155), signaling a growth in the research of RIBI in recent year (Fig. 2a). Before 2008, the number of annual pro-
ductions increased slowly, however, with the continuous development and wide application of radiotherapy and 
medical imaging, this field has received extensive attention (Fig. 2a). Since 2008, the volume of published documents 
has blown up. The annual number of publications identified a positive relation to the year of publication, with the 
correlation coefficient R [2] of 0.8871. Figure 2b showed the rate of article volume increase, revealing that 2013–2014 
owned the most rapid onset rate with 45.54%. The general elevated trend in the number of articles published dis-
sected that RIBI was an active research field and aroused the interest of scholars.

3.2  Analysis of published articles

3.2.1  Analysis of authors

So far, about 13,543 authors have been performing RIBI studies, and 11 of them have published more than 20 articles. 
According to the high-citation index (H-index) statistic of the top 20 authors, we found that the nationality of the top 
20 authors mainly concentrated in the United States, which further clarified that the leading position of American 

Fig. 2  a Annual publication volume and accumulation of RIBI from 1998 to 2023. b Heatmap of increase rate of published documents



Vol.:(0123456789)

Discover Oncology          (2024) 15:364  | https://doi.org/10.1007/s12672-024-01223-6 Research

scholars in the field of RIBI. 5 scholars were affiliated with the Cleveland Clinic, indicating the high-performance 
research level of the Cleveland Clinic on research on RIBI. The most influential and productive authors were Limoli 
CL and Barnett GH according to the indicator of h-index (Table 1) (24). Those two scholars were the only two with 
more than 30 publications and Limoli CL was the only one with more than 2000 total citations, which implied their 
outstanding academic contribution in the field of TIBI.

3.2.2  Analysis of published journals

In terms of publication volume, we sorted the top 10 journals (Table 2). These journals had a larger possibility in accepting 
articles regarding RIBI, given their largest publication volume of relevant topics. Among them, the Journal of Neuro-oncol-
ogy ranked the first with 130 publications, followed by the International Journal of Radiation Oncology Biology Physics with 
113 publications, and the tenth was Neuro-oncology, with the number of publications reaching 35. Among the top ten 
journals, 40% are published by Elsevier. Among the top 10 journals, Neuro-oncology exhibited the highest impact factor 
(15.9 in 2022) and CiteScore (22.5%), which was first published in 1999 and now is one of the leading journals in the field.

It has been explained previously that the Journal of neuro-oncology occupies the first position based on publication 
volume, but the International Journal of Radiation Oncology Biology Physic not only has the highest h-index, g-index, 
and m-index but also has the highest total citation. This could reflect the high impact of this journal. At the same 
time, other 9 journals have also been endorsed by scholars in the fields of neuro-oncology and radiology.

3.2.3  Analysis of source affiliation

A total of 8,452 institutions published articles about RIBI. The top 10 productive affiliations are demonstrated in Table 3. 
A total of 8452 different institutions published articles related to RIBI. 7 institutions met the criteria of publishing at 
least 120 articles. As can be seen from the figure, the distribution of contributing institutions in this field was obviously 
uneven, and the top effect was very significant, with only the University of California System (the USA) accounting for 1/6 
of the field’s publications. We used VOSviewer to visualize the institutions with production of more than or equal to 10 

Table 1  Top 20 authors with the highest influence

Name Articles h_index g_index m_index TC Country Affiliation

Barnett GH 34 24 34 1.000 1526 USA Cleveland Clinic
Limoli CL 37 24 37 1.143 2286 USA University of California
Acharya MM 28 22 28 1.375 1676 USA University of California
Robbins ME 24 20 24 1.111 1345 USA Northwestern University Feinberg 

