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ARTICLE INFO ABSTRACT

Keywords: The aim of this study was to present current research trends on the synergistic use of radiotherapy
Bibliometric analysis and immunotherapy (IRT) for cancer treatment. On March 1, 2023, we conducted a literature
Cancer

search for IRT papers using the Web of Science database. We extracted information and con-

;E;i/(i}?:rla structed two databases — the Core Database (CD) with 864 papers and Generalized Database (GD)
Pembrolizur:-z,ab with 6344 papers. A bibliometric analysis was performed to provide insights into the research
Nivolumab landscape, to identify emerging trends and highly cited papers and journals in the field of IRT.
Immunotherapy The CD contained 864 papers that were collectively cited 31,818 times. Prominent journals in this
SABR area included the New England Journal of Medicine, Lancet Oncology, and the Journal of Clinical

Oncology. Corresponding authors from the USA contributed the most publications. In recent
years, lung cancer, melanoma, stereotactic radiotherapy, immune checkpoint inhibitors, and the
tumor microenvironment emerged as hot research areas. This bibliometric analysis presented
quantitative insights into research concerning IRT and proposed potential avenues for further
exploration. Moreover, researchers can use our findings to select appropriate journals for publi-
cation or identify prospective collaborators. In summary, this bibliometric analysis provides a
comprehensive overview of the historical progression and recent advancements in IRT research
that may serve as inspiration for future investigations.

1. Introduction

Given the suboptimal efficacy of available therapeutic agents for malignant tumors, combination strategies rather than mono-
therapies could achieve better results due to synergistic effects between different treatments. The rationale and feasibility of combining
radiation therapy (RT) with systemic immunotherapies, especially immune checkpoint inhibitors (ICI), have been gradually confirmed
in recent years.

RT can enhance tumor-specific immunity, which should result in immune-mediated control of lesions within and surrounding the
irradiated sites [1-5]. RT promotes immune recognition by uncovering or releasing previously hidden tumor antigens and upregu-
lating the expression of the major histocompatibility complex I (MHC I) [6]. Subsequent immunostimulatory compounds and “danger
signals” released from the tumor prompt the maturation of antigen-presenting cells and subsequent T cell priming and clonal expansion
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in draining lymph nodes [1,7-9]. Conventional fractionated RT (low dose) normalizes the tumor vasculature, facilitating the traf-
ficking of immune cells into the microenvironment [10,11]. However, radiation doses exceeding 10 Gy/fraction can damage
microvessels, resulting in reduced blood perfusion [12]. Furthermore, RT reduces tumor burden by inducing direct death of tumor
cells, thus facilitating anti-tumor immunity.

Localized radiation can also activate systemic antitumor immunity, resulting in the destruction of lesions outside the irradiated
sites that share some of the same antigens as the radiated tumors. This phenomenon is called the abscopal effect [13]. Although
abscopal effects have been identified primarily in animal models and have been described in some case reports, these phenomena have
inspired researchers to identify ways to increase systemic antitumor immunity elicited by RT in an attempt to improve prognosis even
in patients with metastatic cancer.

ICIs are the hottest form of immunotherapy introduced in recent years and have great potential to synergize with radiotherapy to
treat tumors. Treatment with the PD-1 antibody can overcome the suppression of T cells caused by the overexpression of PD-L1 in
tumor cells after RT in a Kras-driven mouse model of non-small-cell lung cancer (NSCLC) [14]. Up-regulation of PD-L1 expression by
tumor cells after chemoradiation has also been observed in melanoma and glioblastoma cells [15]. Preclinical studies have provided
evidence that the combination of radiation with ICIs can effectively stimulate systemic antitumor immunity, highlighting the rationale
for the combination of immunotherapy and RT in the clinical setting [1]. Clinical trials have further demonstrated the synergistic
effectiveness of combining RT with ICIs in producing significant and long-lasting clinical responses in solid tumors, particularly in
patients with lung cancer and melanoma [16-19].

The synergistic use of RT and immunotherapy, also known as immunoradiotherapy (IRT), has shown great potential to enhance the
efficacy of cancer treatments. This novel approach to cancer care has garnered significant attention from researchers and clinicians
alike since the early 2010s, with a multitude of studies being published each year. Despite the growing body of research on IRT, the
complexity and volume of literature can be overwhelming for researchers trying to keep up with the latest trends and advancements in
the field. Thus, there is a pressing need for a comprehensive analysis that extracts essential information and provides a clear overview
of the current state of IRT research. Such an analysis should not only summarize the key breakthroughs and milestones achieved thus
far but should also identify the current focus of research and point to potential future directions. By providing a clear and concise
summary of the latest developments in IRT, this analysis can serve as an invaluable resource for researchers and clinicians alike, who
wish to stay abreast of the latest findings and trends and will ultimately contribute to the improvement of cancer treatment outcomes.
However, IRT involves many subfields, including different cancer types, different immunotherapeutic approaches, and synergistic
mechanisms. A traditional review or systematic review approach would be difficult to summarize the research trends and status of each
subfield from the thousands of available published papers, and would not effectively reflect the panorama of the whole research field
or point out important research directions in the future.

Bibliometric analysis, as a scientific method, is highly suitable for evaluating an entire academic field that encompasses a vast array
of publications [20]. This method involves quantitative analysis of knowledge-based data derived from various sources, providing an
objective overview of the research landscape, emerging trends, and hot topics within a specific area of study [21]. In doing so, bib-
liometric analysis offers a unique and comprehensive perspective that can assist researchers in understanding the progress in their
field, as well as guide them in defining their own research paths [22]. Moreover, the information derived from a bibliometric analysis
can be invaluable in helping researchers identify potential collaborators or suitable journals for publication. This can be particularly
useful for researchers looking to expand their network and spread their findings to a wider audience. By conducting a bibliometric
analysis, researchers can better understand research trends and patterns related to a specific topic, such as IRT, rather than solely
focusing on RT or immunotherapy alone, as previous analyses have done. In addition, bibliometric analysis can naturally divide a large
number of papers into different subfields, and the analysis and discussion of these subfields may help researchers to establish a more
efficient and systematic knowledge structure of the entire academic discipline. Therefore, it is clear that embarking on a compre-
hensive bibliometric analysis of IRT is not only beneficial, but necessary to gain a comprehensive understanding of the field. This will
not only help researchers to build on existing knowledge but may also identify potential areas for further exploration and research,
ultimately contributing to the advancement of the field as a whole.

The present bibliometric analysis provides a detailed evaluation of original research articles on clinical IRT that have been pub-
lished from 2010 to 2022. The primary objective of this study is to provide a comprehensive overview of the field, identify significant
research trends, present notable advancements, and identify the most recent research focus areas. Specifically, this study aims to
summarize the research trends and status of IRT for major cancers and point out important future research directions. This in-depth
analysis can significantly aid researchers in identifying key publications, top-tier journals, and potential collaborators, thereby
fostering a more robust and collaborative research environment. Furthermore, this analysis can also serve as a stimulus for the
development of additional studies, as it highlights areas that may require further exploration and research. By providing a thorough
understanding of the current state of clinical IRT, this analysis can ultimately contribute to the growth and development of the field.

2. Materials and methods
2.1. Database and publication search strategy

The Web of Science Core Collection (WoSCC) is a widely used bibliometric database [23-25]. Its document type labels are known
for their greater precision compared to other databases like Scopus [26]. The Science Citation Index Expanded (SCIE), being a robust

and comprehensive subset of the WoSCC, was the ideal choice for our research due to its wide-ranging coverage of scientific disciplines
and its ability to provide us with a wealth of valuable data. For this bibliometric analysis, we specifically chose the SCIE database to
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search for relevant literature.

Fig. 1 presents the step-by-step workflow involved in this comprehensive study. On March 1, 2023, we defined a systematic search
strategy for the WoSCC (Science Citation Index Expanded) database from 2010 to 2022 to identify literature related to cancer IRT. Our
search strategy incorporated cancer-related keywords combined with keywords associated with RT and immunotherapy found in the
titles or abstracts of the articles. Subsequently, two distinct datasets were constructed based on this rigorous search strategy: the core
dataset (CD) and the generalized dataset (GD). The CD included all keywords that appeared exclusively in article titles to provide a
more focused and precise collection of literature. In contrast, the GD included keywords that appeared in titles or abstracts, thereby
broadening the scope of our research, and encompassing a wider range of relevant studies. Moreover, the search strategy was designed
expressly to exclude articles that were not original research as much as possible.

The primary benefit of using the CD is the enhanced specificity it offers as each article that is included in the CD must have the
keywords present in its title. This approach ensures that articles are more likely to directly address the research question. Thus, re-
searchers using the CD can be more confident that the articles they are analyzing are truly relevant to their research topic. Conversely,
the GD offers higher sensitivity as it includes articles that have keywords present in their abstracts, even if those keywords are not
necessarily in the article’s title. This broader approach allows for a more comprehensive analysis of the literature, as it captures articles
that might have been overlooked when using a focused dataset. Thus, the GD can help researchers identify articles that, while not
directly relevant to their research question, may still offer valuable insights or perspectives. By using both datasets for analysis, re-
searchers can gain a more complete understanding of the literature. This can help address the limitations of each dataset, as it allows
for a more balanced approach to research. The focused data set can be used for in-depth analysis, providing a detailed understanding of
a specific topic. In contrast, the global dataset can be used for exploratory analysis, helping researchers identify new areas of interest or
unexpected connections between articles. The use of both datasets can provide a more comprehensive and nuanced understanding of
the literature, leading to more informed research conclusions.

