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Purpose: With the rapid development of immunotherapy, cancer treatment has entered a new phase. Medical imaging, as a primary
diagnostic method, is closely related to cancer immunotherapy. However, until now, there has been no systematic bibliometric analysis
of the state of this field. Therefore, the main purpose of this article is to clarify the past research trajectory, summarize current research
hotspots, reveal dynamic scientific developments, and explore future research directions.

Patients and Methods: A comprehensive search was conducted on the Web of Science Core Collection (WoSCC) database to identify
publications related to immunotherapy specifically for the medical imaging of carcinoma. The search spanned the period from the year
2003 to 2023. Several analytical tools were employed. These included CiteSpace (6.2.4), and the Microsoft Office Excel (2016).
Results: By searching the database, a total of 704 English articles published between 2003 and 2023 were obtained. We have observed
a rapid increase in the number of publications since 2018. The two most active countries are the United States (n=265) and China
(n=170). Pittock, Sean J and Abu-sbeih, Hamzah are very concerned about the relationship between cancer immunotherapy and
medical images and have published more academic papers (n = 5; n = 4). Among the top 10 co-cited authors, Topalian S1 (n=43) cited
ranked first, followed by Graus F (n=40) cited. According to clustering, timeline, and burst word analysis, the results show that the
current research focus is on “MRI”, “deep learning”, “tumor microenvironment” and so on.

Conclusion: Medical imaging and cancer immunotherapy are hot topics. The United States is the country with the most publications
and the greatest influence in this field, followed by China. “MRI”, “PET/PET-CT”, “deep learning”, “immune-related adverse events”
and “tumor microenvironment” are currently hot research topics and potential targets.

Keywords: bibliometric analysis, cancer, immunotherapy, medical imaging, CiteSpace

Introduction

Cancer Cancer is the second leading cause of human mortality. Data from 2020 indicates that there were 180 million
cancer patients, and it is projected that global cancer incidence will continue to rise from 2020 to 2040. By 2040, it is
estimated that there will be approximately 280 million new cancer cases annually, representing a 55% increase compared
to 2020." In 2011, the United States FDA approved the first immune checkpoint inhibitor, Ipilimumab, for second-line
treatment of advanced melanoma, marking the beginning of a new era in cancer immunotherapy.” Immunotherapy is
altering the treatment paradigm for cancer, ushering in a new phase of development. However, while immunotherapy
enhances the immune system’s capacity to target tumor cells, it may also inadvertently damage other organs and tissues,
increasing the risk of patients developing autoimmune diseases and causing side effects distinct from traditional cancer
treatment methods. Moreover, unlike traditional cancer treatment modalities, patients undergoing immunotherapy may

experience pseudo-progress ion or hyper-progression,® necessitating timely assessment and treatment modifications.
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Additionally, despite immunotherapy becoming a key component of cancer treatment, only 27.3% of individuals
experience clinical benefits,* and 40% to 70% of the population develops acquired resistance.”’ Therefore, the need
for supplementary tools to predict, assess, and monitor the efficacy and adverse reactions of immunotherapy is evident.

Medical imaging is the visual representation process of the structure and function of various tissues and organs in the
human body, used for clinical purposes and medical scientific exploration.® The relationship between tumor treatment
effectiveness and medical imaging is closely intertwined. The continually evolving field of immunotherapy further
highlights the critical issue of imaging assessment while also presenting new opportunities for the development of
medical imaging. Currently, the efficacy and adverse events of tumor immunotherapy can be preliminarily assessed

12.13 or efficacy prediction models

through imaging studies.” "' It is also possible to establish image-based biomarkers
combined with clinical characteristics to screen the appropriate population for immunotherapy and implement persona-
lized treatment.'*' Clinically, it is routine to use various medical image-based efficacy evaluation standards for solid
tumors to assess treatment efficacy.'®'® However, there are still several shortcomings in the context of immunotherapy-
related measurements, including a lack of standardized measurement criteria, limited predictive capability for adverse
events and treatment efficacy, and an unclear diagnosis of progression patterns.'® %' Given these limitations, we aim to
summarize the current state of knowledge to further high-quality research, improving the evaluation capabilities of
immunotherapy, and enhancing its overall effectiveness.