School of Medicine
Mohammadi AM 20 17 20 1.545 820 USA Cleveland Clinic
Suh JH 22 17 22 0.708 1162 USA Cleveland Clinic
Chao ST 22 16 22 0.667 1087 USA Cleveland Clinic
Lunsford LD 22 16 22 0.593 1439 USA University of Pittsburgh Medical Center
Kondziolka D 23 15 23 0.556 1431 USA University of Pittsburgh
Pollock BE 20 15 20 0.577 1511 USA Mayo Clinic School of Medicine
Vogelbaum MA 16 15 16 0.789 829 USA Moffit Cancer Center
Fike JR 15 14 15 0.519 2154 USA University of California
Galldiks N 18 14 18 1.167 875 Germany University of Cologne
Giedzinski E 15 14 15 0.667 1019 USA University of California
Allen BD 14 13 14 1.3 978 USA University of California
Flickinger JC 14 13 14 0.481 1260 USA University of Pittsburgh Medical Center
Langen KJ 16 13 16 1.3 800 Germany Research Center Juelich
Ahluwalia MS 19 12 19 1 686 USA Cleveland Clinic
Baulch JE 13 12 13 1.2 578 USA University of California Irvine
Debus J 22 12 22 0.444 914 Germany University Hospital Heidelberg
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articles, and the results were shown in Fig. 3a. Where the size of the nodes represented the number of publications, the 
link between two nodes depicted their connection, and the node colors represented the different clusters. 99 countries 
were included in the analysis, and the most productive University of California System was strongly associated with 
Stanford University; Harvard University was strongly associated with the University of Florida, and Sun Yat-sen University 
was strongly associated with Guangzhou Medical College and Huazhong University of Science and Technology. This 
probes that inter-institutional collaboration mostly occurred within countries. Institutions with more publications had 
more collaborations with other institutions, which suggested that collaboration between institutions and platforms can 
further promote the production of good works.

Figure 3b illustrated the overlay network, the color represents the average commencement year of publications in 
each institution. The visualization marked in purple reveals the average publication year of institutions that started ear-
lier, while the green to yellow represents the average publication year of the institutions that began more recently. As 
we can see, institutions in the Americas and Europe, such as the University of California System and Harvard University, 
conducted research in this area earlier, and then institutions in Asia, such as Huazhong University of Science and Tech-
nology, Sun Yat-sen University, Nanjing University, National University of Singapore, Guangzhou Medical College, and 
Jinan University, have gradually invested in this area of research.

3.2.4  Analysis of most cited articles

Citation analysis is a valuable method to assess the most highly cited articles, citations can reveal the influence of publi-
cations in a specific research field [22]. Table 4 exhibited the 20 most cited articles. All of these top 20 most cited articles 
were published earlier than 2011. Of these articles, the top three were all the research articles. The most cited article 

Table 3  Top 10 contributing 
institutions and production 
over time on Radiation-
induced brain injury-related 
research

Affiliations Most relev-
ent affilia-
tions

University of California System 416
Harvard University 278
Sun Yat Sen University 163
Helmholtz Association 160
Wake Forest University 153
University Of Texas System 126
University Of Toronto 124
UTMD Anderson Cancer Center 119
German Cancer Research Center (DKFZ) 114
UDICE-French Research Universities 105

Fig. 3  The Network and Overlay visualization of institutions. a Cluster network diagram of cooperative analysis of institutions in the field of 
RIBI (Published periodical articles ≥ 10). b Time-dependent network diagram of cooperative analysis of institutions in the field of RIBI (Pub-
lished periodical articles ≥ 10). Early research institutions are shown in purple and frontier institutions in yellow
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entitled “Malignant gliomas: MR imaging spectrum of radiation therapy- and chemotherapy-induced necrosis of the brain 
after treatment” in 2000 (IF:19.7) [23], which described the varying spatial and temporal patterns of radiation necrosis at 
MR imaging, addressed the frequent diagnostic dilemma of recurrent neoplasm versus radiation necrosis. The top 2 was 
“Randomized double-blind placebo-controlled trial of bevacizumab therapy for radiation necrosis of the central nervous 
system” in 2011 (IF:7.0) [24], which summarized the controlled trial of bevacizumab for the treatment of symptomatic 
radiation necrosis of the brain and provided the Class I evidence of bevacizumab efficacy from the present study in the 
treatment of central nervous system radiation necrosis which justified consideration of this treatment option for people 
with radiation necrosis secondary to the treatment of head-and-neck cancer and brain cancer. The third cited article enti-
tled “Radiation-induced impairment of hippocampal neurogenesis is associated with cognitive deficits in young mice” 
in 2004 (IF:5.3) [25], was a fundamental research article, providing evidence that irradiation of young animals induced a 
long-term impairment of SGZ neurogenesis that was associated with hippocampal-dependent memory deficits.