It should be noted that the selection of the dataset relies on the particular research inquiry and analysis objectives. To ensure the
sensitivity and specificity, multiple tests and adjustments were conducted. The detailed search strategy is outlined in the Supple-
mentary Material S1.

Literature search for original research on cancer radiotherapy and immunotherapy
Database: Web of Science (Science Citation Indexing Expanded)
Publication time: 2010-2022

\ 4

864 papers identified as Core Dataset
6344 papers identified as Generalized Dataset

A 4

Data extracted: Excel, Plain text file, BibTex, Tab delimited file

Descriptive statistics: Bibliometrix & Excel

A 4

Bibliometric analysis and visualization of the datasets

v v v v

GraphPad Prism 9 Bibliometrix VOSviewer CiteSpace www.bibliometric.com
) Collaboration Journal map
Histogram world map Bibliometric Time-line map Collaboration chordal
Bubble diagram Historical map it graph
citation network itation burst

Fig. 1. The workflow of the present study.
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2.2. Statistical analysis

For statistical analysis purposes, we used Microsoft Office Excel 2019 (Microsoft, Redmond WA) to perform common statistical
analysis and generate tables. GraphPad Prism 9 software (Dotmatics San Diego CA) was used to create figures. We also conducted a
comprehensive science mapping analysis for bibliometric purposes [27]. Bibliometric analysis and data visualization were conducted
using Bibliometrix for R software (v4.1.2). In this study, VOSviewer (Leiden University Netherlands), a software tool that constructs
easily interpretable bibliometric maps, was also used [28]. We employed VOSviewer (v1.6.17) to create bibliographic maps repre-
senting journals, countries/regions involved in collaborations or co-authorships within publications’ author lists or affiliations
respectively; as well as keywords associated with these articles. To enhance network presentation quality in VOSviewer maps by
merging synonyms and different derivatives of keywords/countries/co-authors together into single entities where appropriate; a
customized VOSviewer thesaurus file was created specifically for this purpose. We also standardized writing conventions by capi-
talizing certain letters since words default to lowercase format in VOSviewer networks. To visualize the collaboration between
countries and regions, an online platform (https://bibliometric.com) was utilized. CiteSpace software (v6.1. R2) was employed to
present keywords and references with significant citation bursts, visualize timeline maps of co-cited references and keywords. The
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Fig. 2. (A) Publication and citation number from 2010 to 2022 of the papers in Core Dataset. The purple line indicates the total citations of papers
published each year. The orange line indicates the total citations of all papers each year. The red bars indicate the number of top 100 most cited
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of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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articles were classified by searching for specific cancers and therapies in titles and abstracts to illustrate the research trends.
3. Results

In total, 864 articles directly associated with cancer IRT were identified by an extensive literature search (Fig. 2A). These articles
were included in the CD. A review of the published literature revealed a consistent upward trend in the number of publications in
recent years, with a notable surge in publications after 2015. Remarkably, the number of publications witnessed a near two-fold
increase from 2019 to 2020. These articles collectively received a total number of citations (TC) of 31,818, averaging approxi-
mately nine citations per article. Interestingly, despite the relatively small number of publications (49 articles) in 2015, they garnered a
substantial TC of 5620. This highlights the importance and impact of these articles on the field of cancer IRT. To gain further insight
into the citation relationships among these influential articles, we constructed a historical citation map, as illustrated in Supplementary
Fig. S1.

Additionally, we conducted an in-depth analysis of the bibliographic map among the highly co-cited references within the CD
papers (Supplementary Fig. S2). This network provides valuable information on the interconnectedness of the various research works
and the overall growth of the field. The dataset also incorporated the GD, which comprised 6344 papers that experienced a rapid
annual growth (Fig. 2B). These papers amassed a TC of 163,674, with an average median count of eight. This indicates that not only are
the number of publications directly related to cancer IRT growing at a rapid rate, but also that the field is gaining significant attention
and recognition in the broader research community.

The CD contained a collection of articles that were ranked based on the number of times they were cited. We identified the top 100
papers, which accounted for 69.4% of all citations in the CD and had a TC of 22,071 (Supplementary Table S1). The median number of
citations for these top papers was 118.5 (range: 63-2302). Table 1 lists the top 10 most cited articles. Among them, 4 were important
clinical trials (No.1,3,4,7), 1 was preclinical study (No.9), and the others were basic studies. The highly cited clinical trials demon-
strated the efficacy and safety of ICIs (durvalumab, ipilimumab, pembrolizumab) after radiotherapy or chemoradiotherapy for patients
with lung cancer or prostate cancer. The preclinical trial reported that a mechanism of abscopal effect is radiation-induced exposure of
immunogenic mutations to the immune system. The basic studies revealed a synergy between radiotherapy and immunotherapy from
different perspectives. We also identified and listed the top papers from the GD in Supplementary Table S2. This table provides an
additional perspective on the most influential research work in the field, offering a comprehensive view of the academic landscape.

The authors identified a total of 119 highly influenced original articles in CD to evaluate their contribution to the field. These
papers had the top-100 TC or average citations per year. Among them, 60 provided clinical evidence, 35 clarified mechanisms, and the
others provided pre-clinical evidence, established novel therapeutics, or conducted predictive models. A time-distribution of these
papers were visualized as Fig. 2C. Basic studies were initially of high interest; however, in recent years, clinical studies, which provided

Table 1
The 10 most cited papers of Core Dataset in IRT from 2010 to 2022.
Rank  Title Corresponding Journal Year Total Average
Author citations citations per

year (rank)

1 Durvalumab after Chemoradiotherapy in Stage III Non-Small-Cell ~ Antonia SJ N. Engl. J. Med. 2017 2302 383.67 (1)
Lung Cancer

2 Radiation and dual checkpoint blockade activate non-redundant Minn AJ Nature 2015 1551 193.88 (3)
immune mechanisms in cancer

3 Overall Survival with Durvalumab after Chemoradiotherapy in Antonia SJ N. Engl. J. Med. 2018 1488 297.6 (2)
Stage III NSCLC

4 Ipilimumab versus placebo after radiotherapy in patients with Kwon ED Lancet Oncol. 2014 1017 113 (4

metastatic castration-resistant prostate cancer that had progressed
after docetaxel chemotherapy (CA184-043): a multicentre,
randomized, double-blind, phase 3 trial

5 Acquired Resistance to Fractionated Radiotherapy Can Be Dovedi SJ Cancer Res. 2014 746 82.89 (12)
Overcome by Concurrent PD-L1 Blockade

6 Low-Dose Irradiation Programs Macrophage Differentiation to an ~ Huber PE Cancer Cell 2013 636 63.6 (17)
iNOS(+)/M1 Phenotype that Orchestrates Effective T Cell
Immunotherapy

7 Previous radiotherapy and the clinical activity and toxicity of Lee P Lancet Oncol. 2017 621 103.5 (5)

pembrolizumab in the treatment of non-small-cell lung cancer: a
secondary analysis of the KEYNOTE-001 phase 1 trial

8 Anti-PD-1 Blockade and Stereotactic Radiation Produce Long- Lim M Int. J. Radiat. 2013 597 59.7 (18)
Term Survival in Mice With Intracranial Gliomas Oncol. Biol.
Phys.
9 Radiotherapy induces responses of lung cancer to CTLA-4 Formenti SC; Nat. Med. 2018 435 87 (7)
blockade Demaria S
10 Stereotactic Radiation Therapy Augments Antigen-Specific PD-1- Drake CG Cancer Immunol. 2015 424 53 (20)
Mediated Antitumor Immune Responses via Cross-Presentation of Res.

Tumor Antigen

IRT, immunotherapy plus radiotherapy.



Y. Liu et al. Heliyon 10 (2024) e27103

high-quality evidence, were more influential.
3.1. Journals

In total, 238 journals published articles were assigned to the CD. The International Journal of Radiation Oncology, Biology, Physics had
the highest number of publications in CD with 42 articles, followed by the Journal for Inmunotherapy of Cancer with 39 articles and
Frontiers in Oncology with 35 articles (Fig. 2D). The top three journals covered a wide range of topics related to cancer research. Among
the ten journals with the highest number of articles in CD, Clinical Cancer Research stood out as it had the highest average citations per
article (CPP, 56.47), average citations per article per year (CPY, 11.66), and the impact factor (13.8), indicating both productivity and
influence (Table 2). It is interesting to note that, while some journals were highly productive, they did not always have the highest
citation indexes. This suggests that innovative papers, regardless of the journal in which they are published, can be highly regarded,
and cited.

The top ten journals with the highest CPY demonstrated a notable deviation from the most productive ones, as illustrated in Fig. 2E
and in Table 3. Lancet Oncology was the most prolific as it published 14 influential articles in this specific field. The New England Journal
of Medicine outperformed all other journals in multiple parameters, including TC (3790), CPP (1895), CPY (340.6), and local citations
(the number of citations in CD, LC) (1888). Although the New England Journal of Medicine had a relatively modest contribution with
only two articles in the CD, these papers comprised a substantial portion (11.9%) of all citations received within this domain.
Furthermore, the Journal of Clinical Oncology earned a high LC (1816), which indicated it had a substantial influence on cancer IRT.

To present a more comprehensive understanding of the academic landscape, we performed a dual representation map overlay,
depicting the distribution of academic disciplines and the citations in CD (Fig. 3A). This was followed by the creation of bibliographic
coupling networks for journals within CD and GD, which were conducted separately (Fig. 3B-E). Through these analyses, our objective
was to uncover the underlying patterns and relationships within the field and to identify the most influential journals and articles. This
information can be invaluable for researchers seeking to publish their work in the most impactful journals, as well as for those seeking
to stay abreast of the latest developments in their field of interest.