Over the past two decades, a substantial number of articles on cancer immunotherapy and medical imaging have been
published in academic journals. However, there has been no systematic analysis of this data. Bibliometrics is a method
for exploring research hotspots in specific fields.?? In recent years, numerous bibliometric studies have been published in
journals across various domains.**** The purpose of this article is to shed light on the research hotspots and new

directions that have emerged in this field over the past two decades.

Materials and Methods

Data Collection

The reasons for selecting the WoSCC database are as follows:1) WoSCC is one of the commonly used databases in
bibliometric analysis. It provides a rich source of literature, enabling researchers to conduct comprehensive literature
searches and analyses; 2) WoSCC includes high-quality journals and comprehensive citation records, ensuring the
credibility and accuracy of the research. This database offers abundant citation information, which aids in tracking the
citation of literature and assessing the impact of research.”>® To mitigate any potential bias introduced by database
updates, we conducted literature searches and data export using the WoSCC on February 28th, 2024. The search terms
were #1TS= (Immunotherapy) OR (immunotherapeutic) OR (immunotherapies) OR (immunization therapy) OR
(immune therapy) OR (immunity treatment); #2TS= (cancer) OR (carcinoma) OR (tumor oncology) OR (neoplasms)
OR (carcinomatosis) OR (tumor); #3TS= (medical imaging) OR (diagnostic imaging) OR (radiography). The time span
was from January 1, 2003, to December 31, 2023, the language was set to English, and the article type was selected as
“article”. Finally, 704 articles were included in the study. Detailed steps can be found in Figure 1

Statistical Analysis

CiteSpace is a scientific literature analysis tool jointly developed by Dr. Chaomei Chen and the WISE laboratory. This
software can visualize the relationships between literature in the form of a scientific knowledge map. It can not only help
to clarify the past research trajectory, current research status, and present hot topics in a specific field but also reveal the
future directions of that field.”

We utilized CiteSpace (6.2.4) to analyze the collected literature. The analyzed data included authors and cited authors,
institutions, countries/regions, cited journals, keywords, and references. The period was set from January 1, 2003, to
December 31, 2023, with a yearly time slice. The parameters used were a K-value of 35, a link retention factor (LRF) of
3, look-back years (LBY) of 8, e-value (e) of 2.0, and time-link strength (cosine) with a range within the time slice. The
selection criteria included the g-index (k = 25) and minimum duration (MD = 1). A log-likelihood ratio was employed as
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Web of Science Core Collection (WoSCC)

#1 TS=(Immunotherapy)OR(immunotherapeutic)OR(immunotherapies)OR
(immunization therapy)OR (immune therapy)OR(immunity treatment);

1318 studies identified from Web of
Science Core Collection

#2 TS= (cancer)OR(carcinoma)OR (tumor
oncology)OR(neoplasms)OR(carcinomatosis)OR(tumor);

#3 TS=(medical imaging)OR(diagnostic imaging)OR(radiography)
The search formula was set to #1 AND #2 AND #3

{ Time:2003-01-01 to 2023-12-31 |

| Document Type: Article |

704 studies included finally

| Language: English |

Figure | The flowchart illustrating the search strategy and selection process in Cancer Immunotherapy and Medical Imaging.

the clustering algorithm, and all clusters were annotated with keywords. Microsoft Office Excel (2016) was used to

record data and analyze trends, as well as to simulate and predict future outcomes.

Results

Annual Growth Trends in Publication Volume
After searching the WoSCC database, a total of 704 medical imaging articles related to cancer immunotherapy, published

between 2003 and 2023, were obtained. As shown in Figure 2, from 2003 to 2011, the annual publication count was

relatively low, indicating that research was in its early stages. From 2011 to 2018, there was a steady increase in annual

publications, indicating a mid-stage development. Since 2018, there has been a rapid growth in annual publication

numbers, reaching a peak in 2023. Between 2018 and 2023, there were a total of 524 articles on the topic of medical

imaging in cancer immunotherapy, accounting for 74.4% of the past twenty years. These findings suggest that with the

80

Number of annual publications

Year

Figure 2 Annual number of publications on Cancer Immunotherapy and Medical Imaging.
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continuous development of cancer immunotherapy and its close connection to clinical practice, this topic has gained
widespread attention in the medical field and has entered a rapid growth phase.