3.3  Analysis of country performance

3.3.1  Contribution of different countries

Until the time node of article retrieval, a total of 69 countries/regions published articles about RIBI. The top 20 high-output 
countries/regions were ranked according to the accumulation of the number of publications (Table 5). Figure 4a displayed 
the publication distribution globally. USA published the most papers (1000, 39.3%), followed by China (405, 15.9%) and 
Japan (199, 7.8%). These data imply that the USA and China have a dominant position in the research field of RIBI. The 
number of citations was 51,606 for the USA, accounting for over half (56.25%) of the total, followed by China (6346, 6.92%) 
and Germany (5768, 6.29%). However, the Netherlands enjoyed the highest average article citations (55.30) (Table 6).

3.3.2  Country cooperation network

Through statistical analysis of publications of the specific field, it is possible to identify the key countries that have made 
a considerable contribution to promoting the development of this field and the cooperative relationship between them. 
To analyze the stable cooperative relationship between these countries/regions, the analysis of Scimago software was 

Table 4  The top 20 most cited articles in the field of RIBI

Article DOI Year Local citations Global citations LC/GC Ratio (%)

Kumar AJ, 2000, Radiology [23] 10.1148/radiology.217.2.r00nv36377 2000 156 478 32.64
Levin VA, 2011, Int J Radiat Oncol [24] 10.1016/j.ijrobp.2009.12.061 2011 139 458 30.35
Rola R, 2004, Exp Neurol [25] 10.1016/j.expneurol.2004.05.005 2004 134 547 24.50
Mizumatsu S, 2003, Cancer Res [26] – 2003 125 564 22.16
Minniti G, 2011, Radiat Oncol [27] 10.1186/1748-717X-6–48 2011 124 504 24.60
Ruben JD, 2006, Int J Radiat Oncol [28] 10.1016/j.ijrobp.2005.12.002 2006 117 330 35.45
Monje ML, 2003, Science [29] 10.1126/science.1088417 2003 115 1885 6.10
Gonzalez J, 2007, Int J Radiat Oncol [30] 10.1016/j.ijrobp.2006.10.010 2007 101 301 33.55
Giglio P, 2003, Neurologist [31] 10.1097/01.nrl.0000080951.78533.c4 2003 94 192 48.96
Ricci PE, 1998, Am J Neuroradiol [32] – 1998 91 256 35.55
Hein PA, 2004, Am J Neuroradiol [33] – 2004 90 311 28.94
Terakawa Y, 2008, J Nucl Med [34] 10.2967/jnumed.107.048082 2008 90 286 31.47
Blonigen BJ, 2010, Int J Radiat Oncol [35] 10.1016/j.ijrobp.2009.06.006 2010 89 340 26.18
Sugahara T, 2000, Am J Neuroradiol [36] – 2000 88 288 30.56
Chao ST, 2013, Int J Radiat Oncol [13] 10.1016/j.ijrobp.2013.05.015 2013 81 194 41.75
Chao ST, 2001, Int J Cancer [37] 10.1002/ijc.1016 2001 79 256 30.86
Lawrence YR, 2010, Int J Radiat Oncol [38] 10.1016/j.ijrobp.2009.02.091 2010 75 491 15.27
Barajas RF, 2009, Am J Neuroradiol [39] 10.3174/ajnr.A1362 2009 73 169 43.20
MULLINS ME, 2005, Am J Neuroradiol [40] – 2005 72 170 42.35
BARAJAS RF, 2009, Radiology [41] 10.1148/radiol.2532090007 2009 71 287 24.74
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Table 5  The Top 20 countries/
regions with the highest 
number of publications