3.2. Countries/regions

The countries or regions from which researchers contributed to the articles within CD totaled 56, while the corresponding authors
were based in 36 of these countries or regions. The United States emerged as the leading contributor with 339 publications included in
the CD, followed by China with 171 papers and Japan with 75 articles (Table 4 and Fig. 4A). Papers authored by individuals affiliated
with institutions in the United States received the highest number of citations at a staggering count of 21,890, significantly surpassing
other countries or regions. In particular, papers authored by corresponding authors from the United Kingdom also garnered a high
average number of citations at approximately 92.50 per paper. Most studies originated from single-country collaborations; however,
international collaboration was more prevalent among European nations compared to others. Korea exhibited the lowest rate of multi-
country collaborations among highly productive countries. A total of 106 countries or regions contributed to research on CD topics.
Fig. 4B presents an overview of the most prolific countries with regard to publications related to GD topics. Chordal graphs were used
to demonstrate the cooperation among different countries and regions in the CD and GD (Fig. 4C and D), while a global collaborative
map showcased the collaboration between countries/regions in the CD papers (Fig. 4E). The United States emerged as the most active
collaborator with numerous countries and regions in IRT. Additionally, network visualization maps were used to depict collaborative
relationships among countries and regions in both the CD and GD papers (Fig. 5A and B).

3.3. Institutions

In total, 1731 institutions made contributions to the research papers included in the CD. The University of Texas MD Anderson

Table 2

The top 10 productive journals of Core Dataset in IRT from 2010 to 2022.
Journals Paper Total Citation per Citation per paper per Local Paper number in IF

number citation paper year citation” GD (2021)
Int. J. Radiat. Oncol. Biol. 42 1651 39.31 8 1397 126 8.01
Phys.

J. Immunother. Cancer 39 1196 30.67 8.19 418 148 12.47
Front. Oncol. 35 249 7.11 2.31 357 173 5.74
Clin. Cancer Res. 34 1920 56.47 11.66 1371 138 13.8
Cancers 26 77 2.96 1.36 163 162 6.58
Oncolmmunology 24 961 40.04 7.62 424 95 7.72
BMC Cancer 23 294 12.78 3.48 114 92 4.64
Radiother. Oncol. 21 281 13.38 4.32 355 59 6.9
Front. Immunol. 20 322 16.1 3.54 223 96 8.79
Clin. Lung Cancer 18 164 9.11 3.63 124 39 4.84

IRT, immunotherapy plus radiotherapy. GD, Generalized Dataset.
@ Citation number in Core Dataset.
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Table 3
The top 10 journals with highest citations per paper per year of Core Dataset in IRT from 2010 to 2022."
Journals Paper Total Citation per Citation per paper per  Local Paper number in Citation in IF
number citation paper year citation” GD GD (2021)
N. Engl. J. 2 3790 1895.00 340.64 1888 5 10,045 176.08
Med.
Nat. Biomed. 2 350 175.00 41.40 22 5 223 29.23
Eng
J. Clin. Oncol. 6 697 116.17 41.33 1816 35 13,220 50.72
Lancet Oncol. 14 2558 182.71 35.76 1112 29 5811 54.43
Adv. Mater. 4 477 119.25 34.96 40 20 1445 32.09
Cancer Discov. 3 432 144.00 34.45 130 7 1025 38.27
JAMA Oncol. 5 580 116.00 32.73 458 14 1650 33.01
Cancer Res. 7 1245 177.86 23.59 1033 49 8040 13.31
J. Thorac. 13 886 68.15 23.46 447 27 2209 20.12
Oncol.
Ann. Oncol. 5 687 137.40 20.89 557 21 3824 51.77

IRT, immunotherapy plus radiotherapy. GD, Generalized Dataset.
%0nly journals with more than one paper were included.
b Gitation number in Core Dataset.

Cancer Center demonstrated its prowess by publishing an impressive 181 papers (Table 5). Among the top 15 most productive in-
stitutions, a majority of 10 were based in the United States. China and Korea, in contrast, had 4 and 1 institution respectively, in the top
rank. Remarkably, the research publications from China and Korea were published later than those from their American counterparts.

To gain a better understanding of the collaborative relationships within these institutions, we constructed collaboration networks
and conducted cluster analyses for institutions associated with papers in both the CD and GD (Fig. 5C and D). The results revealed that
most establishments tended to prefer domestic collaborations over international ones.

However, it was interesting to observe that institutions that excelled in research within their respective countries often engaged in
fruitful international collaborations. This suggests that while domestic collaborations may be the preferred choice for most institutions,
international collaborations can play a crucial role in fostering innovative research and driving scientific advancements.

3.4. Authors

The CD and GD datasets consisted of papers authored by more than tens of thousands of researchers who made contributions to
their respective fields. The most prolific corresponding author in both datasets was Welsh JW, who co-authored 15 papers in the CD
and 24 papers in the GD (Table 6). The 15 papers in CD focused on mechanisms and clinical studies which related with abscopal
response, while the other 9 papers exclusive to the GD were indirectly related to abscopal response or IRT. Intriguingly, Antonia SJ,
despite publishing only two papers as a corresponding author within this domain, garnered the highest number of citations with a
count of 3790, which was the highest in both CD and GD. Both papers proved the importance of durvalumab after chemoradiotherapy
in stage III NSCLC. Although only contributing 5 papers in the CD as corresponding author, Demaria S was the second most prolific
author and was cited as the corresponding author in GD (17 papers, 2580 citations). Demaria S made great contributions in molecular
mechanisms of the synergy of radiotherapy and immunotherapy.

To gain further insight into the collaboration patterns of these researchers, we constructed collaboration networks and clustering
analyses on co-authors affiliated with CD and GD publications (Fig. 5E and F). The results revealed an interesting trend in which
Chinese and Japanese authors had a clear preference for establishing stable collaborations within their home countries. This trend
could be attributed to the cultural, linguistic, and geographical similarities that these authors share, which foster a more conducive
environment for research collaboration.

3.5. Keywords

The study employed a comprehensive approach to identify popular keywords in the field of cancer IRT. First, by considering the
terms selected by the authors and the keyword suggestions generated by the WoSCC, a list of potential keywords was compiled. This list
was then subjected to a thorough analysis to shortlist the most influential keywords with citation bursts. This analysis was conducted
by examining the CD and GD (Supplementary Figs. S3 and S4).

To gain a deeper understanding of the interconnectedness of these keywords, networks were constructed to visualize the co-
occurrence and citations of these keywords in the CD and GD. As shown in Fig. 6A and B, these networks helped to identify the
central keywords that played a crucial role in shaping the research in this field.

The list of notable keywords included those that were frequently mentioned in the literature, such as “nivolumab,” “pem-
brolizumab,” “abscopal effect,” “ipilimumab,” “PD-L1,” “tumor microenvironment,” and “durvalumab.” These keywords were found
to be consistently relevant across various studies and research papers.

Recent additions to the keyword list included terms like “SCLC,” “neoadjuvant therapy,” “hypofractionated radiotherapy,” “oli-

goprogression,” “hypoxia,” acquired-resistance,” “immunogenic cell death,” and “SBRT.” These terms reflected the evolving landscape

”
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Fig. 3. (A) The dual-map overlay of journal categories. The left nodes represent citing journals, and the right nodes represent cited journals. The
curves represent the citation relationship. (B) Bibliographic coupling of journals with at least two papers in Core Dataset. (C) Bibliographic coupling
of journals with at least ten papers in Generalized Dataset. (D) Network visualization of journals with at least 20 total link strength in Core Dataset.
(E) Network visualization of journals with at least 100 total link strength in Generalized Dataset. The circle size represents the number of papers.
The breadth of the curves represents the link strength. The journals in the same color are of similar research areas. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

of cancer IRT research and highlighted emerging trends and areas of focus in this field.

3.6. Research trends

The detailed findings displayed in Fig. 7A and B provide a comprehensive overview of the number of publications and CPY related
to various types of cancer in the CD. Research on IRT for lung cancer, lymphoma, melanoma, and prostate cancer began earlier than
other types of cancer, indicating the significance of these cancers in the field. Interestingly, there has been a notable increase in articles
associated with lung cancer and melanoma since 2016, suggesting that these years have seen significant advances and breakthroughs
in research. Additionally, specific years have witnessed a high CPP for particular types of cancers, implying that important break-
throughs and significant progress were reported during those periods.

The analysis focused on the variation in the treatment modalities employed in the studies, delving into the specific methods used
and their respective frequencies. The results of this analysis are intricately detailed, as shown in Fig. 7C and D. A close inspection of the
data revealed distinct research trends in both the CD and GD. In the CD, durvalumab emerged as a popular treatment option in recent
years, with a significant increase in the number of articles published on anti-PD-1 antibodies and stereotactic ablative RT (SABR) since
2017. This increase in popularity was particularly pronounced compared to more traditional chemotherapy, which, interestingly, still
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Table 4

The top 10 productive countries of corresponding authors® of Core Dataset in IRT from 2010 to 2022.
Countries Paper Percentage (N/ Multiple-country paper  Total Citation per Paper number in Citation of papers in

number 864) rate” citation paper GD GD
USA 339 39.24% 22.10% 21,890 64.57 1963 84,108
China 171 19.79% 12.90% 2337 13.67 1553 25,361
Japan 75 8.68% 13.30% 834 11.12 402 5647
Germany 44 5.09% 34.10% 1212 27.55 444 8645
France 28 3.24% 32.10% 503 17.96 212 3814
Italy 28 3.24% 14.30% 290 10.36 218 2818
Korea 27 3.13% 7.40% 313 11.59 205 3368
Netherlands 19 2.20% 47.40% 718 37.79 105 3431
Belgium 16 1.85% 43.80% 355 22.19 54 1254
United 16 1.85% 56.30% 1480 92.50 177 5485
Kingdom

IRT, immunotherapy plus radiotherapy. GD, Generalized Dataset.
2 Only the first corresponding authors of the papers were analyzed.
b percentage of multiple-country top-papers among all papers of a country.

maintained a strong presence in both datasets.