Analysis of Countries and Institutions
These publications originate from 58 different countries and 412 institutions. From the visual map (Figure 3), it is evident
that the United States not only has the highest cumulative publication count but also the highest annual publication count
in the past year. Furthermore, from Table 1, it can be observed that the top ten countries are primarily distributed in
Europe (n=6) and Asia (n=2). Among these countries, the United States has the highest publication count (n=265),
followed by China (n=170). It’s worth noting that there is significant collaboration among different countries. For
example, the United States is the most collaborative country, and China actively collaborates with multiple countries.
The top ten institutions are located in three countries, with the majority of them being in the United States (Table 2). The
top three institutions in terms of publishing related papers are Harvard University (n=33), the University of Texas System
(n=27), and Mayo Clinic (n=27). In CiteSpace, nodes with centrality exceeding 0.1 are considered key nodes.?’ In this
study, two institutions with centrality exceeding 0.1 are Harvard University (USA, 0.1) and University of California System
(USA, 0.1), indicating that these two institutions occupy central positions in the collaborative network. The data shows that
while the United States maintains long-term dominance in terms of annual publications when combining both country and
institution-level annual publication counts, there is still significant collaboration among institutions.

Authors and Co-Cited Authors

If multiple authors are cited in one or more papers at the same time, it is called a co-citation relationship between multiple

authors.® A total of 884 researchers have been involved in studies related to cancer immunotherapy medical imaging.

28-37 3847

Table 3 displays the top ten author in the

research field. Figure 4 shows the co-occurrence of some authors. Among these, the top three authors with the highest

with the highest publication volume and the top ten most co-cited authors
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Figure 3 Cooperation map of countries/regions in Cancer Immunotherapy and Medical Imaging.
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Table | Topl0 Productive Countries in Cancer Immunotherapy and
Medical Imaging

Ranking | Frequency | Centrality Country Region
| 265 0.49 USA North America
2 170 0.04 PEOPLES R CHINA Asia

3 75 0.15 GERMANY Europe
4 44 0.10 ENGLAND Europe
5 40 0 JAPAN Asia
6 39 0.04 ITALY Europe
7 34 0.03 FRANCE Europe
8 28 0.07 AUSTRALIA Oceania
9 27 0.16 NETHRLANDS Europe
10 25 0.12 SPAIN Europe

Table 2 Top10 Productive Institutions in Cancer Immunotherapy and Medical Imaging

Ranking | Frequency | Centrality Institution Country
| 33 0.10 Harvard University USA
2 27 0.05 University of Texas System USA
3 27 0.04 Mayo Clinic USA
4 25 0.10 University of California System USA
5 25 0.07 Harvard Medical School USA
6 22 0.04 Helmholtz Association Germany
7 21 0.03 UTMD Anderson Cancer Center USA
8 17 0.03 Brigham & Women’s Hospital USA
9 15 0.09 Memorial Sloan Kettering Cancer Center USA
10 13 0.07 Chinese Academy of Sciences CHINA

Table 3 Topl0 Authors and Co-Cited Authors in Cancer Immunotherapy and Medical Imaging

Rank | Frequency Year Author Frequency Year Co-Cited Author | Centrality
I 5 2008 Pittock, Sean J*® 43 2009 TOPALIAN SL*® <0.0|
2 4 2018 Abu-sbeih, Hamzah?’ 40 2015 GRAUS F**

3 4 2013 Flanagan, Eoin P*° 38 2017 DALMAU J*

4 3 2006 Wall, Jonathan $*' 34 2013 | EISENHAUER EA*!

5 3 2022 Zhang, Hua*? 31 2019 ROBERT C*?