Country Articles SCP MCP Freq MCP_Ratio

USA 1000 857 143 0.392 0.143
China 405 342 63 0.159 0.156
Japan 199 187 12 0.078 0.06
Germany 155 121 34 0.061 0.219
Italy 88 69 19 0.035 0.216
France 82 67 15 0.032 0.183
South Korea 73 68 5 0.029 0.068
Canada 70 48 22 0.027 0.314
United Kingdom 49 34 15 0.019 0.306
India 44 39 5 0.017 0.114
Netherlands 36 28 8 0.014 0.222
Turkey 28 26 2 0.011 0.071
Belgium 25 20 5 0.01 0.2
Switzerland 24 13 11 0.009 0.458
Australia 22 15 7 0.009 0.318
Sweden 22 12 10 0.009 0.455
Israel 21 18 3 0.008 0.143
Spain 19 18 1 0.007 0.053
Russia 16 12 4 0.006 0.25
Singapore 14 7 7 0.005 0.5

Fig. 4  The distribution of publications and collaboration between countries/regions. a A world map displays the publication counts of each 
country; b The national distribution and collaboration of the top 20 corresponding authors; c The top 20 collaborations between countries
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conducted (Fig. 4c). The larger the node, the larger the number of publications, and the line between two nodes repre-
sents the cooperative relationship, the thicker the line, the stronger the collaboration. Related global cooperation was 
mainly concentrated in the USA and China, and the cooperation between other countries/regions was relatively weak. 
As illustrated in Table 4 and Fig. 4b, the USA had the highest number of internationally cooperative publications (143), 
but the rate of that is not high (14.3%) among the top 20 high-output countries/regions. While, with the 20th number of 
publications, Singapore had the highest rate of cooperative publication (50%), followed by Switzerland (45.8%) and Swe-
den (45.5%). In a word, these results highlighted that these key scholars had made a great impact and in-depth impres-
sion of the research area and their outstanding contributions served as a catalyst for the rapid development of this field.

3.4  Analysis of keywords

Keywords represent a research’s principal ideas and theme concepts and also demonstrate certain research hotspots [42]. 
We identified words that appeared over 25 times as the keyword for further analysis and finally identified 164 keywords 
with strong bursts among 8292 keywords. The keyword co-occurrence networks are shown in Fig. 5. As demonstrated in 
Fig. 5a, the red bar represents the time span of citation bursts. “radiation injury” experienced the strongest burst (inten-
sity = 9.32), followed by “gamma knife” (intensity = 7.78) and “arteriovenous malformation” (intensity = 6.13). The keywords 
“pituitary adenoma” and “brain tumor” received a great of attention in the first decade of the twenty-first century. The 
keywords, including “machine learning”, laser interstitial thermal therapy”, “brain metastasis”, “lung cancer”, “cognitive 
impairment” and “space radiation”, remained in an explosive state in 2023 (Fig. 5a). Heatmap of keywords demonstrated 
that “radiotherapy”, “stereotactic radiosurgery”, “radiation necrosis”, “radiation” and “glioma” were keywords occurring 
with the highest frequency (Fig. 5b).

A total of 3 clusters were organized as presented in Fig. 5c. The blue cluster concentrated on the causes, complications, 
and mechanisms of RIBI, and its main nodes were “radiation”, “radiation-induced brain injury”, “inflammation”, “brain”, 
“cognition”, “apoptosis”, “brain injury”, “ionizing radiation”, “microglia” and “DNA damage”. The red cluster mainly focused 
on the treatment that caused RIBI, and the main nodes were “radiotherapy”, “stereotactic radiosurgery”, “gamma knife”, 
“stereotactic radiotherapy” and “cyber knife”. The green cluster highlighted the importance of imaging examination for the 
diagnosis of RIBI and the tumors that were caused by RIBI, and the main nodes were “radiation necrosis”, “MRI”, “glioma”, 
“glioblastoma”, “pet”, “perfusion mri” and “pseudoprogression”.