Moving on to the timeline views of the changes in the keywords cited in the IRT (Fig. 8A and B), it was observed that the keywords
were clustered into different groups. These groups represented the diverse areas of research that are currently garnering attention and
activity in the field. Current research hotspots included the “immune microenvironment,” the “abscopal effect,” “clinical trials,” and
“radiotherapy.” Each of these topics has seen a surge in research activity, reflecting the evolving interests and priorities of researchers
in the field.

4. Discussion

IRT involves the synergistic application of RT and immunotherapy regimens, which are not necessarily synchronized [29]. RT
includes stereotactic ablative RT (SABR), moderate hypofractionated RT (mHFRT), or conventionally fractionated RT (CFRT). IRT
refers mainly to treatment with CTLA-4, PD-1, or PD-L1 inhibitors, which are currently widely used in clinical practice. This com-
bination can activate a systemic immune response against tumors to induce abscopal effects, delay tumor progression, prolong sur-
vival, and even cure cancer.

4.1. Published clinical evidence for the effectiveness and feasibility of radio-immunotherapy

4.1.1. Lung cancer

Among the various types of cancer investigated in IRT studies, NSCLC has been extensively studied and documented. The com-
bination of CFRT and immunity has shown strong evidence in the treatment of NSCLC, particularly based on findings from the PACIFIC
trial regimen: CRT + consolidative PD-L1 antibody. In this trial, patients with stage IIl NSCLC who received one year of durvalumab
treatment after definitive concurrent chemotherapy and RT (cCRT) experienced significant improvements compared to those who
received a placebo. These improvements were observed in both overall survival (OS) and progression-free survival (PFS), resulting in a
risk ratio of 0.68 [30]. However, further analysis revealed that the OS did not improve for tumors with less than 1% expression of
PD-L1 protein [31]. Preliminary results from the ongoing PACIFIC-R study showed similar outcomes as the PACIFIC trial, with patients
with stage III NSCLC who received durvalumab after cCRT and sequential CRT (sCRT) experiencing a median PFS duration of 21.7
months. Notably, patients with PD-L1 expression equal to or greater than 1% had longer PFS durations compared to those with less
than 1% expression [32]. Another clinical trial known as the GEMSTONE-301 study modified the treatment approach used in the
PACIFIC trial by replacing durvalumab with sugemalimab and allowing cCRT and sCRT prior to sugemalimab consolidation therapy
[33]. The results demonstrated that sugemalimab is an effective consolidation therapy for patients diagnosed with unresectable
LA-NSCLC who do not experience disease progression following cCRT or sCRT [33].

Currently, few studies have evaluated the use of IRT for early lung cancer. A phase II trial compared the effectiveness of durvalumab
alone versus durvalumab combined with stereotactic ablative radiotherapy (SABR) in operable patients with early-stage NSCLC. The
results revealed a significant difference in pathological response rates between both groups, with 6.7% in the durvalumab group and
53.3% in the IRT group [34]. Currently, there are ongoing studies investigating the potential advantages of incorporating ICIs into
SABR treatment for early-stage NSCLC. A recent phase II trial (NCT03110978) compared the effectiveness of SABR alone versus its
combination with immunotherapy for patients with early-stage or isolated recurrent node-negative NSCLC involving lung paren-
chyma. Encouragingly, the results demonstrated that I-SABR significantly enhanced event-free survival at 4 years when compared to
standard treatment, achieving a rate of 77% as opposed to 53%, while maintaining acceptable levels of toxicity [35].

A secondary analysis of the KEYNOTE-001 trial suggested that prior RT was related to improved PFS and OS, and provided early
evidence for the synergetic effects between immunotherapy and RT in stage IV NSCLC [36]. Preliminary findings from phase II trials
and retrospective studies have showed efficacy of IRT in stage IV NSCLC: A pooled analysis evaluating pembrolizumab alone versus in
combination with RT for metastatic NSCLC found improved responses and outcomes when adding RT to pembrolizumab
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Fig. 4. (A) Paper number and average citations of most productive corresponding authors’ countries in Core Dataset. (B) Paper number and average
citations of most productive corresponding authors’ countries in Generalized Dataset. (C) Chordal graphs of international collaboration base on
papers in Core Dataset. (D) Chordal graphs of international collaboration base on papers in Generalized Dataset. (E) Visualization world map of
publications and collaboration relationship.

immunotherapy [17]. The PEMBRO-RT trial compared pembrolizumab with or without single site SABR, the objective response rate
(ORR) at 12 weeks, median PFS (mPFS), and median OS (mOS) were significantly improved by IRT (iSABR) [37]. Contrary to the
findings of the PACIFIC trial, subgroup analyses revealed that patients with PD-L1-negative tumors derived the most significant benefit
from incorporating RT. A retrospective study involving 95 individuals diagnosed with advanced NSCLC demonstrated that those who
received nivolumab in combination with RT (including SABR, mHFRT, or CFRT) experienced a mPFS of 6.3 months and a mOS of 11.9
months [38].

Few data have been published on the efficacy of IRT in small cell lung cancer (SCLC), despite the high tumor mutational burden and
the efficacy of PD-L1 antibodies in extensive-stage SCLC. Ongoing trials are combining RT with ICI for extensive-stage SCLC and
limited-stage SCLC [39].

4.1.2. Melanoma

There is a lack of robust prospective data regarding the effectiveness of IRT in melanoma. In a prospective cohort study involving 25
advanced melanoma patients with progressive disease despite PD-1 blockade, simultaneous treatment with RT (brain SABR or mHFRT)
and anti-PD-1 therapy resulted in observed outcomes such as complete response (CR, 20%), partial response (PR, 19%), and stable
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Fig. 5. (A) Network visualization of countries/regions in Core Dataset. (B) Network visualization of countries/regions in Generalized Dataset. (C)
Network visualization of institutions with at least 5 papers in Core Dataset. (D) Network visualization of institutions with at least 20 papers in
Generalized Dataset. (E) Network visualization of authors with at least 2 papers and 100 citations in Core Dataset. (F) Network visualization of
authors with at least 5 papers and 200 citations in Generalized Dataset. The circle size represents the number of papers. The breadth of the curves
represents the connection strength. The countries/regions and institutions in the same color have stronger collaboration with each other. The node
colors of the authors represent the average publication year. (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)

disease (SD, 12%) for non-radiated lesions. These findings suggest the occurrence of an abscopal effect [40]. A systematic review
examined the incidence of the abscopal effect among 451 metastatic melanoma patients from 16 studies that combined RT with
ipilimumab. The reported median rates for abscopal effect and OS were found to be 26.5% and 19 months respectively, with a median
overall toxicity grade >3 being recorded at18.3%. Notably, better clinical outcomes were observed in patients receiving higher doses
per fraction (>3 Gy) along with ipilimumab [41].

4.1.3. Metastatic castrate-resistant prostate cancer

Considerable evidence supports the use of IRT in individuals diagnosed with metastatic castrate-resistant prostate cancer (nCRPC).
In a phase III clinical trial named CA184-043, a total of 799 mCRPC patients previously treated with docetaxel underwent RT for their
bone metastases, followed by either ipilimumab or a placebo [42,43]. All participants received SABR, where a single dose of 8 Gy was
administered to address 1 to 5 metastatic sites. The findings demonstrated that IRT led to enhanced OS rates at different timepoints.
Another prospective phase II study called ICE-PAC enrolled 31 mCRPC patients and investigated the combination of avelumab
alongside SABR treatment involving one or two disease sites receiving a single dose of 20 Gy 5 days prior to the initial and second doses
of avelumab [44]. The combination treatment showed a disease control rate of 48% and a median OS of 14 months. While it is unclear
whether this combination provided any additional benefits compared to avelumab alone, certain factors such as baseline androgen
receptor mutations or MYC gain (indicating a more aggressive phenotype) and high levels of circulating tumor DNA at baseline
(suggesting higher tumor burden) may have been linked to poorer outcomes. A retrospective study also found that patients who
exhibited higher levels of PSA or a greater number of bone metastases, more genetic mutations, and previous exposure to chemo-
therapy showed decreased rates of PSA response following the administration of pembrolizumab with or without SABR [45].