6 3 2014 Sigurdsson, Einar M3 30 2017 WOLCHOK |JD*

7 3 2006 Weiss, Deborah T 30 2015 NISHINO M*

8 3 2014 Gambhir, Sanjiv $*° 29 2019 HODI Fs*

9 3 2017 | Ascierto, Paolo Antonio® 28 2015 RIBAS A%

10 3 2023 Sun, Wei®’ 26 2019 BRAHMER JR*

number of publications are Pittock, Sean J (n=5), Abu-sbeih, Hamzah (n=4), and Flanagan, Eoin P (n=4). In the top 10 co-
cited authors, Topalian Sl (n=43) ranks first, followed by Graus F (n=40) and Dalmau J (n=38). It’s worth noting that both the
authors and co-cited authors have relatively low centrality (<0.01), indicating a lack of influential authors in this field.

References and Co-Cited Journals
The most frequently cited references are often considered foundational to research in a specific field.?® In our study,
CiteSpace identified the top 20 burst-reference publications,”*®’ as shown in Figure 5. The burst references appeared as

early as 2007 and as late as 2022. The top burst reference with the highest intensity (5.05) is titled “89Zr-atezolizumab
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Kluger, Harriet M

Solomon, Alan
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Figure 4 Cooperation map of authors in Cancer Immunotherapy and Medical Imaging.

Top 20 References with the Strongest Citation Bursts

References Year Strength Begin End 2003 - 2024
Kiunk \\"]:11?2004, ANN NEUROL, V55, P306, DOI 10.1002/ana.20009, DOL 2004 3.82 2007 2008
Nicoll JAli92003, NAT MED, V9, P448, DOI 10.1038/nm840, DOL 2003 3.18 2007 2008
Mintun MA5,02006, NEUROLOGY, V67, P446, DOI 10.1212/01.wnl.0000228230.26044.a4, DOI 2006 3.18 2007 2008
Weber 185,12015, LANCET ONCOL, V16, P375, DOI 10.1016/S1470-2045(15)70076-8, DOL 2015 2.94 2018 2019 —
Topalian SL5,22014, J CLIN ONCOL, V32, P1020, DOI 10.1200/JC0.2013.53.0105, DOL 2014 2.94 2018 2019 —
Sun 1{5:32018, LANCET ONCOL, V19, P1180, DOI 10.1016/S1470-2045(18)30413-3, DOL 2018 3.44 2019 2022 —
Haanen J'BAG5:‘2017, ANN ONCOL, V28, P119, DOI 10.1093/annonc/mdx225, DOL 2017 3.11 2019 2020 —
Brahmer IKE’,SZOIS, J CLIN ONCOL, V36, P1714, DOI 10.1200/JC0.2017.77.6385, DOL 2018 2.62 2019 2021 —
Bensch F5,62018, NAT MED, V24, P1852, DOI 10.1038/541591-018-0255-8, DOL 2018 5.05 2020 2021 P—
Seymour 1.5,72017, LANCET ONCOL, V18, PE143, DOI 10.1016/S1470-2045(17)30074-8, DOI 2017 4.48 2020 2022 —
Cho SY’€:82017, JNUCL MED, V58, P1421, DOI 10.2967/jnumed.116.188839, DOL 2017 3.78 2020 2022 P—
Lambin P?92017, NAT REV CLIN ONCOL, V14, P749, DOI 10.1038/nrclinonc.2017.141, DOL 2017 322020 2021 ——
Naidoo 1?3017, J CLIN ONCOL, V35, P709, DOI 10.1200/7C0.2016.68.2005, DOL 2017 3.2 2020 2021 i
Reck .\{,612016, NEW ENGL J MED, V375, P1823, DOI 10.1056/NEJMoal606774, DOL 2016 3.18 2020 2021 pam—
Gandhi L6,22018, NEW ENGL J MED, V378, P2078, DOI 10.1056/NEJMoa1801005, DOL 2018 3.8 2021 2024 R —
Saltz 1?32018, CELL REP, V23, P181, DOI 10.1016/j.celrep.2018.03.086, DOIL 2018 3.25 2021 2022 e —
Pandit-Taskar .\"?42020, JNUCL MED, V61, P512, DOI 10.2967/jnumed.119.229781, DOIL 2020 3.25 2021 2022 —
Ito K,63019, JNUCL MED, V60, P335, DOI 10.2967/jnumed.118.213652, DOL 2019 2.78 2021 2022 —
Ramos-Casals .\1?62020, NAT REV DIS PRIMERS, V6, P0, DOI 10.1038/s41572-020-0160-6, DOI 2020 3.42 2022 2024 Rp—
Ribas A?72018, SCIENCE, V359, P1350, DOI 10.1126/science.aar4060, DO 2018 2.6 2022 2024 —