Table 6  Top 20 countries/
regions with the most total 
citations

Country TC Average arti-
cle citations

USA 51606 51.60
China 6349 15.70
Germany 5768 37.20
Japan 5662 28.50
Canada 3544 50.60
Italy 2556 29.00
France 2218 27.00
Netherlands 1991 55.30
United Kingdom 1523 31.10
Korea 1464 20.10
Belgium 1157 46.30
Switzerland 987 41.10
Sweden 821 37.30
India 807 18.30
Australia 799 36.30
Turkey 520 18.60
Spain 441 23.20
Israel 385 29.60
Greece 276 30.70
Austria 274 22.80
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The current tendency of keywords by time overlay was shown in Fig. 5d. The terms marked in purple indicate that the 
publication year was 2010 or earlier, while those marked in luminous yellow appeared after 2018 (Fig. 5d). Keywords such 
as “arteriovenous malformation”, “gamma knife”, “hemorrhage”, “cavernous malformation”, “positron emission tomogra-
phy” and “pituitary adenoma” were the main topics during the early stage. The keywords “melanoma”, “meta-analysis”, 
“cognitive function”, “radiation-induced brain injury”, “neurodegeneration”, “targeted therapy”, “srs”, “neuroinflammation” 
and “melanoma” appeared relatively late in the period of RIBI study.

Figure 6 visualizes the relationships between authors, institutions, and keywords occurrence in the research field of 
RIBI. It is obvious that the majority of collaborations between institutions were confined within national boundaries, such 
as the University of California System and Cleveland Clinic Foundation in the US, with relatively fewer across countries. 
The most prominent across-countries collaboration of these observed was between the Sun Yat-sen University in China 
and the Mayo Clinic in the US.

4  Discussion

To our best knowledge, it was the first time that a comprehensive bibliometric analysis of publications related to RIBI 
was conducted to investigate the research dynamics and hot spots. The annual scientific productivity is the indicator of 
the development trend of a specific research field [43–45]. Drawing on data from the WOS database from 1998 to 2023, 
there are 2543 articles related to RIBI published by 13,543 authors from 8452 institutions in 69 countries/regions in 700 
academic journals.

Fig. 5  The visualization of the analysis of keywords. a the top 20 keywords with the strongest citation bursts; b the density map of keywords 
based on occurrence frequency; c the cluster analysis graph of the 135 keywords appearing over 10 times; d the timeline of keywords occur-
rence
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4.1  General analysis

Our results demonstrated a steady increase trend in the volume of annual publications on RIBI. Over four times as many 
publications were delivered in 2023 as in 1998, illustrating the growing interest and exploratory research in the field of 
RIBI. The expansion of research may be due to RIBI has become an increasingly important side effect affecting the prog-
nosis of brain tumor patients after radiotherapy [46]. One underlying reason might relate to a randomized double-blind 
placebo-controlled trial that demonstrated bevacizumab was an effective therapy for brain radiation necrosis, which 
caused a minor burst in 2014 [24]. Another factor might be the promotion and application of stereotactic radiosurgery 
(SRS), and several studies reported the clinical data of RIBI and reviewed the RIBI [27, 38, 47]. Afterward, annual scientific 
productivity demonstrated a much slower growth during 2018–2023 (average rate of growth: 2.03%). This phenomenon 
suggested that current research encountered some bottlenecks and required breakthroughs in the explorations.

The h-index, g-index, and m-index can partly represent the academic impact of a scholar. H-index is a mixed quantita-
tive index, which can be used to evaluate the quantity and quality of academic output of a researcher or journal, and is 
one of the indicators reflecting influence. Based on the h-index, the g-index takes into account the very high citations 
of a single article by one researcher, while based on the g-index, the m-index adds the influence of research years of 
researchers on influence [45, 48, 49]. As mentioned before, Barnett GH and Limoli CL took over the leading position in 
these indexes. Limoli CL was a professor of the Department of Radiation Oncology at the University of California, Irvine. 
He devoted himself to research on oxidative stress, hippocampal neurogenesis, stem cells, transplantation, chemo-brain, 
memory, irradiation, and cognitive dysfunction and has produced impactful research achievements with Nelson GM 
(Loma Linda University), Fike JR (University of California), and Baure J (University of California) [50–53]. Research in his lab 
was focused on the mechanisms by which stem cells regulated stress responses in compromised tissue beds, and how 