11



Y. Liu et al. Heliyon 10 (2024) e27103

Table 5
| The top 15 institutions with the most papers of Core Dataset in IRT from 2010 to 2022.
Institutions Country  Paper Percentage (N/864, Average publication Paper number in Percentage of GD (N/
number” %) year GD 6344, %)
Univ Texas Md Anderson Canc ~ USA 181 20.95% 2020.7 672 10.59%
Ctr
Univ Chicago USA 100 11.57% 2020.6 221 3.48%
Johns Hopkins Univ USA 86 9.95% 2020.1 265 4.18%
H Lee Moffitt Canc Ctr and Res ~ USA 78 9.03% 2020.9 197 3.11%
Inst

Fudan Univ China 71 8.22% 2021.3 329 5.19%
Mem Sloan Kettering Canc Ctr ~ USA 69 7.99% 2020.5 381 6.01%
Univ Penn USA 63 7.29% 2020.2 240 3.78%
Harvard Med Sch USA 60 6.94% 2020.8 256 4.04%
Emory Univ USA 56 6.48% 2020.8 134 2.11%
Univ Wisconsin USA 56 6.48% 2021.1 167 2.63%
China Med Univ China 54 6.25% 2021.6 178 2.81%
Sichuan Univ China 51 5.90% 2021.6 243 3.83%
Sun Yat Sen Univ China 50 5.79% 2020.8 489 7.71%
Sungkyunkwan Univ Korea 43 4.98% 2022.0 172 2.71%
Mayo Clin USA 42 4.86% 2020.6 171 2.70%

IRT, immunotherapy plus radiotherapy. GD, Generalized Dataset.
@ All papers were included, without limitation of corresponding author’s institutions.

Table 6

The top 10 productive and cited corresponding authors” of Core Dataset in IRT from 2010 to 2022.
Most productive Paper Total Average Average Most cited Paper Total Average Average
corresponding number citation citations per  publication corresponding number citation citations per  publication
author paper year author paper year
Welsh JW 15 744 49.6 2019.3 Antonia SJ 2 3790 1895.0 2017.5
Schoenfeld JD 8 416 52.0 2018.6 Minn AJ 2 1583 791.5 2016.0
Karam SD 6 243 40.5 2019.5 Kwon ED 2 1278 639.0 2014.5
Lin WB 6 596 99.3 2020.3 Lim M 3 1045 348.3 2014.7
Sundahl N 5 132 26.4 2018.8 Dovedi SJ 2 946 473.0 2015.5
Morris ZS 5 95 19.0 2019.8 Welsh JW 15 744 49.6 2019.3
Kasmann L 5 34 6.8 2020.6 Huber PE 1 636 636.0 2013.0
Demaria S 5 556 111.2 2015.8 Lee P 1 621 621.0 2017.0
Drake CG 4 620 155.0 2015.5 Drake CG 4 620 155.0 2015.5
Chmura SJ 4 359 89.8 2020.3 Lin WB 6 596 99.3 2020.3

IRT, immunotherapy plus radiotherapy.
@ Only the first corresponding authors of the papers were analyzed.

4.1.4. Renal cell carcinoma

There is no conclusive evidence supporting the efficacy of IRT in renal cell carcinoma (RCC). A phase II study (NIVES) did not
provide evidence supporting the additional benefit of SABR in metastatic RCC (mRCC) treated with nivolumab [46]. The first infusion
of nivolumab was administered 7 days before SABR (30 Gy in 3 fractions). The ORR in non-irradiated lesions was 17%. The results were
consistent with previous groups of patients who received treatment solely with nivolumab. A prospective phase I/1I trial (RAPPORT)
included patients with oligometastatic renal tumors (1-5 oligometastases) [47,48]. Total metastatic SABR (20 Gy in one fraction or 30
Gy in ten fractions), followed by pembrolizumab monotherapy. For 30 evaluable patients, treatments were well tolerated with
encouraging ORR, PFS, and OS, and the effects warrant further investigation [47,48].

4.1.5. Urothelial cancer

There is still no conclusive evidence supporting IRT for the treatment of urothelial cancer and SABR combined with ICI seems
infeasible for lesions that reside in hollow viscus for safety reasons. A study was performed on a group of 98 patients who were
diagnosed with advanced urothelial cancer and received pembrolizumab [49]. Seventeen patients who had previously received RT
therapies (in 9 patients with definitive intention, 5 as neoadjuvant therapy before definitive surgery, 4 received definitive RT, and the
other 8 with palliative intent) to the primary tumors before initiating pembrolizumab therapy had a higher OS rate (77% vs 50% at 1
year) and higher ORR (65% vs 19%) compared with the non-RT group [49].

In a clinical trial involving 10 patients, the combination of palliative RT with durvalumab was well-tolerated. No abscopal effect or
changes in the growth rate of tumors outside the targeted area were observed” [50]. The phase I PLUMMB trial tested pembrolizumab
beginning 2 weeks before SABR (36 Gy in 6 fractions) in local advanced or metastatic bladder cancer [51]. This trial was stopped
because of 1 grade 4 rectal perforation and 3 grade 3 urinary toxicities.
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Fig. 7. (A) Publication number and citations per paper per year of different cancers in Core Dataset. The node size represents the paper number, and
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in Generalized Dataset. The node size represents the paper number, and the color represents the average citations per paper per year. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

4.1.6. Esophageal cancer

The benefits of IRT in esophageal cancer have not been confirmed. A neoadjuvant chemoradiotherapy (CRT) regimen, in combi-
nation with atezolizumab, was administered to 40 patients diagnosed with resectable esophageal adenocarcinoma in a phase II trial
known as PERFECT [52]. Six patients encountered immune-related adverse effects. The rate of achieving a complete pathological
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neumonitis

#6 Abscopal effect

Fig. 8. (A) The timeline view for co-cited keywords in Core Dataset. (B) The timeline view for co-cited keywords in Generalized Dataset. The node
size represents the citation number of the keyword. The curves between the nodes indicated co-citation relationships.

response (pCR) was 25%, which did not show any disparity when compared to a group that had been matched based on historical
propensity scores. A total of 20 patients diagnosed with esophageal squamous cell carcinoma were enrolled in the PALACE-1 trial [53].
Receiving pembrolizumab before surgery in combination with neoadjuvant CRT yielded similar results as observed in the PERFECT
trial. The rate of complete pathological response was unexpectedly higher at 56%. Adverse events (AEs) of grade 3 or above were
experienced by 13 patients (65%), primarily lymphopenia. A case of esophageal hemorrhage resulting in fatality raised concerns about
the safety and feasibility of using RT for hollow viscus lesions. To further validate the effectiveness and safety of IRT in treating
esophageal cancer, a phase III study is necessary, which should involve careful patient selection and meticulous planning for RT.

4.1.7. Breast cancer

Research in testing IRT in breast cancer is preliminary. A trial provided inspiring support for the strategy of combining IRT with
HER2 antibody in patients with HER2-positive breast cancer. The efficacy of IRT in triple-negative breast cancer (TNBC) is uncertain.
One trial evaluated outcomes after concurrent brain RT and CTLA-4 antibody tremelimumab + trastuzumab, in 20 patients with brain
metastases negative or positive for HER2 [54]. Tremelimumab plus brain RT overcame previous resistance to trastuzumab in a patient
with heavily treated HER2-positive, resulting in PR with T cell activation evidence, despite the low non-central nervous system DCR. In
the TONIC trial, immune induction with RT (SABR 8Gy*3) in metastatic TNBC (mTNBC) was evaluated in an attempt to improve
sensitivity to nivolumab. However, this trial failed to demonstrate the immune induction property of RT in mTNBC [55]. On the
contrary, a phase II trial showed promising results. Concurrent pembrolizumab and SBRT were tested in 17 patients with refractory
mTNBC, and yielded an ORR of 17.6% [56]. This result was superior to the ORR in cohort A of KEYNOTE-086 trial [57]. The efficacy of
IRT in patients with (HR+)/HER2-negative metastatic breast cancer was evaluated in a phase II trial [58]. Patients received pem-
brolizumab 2-7 days before palliative RT. Since the ORR was 0% in the first eight enrolled patients, the trial was discontinued.

4.1.8. Head and neck squamous cell carcinoma

There is currently few evidence to confirm the effectiveness of IRT, whether in locally advanced or late-stage metastatic head and
neck squamous cell carcinoma (HNSCC), although combining ICI with chemoradiotherapy was found to be safe. For locally advanced
HNSCC, a phase III trial of 697 patients found no benefit in the combination of avelumab plus standard of care chemoradiotherapy
(100 mg/m? weekly cisplatin, 70 Gy in 35 fractions) followed by maintenance therapy with avelumab for 12 months compared to
placebo with minimal increase in toxicity [59]. A phase Ib study treated 59 patients with locally advanced HNSCC with the combi-
nation of concurrent pembrolizumab plus standard of care chemoradiotherapy followed by pembrolizumab [60]. The trial has shown
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that the approach is safe and feasible. A phase III trial KEYNOTE-412 study was launched and is currently ongoing. A randomized
phase II trial compared nivolumab alone or combined with SABR (9 Gy*3) for one metastatic lesion in 62 patients with metastatic
HNSCC with the primary endpoint of ORR in nonirradiated lesions [61]. No improvement in response was found or with any evidence
of an abscopal effect.