Figure 5 Top 20 references with the strongest citation bursts in Cancer Immunotherapy and Medical Imaging.

2110  hees Journal of Multidisciplinary Healthcare 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Tang et al

imaging as a non-invasive approach to assess clinical response to PD-L1 blockade in cancer”, written by Bensch et al®®,
and it had a burst period from 2020 to 2021. The second highest burst reference (intensity=4.48) is "iRECIST: guidelines
for response criteria for use in trials testing immunotherapeutics”, authored by Seymour et al’’ and published in The
Lancet Oncology, with a burst period from 2020 to 2022. Overall, the burst intensity of these 20 references ranges from
2.62 to 5.05, with a duration of 2 to 4 years.

The timeline of references usually reflects research hotspots.>* We systematically analyzed the temporal development
of references (Figure 6). From the perspective of references, the current research hotspots are primarily focused on #0
immune-related adverse events and #2 nsclc.

Knowledge distribution in a certain research field can be obtained through co-citation analysis of journals.?® The top
ten co-cited journals are presented in Table 4, with the top three co-cited journals being The New England Journal of
Medicine (n=315), Journal of Clinical Oncology (n=232), and Clinical Cancer Research (n=202). Both topics have
accumulated more than 200 published articles in the field.

Keywords Analysis

Keywords typically reflect the main topics and research content of articles.”” By analyzing keyword co-occurrence, we
can quickly grasp the focus and trends in a specific research field. We have listed the top 10 keywords by frequency in
Table 5, and the co-occurrence of keywords is shown in Figure 7A, with “immunotherapy” being the most frequently
mentioned keyword. In addition to “immunotherapy”, keywords that appear more than 50 times include “cancer” and
“therapy”. Based on keyword co-occurrence, we identified 26 clusters and selected the top ten clusters, as shown in
Figure 7B. Clusters with a module value (Q value) greater than 0.3 are considered significant, and clusters with an
average silhouette value (S) greater than 0.7 are considered convincing.®® Therefore, we can infer that our analysis results
are both significant and convincing. Based on the analysis of keyword clustering (Figure 7B) and timeline chart
(Figure 8), current research hotspots are primarily dominated by clusters related to #0 deep learning, #3 tumor
microenvironment, and #6 MRI.

Keyword bursts are considered indicators of evolving frontiers or emerging topics in a specific research area over time.®® In
Figure 7C, we summarize the top 20 keywords based on their burst strength. In the diagram, “Year” represents the year when
the keyword first appeared, while “Begin” and “End” indicate the years when the keyword began and ended its burst. The
figure reflects research frontiers in different time periods. The keyword “ipilimumab” has the highest burst strength, with

1998 2000 2005 2010 2015 2020 2023

#0 immune-related adverse events

a— . é = #1 immune checkpoint

= #2 nsclc
& == ) #3 nephron sparing surgery
oo ./\é“. ) #4 radioimmunotherapy

#5 autoimmune encephalitis

o o 000 #6 infections
#7 status epilepticus

#8 tau

Figure 6 Timeline viewer of references related to Cancer Immunotherapy and Medical Imaging.
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Table 4 Topl0 Co-Cited Journals in Cancer Inmunotherapy and Medical Imaging