Fig. 6  Thematic evolution plot (Sankey graph) of RIBI-related research
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stem cells can be used to lessen the severity of radiation-induced normal tissue injury in the brain [54–56]. Barnett GH was 
co-ranked first author with Limoli CL on the h-index, who was the Director of Cleveland Clinic’s Brain Tumor and Neuro-
Oncology Center and Health System Gamma Knife Center. He had authored more than 600 articles published in leading 
medical journals with 37,498 citations and majored in the areas of neuro-oncology [57, 58], computer-assisted surgery 
[59], and stereotactic radiosurgery [60–62]. It is worth pointing out that Dr. Barnett created the Center for Computer-
Assisted Neurosurgery at Cleveland Clinic in the late 1980s [63]. In addition, he had served on several editorial boards 
and was a reviewer for several neurosurgery journals. In a word, these key scholars had a great impact on this research 
area and their outstanding contributions catalyzed the development of this field.

In terms of the above index, the International Journal of Radiation Oncology Biology physic was the highest-impact 
journal in this field. It is a journal, known in the field as the Red Journal, dedicated to research and application of radia-
tion oncology, radiation biology, and medical physics, which are popular among medical scientific workers related to 
radiology. The IF is also a crucial indicator that represents the influence of a journal [64]. This IF of the International Journal 
of Radiation Oncology Biology physic has steadily increased in recent years, which reflects the journal’s increasingly high 
academic status and influence in the field of radiation.

The USA, with the most articles published, has made great contributions to the study of RIBI. For example, the USA 
had more than twice as many publications as the country ranked second. The total citation of the USA was over eight 
times than those of the second country. Moreover, 5 of the top 10 productive institutions were from the USA, including 
the University of California System, Harvard University, Wake Forest University, the University of Texas System, and UTMD 
Anderson Cancer Center. According to the overlay visualization of institutions, the institutions in the USA started early 
in the research field of RIBI, while other countries gradually devoted themselves to RIBI-related research in recent years. 
These findings not only indicated that brain necrosis had drawn much attention in the United States research institu-
tions in the field of radiotherapy but also owed to the strong support and well-established research infrastructure of the 
United States for academic research.

International collaboration can lead to the sharing of knowledge and expertise, and the cooperative efforts of multi-
ple platforms and resources can lead to more excellent research. As far as it stands, international collaborations in RIBI-
related research are strongly centered in the United States. This could also explain why the United States has the highest 
influence in this area of research. Therefore, other countries should also strengthen cooperation between domestic and 
foreign institutions. By analyzing the publications and cooperation of countries and institutions, our findings can help 
researchers quickly find the most relevant institutions in this field so that more communications and collaborations can 
take place, which could produce more high-quality results in the RIBI-related field.

4.2  Major finding

Based on keyword analysis, we summarized three main clusters for classification. To systemically understand RIBI and 
insight into the new directions for further study.

4.2.1  Induction factor of RIBI

Microglial cells resident in the cerebral parenchyma are the main cellular clusters involved in innate immune response 
[65]. It is well recognized that multiple inflammatory reactions were induced after ionizing radiation via microglia [66]. 
This process may be triggered by DNA double-strand breaks in microglia, leading to nuclear factor-kappa B (NF-κΒ) 
pathway-induced release of pro-inflammatory mediators and cytokines [67], including IL(interleukin-1α, IL-6, IL-10, IL-18, 
IL-1β, CCL-2 (MCP-1), tumor necrosis factor (TNF) α and cyclooxygenase (COX)-2 [68–71]. In addition, IR could induce 
oxidative stress in microglia under both 0.5Gy and 8Gy γ rays which activated the inflammatory response via MEK-ERK1/2 
kinase cascade [68, 72].