4.1.9. Colorectal cancer

Since patients with colorectal cancer with microsatellite stable (MSS) and microsatellite instability-high (MSI-H) lead to different
responses to immunotherapy, the clinical developments of IRT should be considered separately based on the MSI status. Currently,
several clinical trials are focusing on the neoadjuvant treatment of MSS for patients with locally advanced rectal cancer (LARC). The
phase II AVANA trial tested the efficacy and safety of adding avelumab to neoadjuvant chemoradiation for locally advanced MMR-
proficient rectal cancer [62,63]. The first interim analysis revealed a pCR rate of 25% and a major pathologic response (MPR) rate
of 50% with none of the AEs secondary to the use of avelumab. In contrast, a phase II clinical study investigating the efficacy of
administering six cycles of FOLFOX after long-course chemoradiation demonstrated a 37% rate of achieving pCR [64]. A different
phase II randomized study was conducted to evaluate the potential enhancement of neoadjuvant rectal (NAR) score by incorporating
pembrolizumab into neoadjuvant chemoradiotherapy [65]. The pCR rate was not improved by adding pembrolizumab, although the
long-term survival data have not been published. The Grade 3-4 adverse event rate was increased in the pembrolizumab group.
Another phase I/1I trial enrolled patients with LARC who were treated with neoadjuvant chemoradiotherapy, followed by 5 cycles of
nivolumab and subsequent TME 12 weeks after the last dose of chemoradiotherapy, The pCR rate was 30% in MSS patients and the
toxicities were tolerable [66]. A high pCR rate (60%) was observed in 5 MSI-H patients, indicating that nivolumab is more effective in
this subgroup. Another phase II single-arm trial of LARC, 27 patients received short-course preoperative RT followed by 1-2 cycles of
subsequent chemotherapy plus camrelizumab (PD-1 antibody) before TME [67]. The pCR rate was 46.2% in the pMMR subgroup and
100% (1/1) in the dMMR subgroup. All of the reported immune-related AEs were below grade 3.

For metastatic MSS colorectal patients, a single arm, non-randomized phase II trial enrolled 40 metastatic MSS CRC patients [68].
Concurrent SABR (8 Gy*3) was administered every other day or every 2 days, on the second cycle of ipilimumab and nivolumab.
Immunotherapy-related AEs > grade 3 were reported in 70% of patients, among which 1 patient experienced grade 5 pneumonitis. The
DCR was 25% with an ORR of 10% by intention-to-treat (ITT) analysis.

4.1.10. Pancreatic cancer

MMR-proficient pancreatic cancer (PDAC) is considered refractory to immunotherapy due to its aggressive biology, poor immu-
nogenicity, and immunosuppressive microenvironment [69,70].

A phase II trial tested the combination of radiation, ipilimumab and nivolumab in 25 patients with MSS metastatic PDAC [68]. The
DCR was 20% and the ORR was 12% by ITT analysis. Inmunotherapy related AEs of Grade >3 were reported in 56% of patients with
one grade 5 hepatic encephalopathy possibly related to treatment. Higher numbers of natural killer (NK) cells and expression of
HERVK repeat RNA in pretreatment biopsies were observed in patients with disease control, providing suggestions for future
biomarker research. A phase I study evaluated the safety of treatment with ICI with SABR in patients with metastatic PDAC as a
second-line treatment [71]. The patients were divided into four groups to receive durvalumab/durvalumab plus tremelimumab in
combination with SABR (8Gy*1 or 5Gy*5). The acute safety profile was acceptable with 3 grade 4 lymphopenia. ORR was 5.1%. The
survival data were unsurprisingly disappointing with OS less than 4.2 months. Because of the aggressiveness of the heavily treated late
stage PDAC, immunotherapy may not have had time to manifest its efficacy.

A phase II randomized trial enrolled 170 patients with locally advanced pancreatic cancer after surgical resection harboring a
mutated KRAS and who were PD-L1-positive [72]. The patients were assigned to receive SBRT (35-40 Gy in five fractions) plus double
ICIs (pembrolizumab and trametinib) or SBRT plus gemcitabine. The median OS was 14.9 months with SBRT plus double ICIs group
versus 12.8 months with SBRT plus gemcitabine group (HR: 0.69; p = 0.021). Nineteen (22%) participants reported serious AEs in the
SBRT plus double ICIs group and 12 (14%) in the SBRT plus gemcitabine group. Treatment-related deaths did not occur. Phase 3 trials
are needed to confirm the efficacy and safety of combining SBRT plus pembrolizumab and trametinib.

4.1.11. High-grade glioma

Two preliminary phase I trials confirmed the safety of SABR with ICI in the treatment of recurrent high-grade glioma, and thus
further investigation of SABR with ICI in high-grade gliomas is warranted. A phase I study enrolled 32 patients with recurrent high-
grade gliomas, triple therapy of pembrolizumab concurrent with SABR (30 Gy in 5 fractions) and bevacizumab was well-tolerated with
a grade 3 elevation of aspartate aminotransferase leading to discontinuation of treatment [73]. In the bevacizumab naive cohort, ORR
was 83%, mOS and mPFS were 13.45 months and 7.92 months, respectively. In the bevacizumab resistant cohort, ORR was 62%, mOS
and mPFS were 9.3 months and 6.54 months, respectively. The STERIMGLI Phase I trial enrolled 6 patients with recurrent glioblas-
toma, they received SABR (8 Gy*3) followed by durvalumab until disease progression or for up to 12 months [74]. This combination
was well tolerated with 1grade 3 immune-related vestibular neuritis reported. The mPFS and mOS were 2.3 and 16.7 months,
respectively.

Two phase III clinical trials investigating the efficacy of combining PD-1 antibodies with standard RT (CFRT) + temozolomide have
yielded disappointing results in patients with untreated glioblastoma. In the CheckMate 498 and CheckMate 548 trials, adding
nivolumab to standard RT + temozolomide did not improve the survival of glioblastoma. The CheckMate 498 study evaluated the
efficacy of nivolumab + RT compared to temozolomide + RT in newly diagnosed glioblastoma with an unmethylated MGMT promoter
[75]. The study did not meet the primary endpoint of improved OS. The CheckMate 548 study evaluated RT + temozolomide combined
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with nivolumab or placebo in untreated glioblastoma patients with methylated MGMT promoter. The OS did not improve by adding
nivolumab [76]. No new safety concerns were observed.

4.2. The central focus of clinical research on immunoradiotherapy

What defines a successful clinical trial? What demonstrates the effectiveness of a particular treatment? How are the most suitable
patients for the particular treatment selected? The central focus of clinical research should not be a particular treatment but rather the
patients. It is important to find an optimal and suitable treatment mode for each type of patient. IRT, as an important treatment
modality, plays a key role in the treatment mode and should be continuously improved while balancing the toxicity and quality of life.

4.2.1. Optimizing immunoradiotherapy to overcome immunosuppression are the major steps of the cancer-immunity cycle

4.2.1.1. Overturning the competitive of forces between the host and tumor. Only when the tumor is weak and immune system is strong can
we ensure victory in the battle against the tumor. Tumor debulking and maintaining a relatively healthy immune system are the
conditions we need to achieve. RT acts as a double-edged sword in this process and should be carefully manipulated [77].

4.2.2. Tumor debulking

Increased tumor burden is correlated with decreased efficacy of PD-1 immunotherapy [78]. The goal of tumor debulking is to
reduce tumor burden (the total number of tumor cells). The reduction of tumor burden brings two additional benefits: reducing the
release of immunosuppressive substances and reducing tumor clones with poor immunogenicity.

RT is the most important and widely used modality in tumor debulking. Other local treatments include surgical resection, cryo-
therapy, and radiofrequency ablation.

Some evidence supports tumor debulking. Local consolidative therapy (LCT) with RT or surgery led to significantly demonstrated
survival in oligometastatic NSCLC in a 2 phase II trial [79,80]. LCT with SABR only in patients with oligometastatic cancers enrolled in
the SABR-COMET phase II trial led to improved OS of the SABR group compared to the control group [81]. However, three (4.5%) of
the 66 patients in the SABR group experienced treatment-related death. A systematic review of LCT plus systemic therapy versus
systemic therapy alone for metastatic NSCLC showed that LCT may improve the prognosis of metastatic NSCLC with acceptable safety
profile [82].

The prospective pre-injection phase of the EXTEND basket trial that evaluated the efficacy of LCT (radiation, surgical resection,
cryotherapy, radiofrequency ablation) for solid oligometastatic tumors demonstrated encouraging prognosis, and low rates of severe
toxicity [5,83].

How to define an ideal tumor reduction effect in the context of immunotherapy? This question remains unanswered and needs
further exploration.

4.3. Local consolidative therapy plus immunotherapy is a promising treatment mode

Patients with locally advanced or oligometastatic disease may be a unique population that benefit the most from LCT plus
immunotherapy [84]. The reasons for the benefit of patients with oligometastasis from LCT + immunotherapy are as follows: (i) The
tumor burden is relatively low, making it easy to eliminate all visible tumors and (ii) the biological properties of the oligometastatic
tumor itself are less aggressive.

The PACIFIC trial demonstrated the effectiveness of LCT plus immunotherapy in locally advanced NSCLC [85].

For polymetastatic cancer patients whose tumor burden is beyond oligometastatic disease, it is not currently known whether RT-
based LCT may benefit this patient population, and induction systemic therapy involving chemotherapy remains the standard of care.
For more rapidly progressive and bulky disease, induction chemotherapy can provide a more immediate response and a biological time
frame for the disease to reveal its nature, which could help avoid unnecessarily local definitive therapy. It is not realistic to administer
RT or other local treatments to all lesions due to the risk of toxicity. Multimodality treatment strategy with safety concerns might be
feasible: targeted SABR to one or a few lesions is safe for high dose radiation to promote immune recognition, with other ablative local
treatments to some suitable lesions, followed by low-dose radiation to the remaining lesions for stromal modulation may be feasible [1,
11,86].