Ranking Co-Cited Journal Frequency | IF (2024) | Country
| The New England Journal of Medicine 315 24.1 USA
2 Journal of Clinical Oncology 232 1.5 USA
3 Clinical Cancer Research 202 1.5 USA
4 The Lancet 170 168.9 ENGLAND
5 Proceedings Of The National Academy Of Sciences Of The United States Of America 167 1.1 USA
6 Cancer Research 159 1.2 USA
7 Nature 157 64.8 ENGLAND
8 The Lancet Oncology 155 51.1 USA
9 Nature Medicine 151 82.9 USA
10 Plos One 144 37 USA

Table 5 Top ten Keywords in Cancer Immunotherapy
and Medical Imaging

Ranking | Frequency | Centrality Keyword

[ 80 0.30 Immunotherapy
2 75 0.14 Cancer

3 60 0.10 Therapy

4 46 0.06 Expression

5 46 0.14 Antibody

6 4?2 0.07 Diagnosis

7 34 0.03 Nivolumab
8 31 0.13 Cells

9 30 0.04 Survival

10 29 0.05 Chemotherapy

a burst strength of 4.94. Early bursts (2006-2017) include keywords like “therapy”, and “autoantibody”. Mid-term bursts
(2017-2020) feature keywords such as “pet”, “blockade”, and “nivolumab”. In recent years (2020-2024), “Tumor micro-
environment”, “deep learning”, and “lung cancer” have become the focus of current research attention. In the field of imaging,
“pet-ct/pet” is the strongest and earliest prominent term.

Discussion

In today’s interconnected era across different academic disciplines, characterized by rapidly evolving knowledge, staying
informed about the directions and trends in one’s target field is of paramount importance for researchers. To examine and
describe the hotspots in the intersection of cancer immunotherapy and medical imaging, we utilized CiteSpace to identify
emerging keywords. As illustrated in Figures 7C and 8, the evolution of emerging keywords over the past two decades
reflects the ongoing progress in research related to the integration of immunotherapy and medical imaging. Combining
keyword and highlighted word analysis, keywords such as* MRI”, “deep learning”, and “tumor microenvironment” have
become hot topics in the research field in recent years. Among the developments in imaging over the past 20 years, “PET,
PET-CT” are undoubtedly among the most prominent keywords.

MRI has become an indispensable examination method in the process of tumor diagnosis and treatment due to its
significant advantages of high soft tissue resolution and multi-parametric imaging. Vicentin et al conducted an in-depth
study on the inter-observer reliability of the evaluation criteria for solid tumor response in patients with hepatocellular
carcinoma receiving neoadjuvant therapy before liver transplantation and found that the inter-observer reliability showed
different levels ranging from moderate to almost perfect in the evaluation of tumor number, size, and transplantation
criteria, with the inter-observer reliability of MRI before neoadjuvant therapy being particularly prominent.*” According
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A »\énégr\ C Top 20 Keywords with the Strongest Citation Bursts
therapy oxgiapion Keywords Year Strength Begin End 2003 - 2024
abeta 2006 374 2006 2014
: " autoantibody 008 285 2013 2017
‘ﬁ‘i“'f """’ ¢ therapy 2003 3.76 2014 2017
K disoaso magnetic resonance imaging antibody 2008 4.81 2017 2020
& \ positron emission tomography 2007 3.61 2017 2020
- " nivolumab
positron emission tomography expression 2014 3332017 2019 TN P Qe
ﬂ << ipilimumab 2018 494 2018 2021 PR,
s nivolumab 2018 47 2018 2020 R
blockade 2015 293 2018 2019 -
B criteria 202 308 2020 2022 i
disease 2003 2922020 2021
..,E&N:.n.;:. A £18 fdg petict 200 269 2020 2021 —
TS immune checkpoint inhibitors 2018 262020 2022 P
S case report W 337200 202 = _
tumor microenvironment 2020 3.24 2021 2024 B
decp learning 2019 2882021 2022 —
cancer 2003 2.88 2021 2022
open label 018 2722021 204 N —
==} chemotherapy 2003 298 2022 204
. s, S lung cancer 2020 276 2022 2024 S —

Figure 7 (A) A visual map for CiteSpace network among keywords. (B) The cluster of keywords in the studies of Cancer Immunotherapy and Medical Imaging. (C) Top 20
keywords with the strongest citation bursts in Cancer Immunotherapy and Medical Imaging.