The blood–brain barrier (BBB) disruption and perfusion changes played a key part in the initiation and development 
of RIBI [11]. Although a series of studies reported that hypoperfusion was related to the severity of TIBI [73], elevated 
perfusion was also identified in some cases of RIBI [74]. Though BBB was leaked and plasma-containing fibronectin 
was exudated into parenchyma after radiation [75], the extracellular matrix (ECM) was remodeled by cerebrovascular 
endothelial and vascular smooth muscle cells secreting fibronectin [75]. The formation of perivascular fibrous extracellular 
matrix (ECM) without a corresponding increase in microvascular density impaired nutrition diffusion to the parenchyma 
and contributed to the observed cognitive decline in late-delayed RIBI [75].
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4.2.2  Examination for RIBI

Conventional MRI examination can reveal specific changes: the early stage of radioactive brain injury is manifested as 
brain swelling in the irradiated area of the damaged tissues, edema in the white matter of the brain in a "finger-like" dis-
tribution, low signal in the T1-weighted image (T1WI), and high signal in the T2-weighted image (T2WI). When necrosis 
occurs with the progression of the lesion, enhancement of the damaged area can be seen on enhanced scanning due 
to the disruption of the blood–brain barrier in the necrotic area. In advanced lesions, liquefaction necrosis occurs, and 
the liquefaction necrosis part of the T1WI signal is lower and the T2WI signal is higher, which is similar to the cerebrospi-
nal fluid cystic degeneration area of the lesion is a low-signal non-enhanced area. Fluid-attenuated inversion recovery 
sequence (FLAIR) scans can show the extent of cerebral edema in the lesion and help to determine the extent of cystic 
degeneration in the lesion [76, 77].

Several models were developed for early detection of RIBI and clinical intervention [78, 79]. The incorporation of 
diffusion-weighted imaging (DWI) and arterial spin labeling (ASL) improved the diagnostic performance in RIBI [80]. DWI 
is more sensitive to radiation brain injury and can be used as one of the methods of early monitoring, and also assists in 
the differentiation between radiation brain injury and tumors. Radiation injury lesions show a low signal on DWI and a 
high signal on ADC maps, while tumors show a high signal on DWI and a low signal on ADC maps [81].

As perfusion changes were considered to be a character of RIBI, perfusion-weighted imaging (PWI) measures local 
cerebral blood volume (rCBV), which helps to differentiate between tumor recurrence and RIBI; radiological brain necrosis 
has a reduced rCBV, whereas tumor recurrence tends to have an elevated rCBV [82, 83].

In addition, positron emission tomography (PET) is good at showing the difference between radiation injury and 
tumor recurrence. PET has a sensitivity of 80%-90% and a specificity of 50%-90% for distinguishing radiation brain injury 
from tumor recurrence [84].

4.2.3  Therapy for RIBI

Corilagin, which suppressed the NF-κB pathway, inhibited radiation-induced microglia activation and relieved RIBI [67]. 
PPARα agonists also significantly prevented radiation-induced pro-inflammatory response [85]. RIBI could be mitigated 
by the blockade of voltage-gated Kv1.3 potassium channel with a selective inhibitor named shK-170 [86]. A fluorescent 
small molecule dye named IR-780 alleviated the neuroinflammation, promoted the recovery of BBB function in RIBI, and 
reduced the level of oxidative stress in vascular endothelial cells [87].

A phase 2 clinical trial (NCT03208413) of thalidomide was performed and nearly half of patients with RIBI experienced 
a clinical improvement [11].

Stem cells were used to treat various brain injuries due to its ability of tissue repair ability via secreting several neu-
roprotective factors, facilitating nerve regeneration and survival [88]. Stem cell therapy was an alternative therapy for 
RIBI and a study reported that intravenous injection of bone marrow mesenchymal stem cells (BMSCs) protected the 
integrity of neural structures and improved cognitive function after irradiation [88].

Ginkgo biloba extract (EGb) attenuated irradiation-induced oxidative organ injury [89] and the effect was proved in 
intestinal injury [90], indicating that EGb may have a therapeutic potentiality for RIBI.