Multisite SABR (not for all metastases) combined with ICIs showed preliminary efficacy and good tolerance in a phase I study [87].
Patients with advanced solid tumors progressing on standard treatment received SBRT (2-4 metastases) followed by pembrolizumab,
the treatment was well tolerated with acceptable toxicity. Out-of-field response of nonirradiated metastases was 13.5% which
correlated with interferon-y-associated gene expression in post-SBRT tumor biopsy specimens.

4.4. Maintaining the quantity and quality of lymphocytes

Besides the immunostimulatory properties of RT, standard fractionation and large radiation fields are also immunosuppressive and
can induce systemic lymphopenia [88,89]. Lymphopenia is associated with lower immune-mediated systemic effects and a poorer
prognosis in patients with lung cancer who receive combined immunotherapy and RT [86,89,90].

The radiation dose, fractionation schedule, and radiation volume should be carefully formulated according to the individual
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context of each patient to avoid severe lymphopenia. To mitigate radiation-induced lymphopenia, hypofractionated radiation,
reduction of the traditional clinical target volume, sparing healthy regional lymph nodes, where the T cell priming and activation takes
place, and large blood vessels are worth exploring in the modern era of immunotherapy and technological improvements in targeting
and delivery of RT [91,92].

Clinical trials evaluating the effectiveness and safety of immunopotentiators such as thymosin alpha 1 in the treatment of RT-
related lymphopenia are worth trying. Furthermore, the combination of anti- PD-L1 and anti-CTLA-4 therapies should enhance T
cell priming and activation (cancer-immunity cycle step 3) [93,94].

4.5. Patient stratification based on host and tumor status
There are three aspects that must be evaluated to stratify suitable patients with solid tumors for IRT.

4.5.1. Evaluation of tumor burden and tumor aggressiveness

For the assessment of tumor burden, the clinical stage is the traditional semiquantitative indicator of tumor burden. In addition,
stage IV tumors can be further stratified into oligometastatic disease and polymetastatic disease. However, these indicators are not
suitable in the scenario of tumor debulking treatments where quantitative indicators are needed. The circulating tumor DNA fraction
and the tumor burden score (TBS) are promising indicators of tumor burden. The TBS was first derived from the tumor burden
assessment of liver metastasis of colon cancer, and it was found that TBS was more predictive of prognosis than the maximum diameter
or number of liver metastasis [95]. Subsequently, the TBS was found to be predictive of prognosis to liver cancer and pancreas
neuroendocrine tumors [96,97]. Circulating tumor DNA fraction (ctDNAf) has been utilized to monitor the tumor burden dynamic of
NSCLC patients who received therapies targeting druggable mutations [98]. The clinical feasibility of ctDNA for tumor burden
monitoring in NSCLC patients without druggable mutations or other solid tumors remains unknown and is worthy further exploration
[99].

The assessment of tumor aggressiveness involves the evaluation of organs affected by tumor metastases. The number of lesions and
tumor growth rate (TGR) are traditional approaches used to assess the aggressiveness of cancer. Cancer cell aneuploidy state and its
cellular consequence- genome instability can serve as adaptive mechanisms of survival under stressful conditions such as chemo-
therapy and manifest more aggressive phenotype [100]. The copy number instability score (CNI) can be determined using cell-free
DNA (cfDNA). Alterations in the CNI score have the potential to serve as an early indicator of treatment response to various sys-
temic therapies for cancer [99]. Chromosomal instability (CIN) is a hallmark of human cancer and is associated with therapeutic
resistance and tumor aggressiveness [101,102].

The existence of abnormal chromosome numbers has various effects on cellular processes, such as genome instability, metabolic
changes, and proteotoxic stress. It is worth noting that this condition is highly prevalent in cancer patients and is associated with poor
prognosis and resistance to chemotherapy. Chemotherapy plays a crucial role in treating most cancer patients; however, drug resis-
tance can lead to treatment failure.

4.5.2. Evaluation of host immunity

The absolute lymphocyte count (ALC) is a clinically well standardized indicator of host immunity. As mentioned above, lym-
phopenia is associated with abscopal responses and a poorer prognosis in patients with lung cancer receiving IRT [86,89,90].

Characterizing T cell function and strength can offer more precise ways to stratify immune function [86]. Preliminary explorations
on biomarkers to assess host immunity have been performed, although further exploratory studies are needed. T-cell receptor
sequencing and peripheral blood T lymphocyte classification by flow cytometry can identify markers of T-cell activation, proliferation,
and clonal expansion [5]. The combined positivity scores of PD-L1 (CPS) and the IFNy signature in tumor biopsy samples have been
associated with therapeutic benefit [52].

4.5.3. Evaluation of tumor immune immunogenicity

Unique tumor neoantigens that result from aberrations in genes are the basis of immune recognition. But not all gene aberrations
result in good immunogenicity. Prediction of neoantigen quantity and quality can be obtained by bioinformatics analyses of data
derived from whole-exome sequencing (WES) and/or RNA sequencing (RNA-Seq) of cancer tissue. The burden of neoantigens is not an
ideal surrogate for tumor immunogenicity. It is the quality of the neoantigen, but not the quantity, that determines immunogenicity
[103-107].

A low immunogenicity associated with canonical EGFR mutation (exon 19 deletion/L858R mutation/EGFR/T790 M mutation) or
ALK rearrangement positive NSCLC has been reported [108], although uncommon EGFR mutations are associated with better
immunogenicity [109]. Tumors with genetic instability often respond poorly to immunotherapy, despite the fact that genomic
instability is a driver of tumor immunogenicity, as those tumors have developed mechanisms to escape immune surveillance [110,
111]. Pancreatic cancer is characterized by recurrent copy number alterations which lead to low neoantigen and poor immunogenicity.
Nonetheless, some tumors can be characterized by recurrent mutations, such as in melanoma and lung adenocarcinoma, which to date
have been the most responsive to immunotherapy [70,112].

RT promotes tumor neoantigen release from tumor cells for recognition by antigen-presenting cells (APCs), but there is no evidence
that RT can create neoantigen. Essentially, RT cannot alter the immunogenicity of tumors but can only promote immune recognition.
Tumors of low immunogenicity may not benefit from IRT alone. Combining IRT with poly-ADP-ribose polymerase inhibitors (PARP) is
a possible solution for low immunogenic tumors, as PARP inhibitors have been found to increase tumor neoantigen expression and
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show synergy with immunotherapy in preclinical and early clinical studies [113]. However, the potential toxicity caused by the
combination of three treatments is a concern and needs further research.

4.6. Promoting immune recognition

Immune recognition comprises the first two steps in the cancer-immunity cycle: release of neoantigen (step 1) and presentation of
neoantigen by APC (step 2). RT has been shown to cause immunogenic death of tumor cells [4]. Cryoablation on exposure to con-
ventional chemotherapeutics, such as cetuximab and trastuzumab have been found to induce the release of neoantigens of tumor cells
[114-116]. The multidisciplinary collaboration of these modalities with IRT is a concept worth investigating in the future.

To maximize the role of RT in promoting immune recognition, one should carefully consider the dose, fractionation, radiation field,
and RT technique based on the individual context of each patient. Preclinical studies have found that when the radiation dose per
fraction is beyond 10-12 Gy, the high radiation doses can induce DNA exonuclease Trex1 which attenuates immunogenicity by
degrading DNA that accumulates in the cytosol resulted in poor synergy with ICIs [117]. Another experiment tested the immune effects
of four radiation dose per fraction in a mice melanoma model. Per fraction dose of 7.5 Gy and 10 Gy but not 5 Gy resulted in the best
tumor immunity, while doses above 15 Gy increased the fraction of splenic regulatory T (Treg) cells, which are immune-suppressive
[118].

Granulocyte macrophage colony stimulating factor (GM-CSF) can enhance the presentation of neoantigens due to its ability to
promote dendric cell maturation. A phase II trial enrolled patients with chemotherapy-resistant solid tumors, GM-CSF in combination
with IRT (PD-1 inhibitor and radiotherapy) proved to have acceptable toxicity [119].

At tumor draining lymph nodes (TDLN) the presentation of neoantigens occurs plays a pivotal role in systemic antitumor immunity
during IRT [120,121]. Currently, positron emission tomography (PET) imaging and mediastinal nodal staging can help to identify
metastatic lymph nodes more accurately, and treatments such as immunotherapies are more effective. It is important to reconsider the
application of conventional prophylactic regional lymph node irradiation when there is no sign of lymph node metastasis and to choose
more prudent target delineation to preserve healthy regional lymph nodes for anti-tumor immunity.

4.6.1. Facilitating T-cell trafficking and infiltration to tumors

An abnormal vasculature and immunosuppressive microenvironment are the two obstacles in the trafficking and infiltration of T
cells into tumors (cancer-immunity cycle steps 4-5). Preclinical and clinical evidence suggest that low-dose RT can overcome an
immunosuppressive microenvironment of tumor by reducing TGF-p levels, promoting M1 macrophage polarization, facilitating NK cell
infiltration, stimulating helper T cells, and depleting myeloid-derived suppressor cells and other immunosuppressive cells [10,11,86,
122-124].

The abnormal vasculature of solid tumors that is mainly driven by VEGF signaling eventually forms an immunosuppressive
microenvironment with hypoxia and acidosis, high interstitial fluid pressure [125,126]. Anti-VEGF treatments can normalize blood
vessels and thus transform the immunosuppressive tumor microenvironment by increasing immune cell infiltration and oxygen supply
in the tumor [127]. A low dose of anti-VEGF antibody, such as bevacizumab, showed a better effect on vascular normalization and
reprogramming of the tumor microenvironment and may synergize with immunotherapy [125,128,129].