Corticosteroids are the conventional therapy for RIBI because they effectively inhibit the proinflammatory response 
which propagates necrosis and reduces leakage from the blood–brain barrier (BBB). Then symptoms will be relieved 
by reducing edema. However, long-term application of glucocorticoids can lead to gastric ulcers, glucose intolerance, 
osteopenia, steroid myopathy, and iatrogenic Cushing’s syndrome [91].

Surgery is another important conventional method for managing progressive resectable radionecrotic lesions, with 
the main advantage of which being the relief of any mass effect and histological confirmation. Removal of the nidus of 
necrotic tissue causing peri-lesion edema will provide symptomatic relief for the patient and allow weaning off steroids. 
Tissue diagnosis can be used to rule out tumor progression by biopsy. However, brain edema may persist for several 
weeks even after surgical resection and thus requiring close monitoring [92].

RIBI tissues have elevated levels of VEGF, so Bevacizumab, an anti-VEGF antibody, is now being used in the treat-
ment of RBN. Several clinical trials have shown that bevacizumab improves neurological symptoms and cognitive 
function in patients with RIBI, and two randomized controlled trials have shown that bevacizumab treatment is more 
efficacious than placebo or corticosteroids and has a better safety profile [93].
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The overlay visualization of keywords and the citation burst analysis of Keywords and References can reflect the 
research hotspots in different stages, and even indicate the future research directions. In this study, we found that 
the research on the mechanisms of RIBI, distinguishing from brain tumors and therapy for RIBI attracted increasing 
attention, and would be a research hotspot for the present and the future.

This is despite the fact that with the development of radiation therapy for brain disorders, radiation-induced brain 
injury is becoming more common, and more research is being done on this subject. It is still difficult for readers 
to understand the current development status and hotspots of RIBI in numerous literatures, and to find a suitable 
research direction. Our study was the first bibliometric study in the field of RIBI up to 2023, which objectively and 
systematically presented the current status and trends of research, analyzed the reasons for the current situation, 
and pointed out the possible future directions of research in this field, which could facilitate academic development 
and guide researchers toward under-explored areas. However, our study still has many limitations: (1) because Cit-
eSpace is limited in the selection of databases, we only selected WoS for retrieval to obtain more comprehensive 
analysis results. Though WoS remains one of the oldest and most widely recognized databases, covering a broad 
range of fields. And it is known for its authority and the quality of the journals it includes. There may still be small 
studies, locally limited articles, etc. that are not included, resulting in an incomplete search and publication bias. (2) 
all the literature was obtained from WOS’ SCI and SSCI databases and filtered according to the criteria mentioned 
earlier. However, it should be noted that the manual selection process involved subjective judgments, as we filtered 
literature based on relevance to our research focus while excluding entirely unrelated content. This subjectivity could 
introduce bias when attempting to replicate our analysis. (3) while most of the results in this study were based on 
machine algorithms and were slightly deficient in manual generalization. Therefore, this study maintains the reliabil-
ity of the research results to a certain extent, and we suggest that more databases should be combined for a more 
comprehensive analysis in the subsequent research process.

5  Conclusion

Our results provide more understanding of RIBI, and perhaps, opportunities for scholars to identify a research direction 
in the field of RIBI, which may facilitate further research. The contribution of this article may be summarized in several 
ways. Firstly, Eastern Asia, North America, and Europe are the most impactful regions of the world in this field, with a 
spotlight on the USA. Secondly, outstanding articles with the highest citations have driven the research field’s progress 
greatly. Thirdly, the changing pattern of the research theme reflects the current status and potential theoretical basis 
for future investigation on RIBI. Besides, from 1998, the analysis showed that research on RIBI mainly concentrated on 
the inducement, imaging, and clinical manifestation but less on mechanisms and effective treatment. Therefore, based 
on the bibliometric analysis of the co-occurrence keywords, the concrete mechanism and effective treatment of RIBI 
may be a future research direction.
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