Tregs in the tumor microenvironment highly express CTLA-4 and suppress the function of tumor-reactive T cells responsible for the
elimination of cancer cells. Anti-CTLA-4 therapy can deplete intratumoral Tregs through antibody-dependent cellular cytotoxicity and
phagocytosis [94].

4.6.2. Removal obstacles during recognition and killing of cancer cells

Recognition of cancer cells by T cells (cancer-immunity cycle step 6) involves the tumor cell downregulation of the expression of
MHC I expression to avoid recognition by T cells. RT can up-regulate the expression of the MHC I in tumor cells to overcome this
obstacle [130-132].

Killing of cancer cells (cancer-immunity cycle step 7) occurs following the engagement of the immune checkpoint PD-1/PD-L1 axis,
which leads to exhaustion of T cells in the phase of immune killing. PD-1/PD-L1 blockade has provided dramatic survival benefits to
patients by un-braking of the final step of the cancer-immunity cycle [133]. Inhibition of other immune checkpoints such as LAG-3,
immunoglobulin and ITIM domains (TIGIT), T-cell immunoglobulin mucin-3 (TIM-3), and Indoleamine 2, 3-dioxygenase-1 (IDO1)
promote the function of cytotoxic T lymphocytes, according to preclinical and preliminary clinical research [134-136].

4.7. Consideration of toxicity

Toxicity remains a critical issue in combination therapies. Given the long half-lives of ICIs, RT conducted after the last dose of ICIs is
still considered as combination therapy [137]. For example, it would require 3 months for durvalumab to be cleared from the system.
Therefore, RT administered after the recent cessation of checkpoint blockade may be an effect, when given in combination.

Pneumonitis is an overlapping toxicity between immunotherapy and thoracic radiation. PD-1 inhibitors were found to have higher
incidence of any grade (3.6% vs. 1.3%) and grade 3-4 (1.1% vs. 0.4%) pneumonitis than PD-L1 inhibitors based on a meta-analysis of
19 trial of NSCLC [138]. The incidence of pneumonitis is higher when the PD-1/PD-L1 inhibitor is combined with chemotherapy, RT,
or other ICIs [139]. In a retrospective study including 326 locally advanced NSCLC patients who received chemoradiotherapy or
chemoradiotherapy followed by ICI, grade >2 treatment-related pulmonary AEs (TRPAEs) were almost doubled in the latter group
[140]. Higher number of ICI cycles was also associated with more grade >2 TRPAE. However, patients who received >12 cycles of ICI
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had better OS and PFS than patients who received <12 cycles of ICI. The mean lung dose (MLD) was a strong predictor of TRPAE for
patients with CRT only, but not for patients with CRTI. These phenomena remind us that shortening the course of ICI or lowering MLD
to reduce lung AEs is not a wise strategy.

The SABR-COMET trial enrolled patients with oligometastatic cancer and treated all metastatic lesions with SABR in the SOC plus
SABR group. Although the researchers have carefully planned all the SABR with strict dose constraints and peer review, the grade 5
toxicity rate related to SABR reached 4.5%, which is higher than that reported in other studies [141]. CNS toxicities are rare but severe,
and have been reported when ICIs are combined with CNS RT [142-144]. A grade 5 esophageal hemorrhage was reported in a trial
evaluating the outcome after preoperative pembrolizumab combined with conventional chemoradiotherapy for 20 patients with
resectable esophageal squamous cell carcinoma (ESCC) [53]. A grade 4 rectal perforation was reported in a phase I trial that tested
pembrolizumab plus SABR in bladder cancer [51]. High-dose radiation for lesions that reside in the hollow viscus can be at risk of
perforation or massive hemorrhage, and low-dose radiation aimed at regulating stroma immunity is more feasible. Further studies are
needed to find the most immunogenic SABR doses to be used in combination with immunotherapy. Modern radiation modalities have
created conditions to reduce the dose of organs at risk (OARs), to adaptively replan, to reduce the PTV, and to perform CTV-omitted RT,
and elective nodal RT [91,145,146]. The safety and efficacy of CTV-omitted RT and elective nodal RT merits future studies.

The potential of pre-radiotherapy levels of the sialylated carbohydrate antigen KL-6 in predicting pneumonitis risk was observed in
a study involving 27 patients who underwent palliative thoracic RT followed by PD-1 or PD-L1 inhibitors [147]. Further extensive
research is required to investigate predictive biomarkers for pneumonitis in the context of IRT.

4.8. Research trends and hotspots

This comprehensive bibliometric analysis offers a detailed and quantitative overview of the current research trends, status, and foci
in the field of solid tumor intensity-modulated RT (IMRT). In contrast to other review methods, such as systematic literature reviews or
meta-analyses, this study uses a novel approach specifically designed for analyzing IMRT. The research trends were meticulously
examined and provide valuable insights into the patterns and directions of research in this field.

This study analyzed research trends. The findings reveal that over the past decade, researchers have primarily concentrated on
investigating the combination of RT with ICIs, including PD-1/PD-L1 inhibitors and CTLA-4 inhibitors. Notably, NSCLC and metastatic
castrate-resistant prostate cancer have emerged as the most extensively studied solid tumors within this domain. Additionally, recent
attention has been directed towards exploring neoadjuvant IRT strategies, combining immunotherapy with stereotactic ablative RT
(ISABR), as well as investigating the potential benefits of multisite RT combined with immunotherapy.

The current evidence from IRT research can be classified as follows.

(i) Strong evidence. The strongest evidence supporting the feasibility of IRT comes from the PACIFIC regiment for locally advanced
NSCLC: concurrent chemoradiotherapy + consolidative durvalumab. Multisite SABR followed by ipilimumab demonstrated
significant OS of metastatic castrate-resistant prostate cancer.

(ii) Moderate evidence. Modifications of the PACIFIC regime have been tested in trials on locally advanced NSCLC, and these
modifications have been shown to be effective and safe. Phase I or II studies have been launched that evaluate the addition of an
ICI to SABR for early-stage NSCLC and preliminary results are encouraging. Phase II trials and retrospective studies have
preliminary showed the efficacy of ICI in combination with RT (mainly SBRT) in stage IV NSCLC.

(iii) Weak evidence. There have been preliminary trials, but there is still no conclusive evidence on the efficacy of ICI combined with
RT (mostly SABR) in melanoma, renal cell carcinoma, urothelial cancer, breast cancer, pancreatic cancer, and high-grade
glioma. The PACIFIC regimen (i.e., combination of conventional chemoradiation with ICI) was preliminarily evaluated in
trials on esophageal cancer and locally advanced HNSCC, although one phase III trial failed to demonstrate the efficacy of
avelumab plus chemoradiotherapy in patients with HNSCC. Several phase II trials have focused on the neoadjuvant treatment of
MSS in patients with locally advanced rectal cancer and showed promising pCR rate. Overall, acceptable toxicities were present
in most existing studies and some encouraging efficacies of IRT have been achieved. Additional phase III studies with prudent
patient selection and a careful RT plan are required.

Current research hotspots include: (i) neoadjuvant IRT; (ii) immunotherapy plus stereotactic ablative radiotherapy (ISABR); (iii)
multisite RT plus immunotherapy; and (iv) evaluation of the tumor immune microenvironment and immune-resistance mechanisms.

Future research should focus on the following areas: (i) immunotherapy after tumor debulking based on multisite RT in the context
of multidisciplinary collaboration; (ii) immunotherapy in combination with CTV-omitting radiation, sparing of unaffected regional
lymph nodes and large blood vessels for the purpose of protecting immune function; and (iii) fundamental research and developing
innovative therapies to overcome resistance.

4.9. Limitations

This bibliometric analysis had a few limitations. First, the inclusion of papers published between 2010 and 2022 may have excluded
earlier publications. Given that most important advances in IRT were published after 2010, this would not have influenced our
findings. Second, it was very difficult to design a search strategy which could identify all relevant publications while excluding all
irrelevant publications. The authors used two search strategies to construct the CD and GD to present reliable results. The publications
included in the CD were directly related to IRT, while the GD contained almost all relevant publications, which allowed to obtain
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credible evidence by comparing the results from the two databases. Third, it is important to note that citation numbers can be
influenced by various factors and may not accurately represent publication or journal influence. To mitigate the impact of publication
time on analysis, average citations per year were also considered. Fourthly, the large amount of publication available for analysis made
it impractical to read every paper thoroughly and evaluate subareas comprehensively. Therefore, an evaluation of subarea develop-
ment was conducted along with discussions on important and emerging advances to present research trends and status more effec-
tively. Fifthly, this study focused specifically on clinical IRT as reflected in the search strategy used; thus, some essential basic research
studies might have been overlooked intentionally to maintain result reliability without making the article excessively lengthy. Finally,
the literature search solely relied on the Web of Science database which might introduce selection bias and analytical errors by
omitting papers not included in this database.

5. Conclusions

To the best of our knowledge, the present study represents the first bibliometric analysis on IRT. There is a pressing need to enhance
the efficacy and applicability of IRT by improving its treatment modality. The advancement in RT technology and philosophy should
be better adapted to meet the demands of immunotherapy. Multisite RT with high-dose and low-dose radiation may be more effective
when combined with multidisciplinary treatments for locally consolidative therapies, and may lead to an increased degree of immune
activation and improved disease control. This study offers a thorough examination of the research field of IRT, encompassing its
historical progression and current areas of focus that may serve as inspiration for future investigations. Additionally, these discoveries
can aid researchers in identifying suitable publication outlets and fostering collaborative partnerships.
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