2020 2024

\ #0 deep learning

U #1 alzheimers disease
\ #2 autoimmune encephalitis
Do #3 tumor microenvironment
#4 therapy
#5 reactive oxygen species

#6 magnetic resonance imaging

® o0 @ ) ) #7 case report
ee) @ o @® ° ° #8 beg
*©e ° o #9 ovarian adenocarcinoma

CiteSpace
]

Figure 8 Timeline viewer of keywords related to Cancer Immunotherapy and Medical Imaging.

to Response Evaluation Criteria in Solid Tumors (RECIST 1.1), MRI images can accurately reflect the therapeutic effect
of solid tumors by comparing the size of target lesions before and after treatment due to their objectivity and
reproducibility.?' In addition to the Recist 1.1 standard, new imaging response standards, such as immune-related
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RECIST (irRECIST), immune-related response criteria (irRC), and immune-modified RECIST (imRECIST), are being
implemented in various trials.'®'® These standards not only enrich the evaluation system of tumor efficacy but also
provide strong support for individualized treatment plans of tumor. At the same time, MRI can provide parameters such

as signal characteristics and enhancement degree as biomarkers,’®”!

and combined with the advantages of MRI
functional imaging,”® provide important reference for clinical diagnosis and treatment. With the rapid development of
artificial intelligence and big data technology, these biomarkers can be further expanded to more complex radiomics and
other advanced features. For example, based on the integrated imaging omics model of T2WI and ADC images, Xue

etal”?

successfully constructed a non-invasive tool for predicting preoperative immune scores in rectal cancer, which is
of great significance for evaluating patient prognosis and guiding individualized immunotherapy. Similarly, Gong et al
also established an imaging omics model based on MRI, which has the potential to predict PD-1 expression in
preoperative hepatocellular carcinoma and is expected to become an imaging biomarker for PD-1 therapy.”* In addition,
using special nanomaterials to label immune cells, with the help of MRI technology, we can effectively track and monitor
the distribution, migration, and activity of immune cells in the body. This not only enables real-time understanding of the
dynamics of immune cells but also provides powerful guidance for adjusting and optimizing immunotherapy regimens.
Tremblay et al used MRI technology to quantitatively track cytotoxic T lymphocytes (CTLs) and myeloid cells (MLCs)
labeled with superparamagnetic iron oxide nanoparticles (SPIO) in vitro.”” The results showed that these quantitative
molecular MRI techniques can be extended to the study of various cancers and immunotherapy combinations, thereby
deepening the understanding of longitudinal immunological changes and their mechanisms. Dekaban et al reviewed the
use of MRI technology to track the migration of dendritic cells (DCs) labeled with iron oxide nanoparticles in vitro.”® By
quantitatively tracking DC migration, we can deeply explore the influence of different maturation stages on migration
efficiency, and thus judge the vaccine immunogenicity and the effect of tumor immunotherapy. Wu et al improved the
efficacy of DC vaccine therapy for cancer by using N-alkyl-PEI2k-L AC/SPIO nanocomposite materials and monitored
the homing of the vaccine in vivo using MRI technology.”” The experimental results showed that this improved DC
vaccine performed well in suppressing tumors, providing new hope and possibilities for cancer treatment.

Moreover, with the widespread application of Artificial Intelligence (Al) in the field of medicine, it has become a hot
topic in such literature. Al is generally defined as a set of advanced computational algorithms that aid in performing tasks
requiring human intelligence, including language interpretation, visual perception, decision-making, and precise reason-
ing and learning from vast amounts of data.'*’® In the realm of medical imaging, Al consists of two main components:
radiomics and deep learning. It is now widely employed across various medical fields, including medical imaging,'*
nuclear medicine,”’ musculoskeletal systems,* and ophthalmology,®' among others. Radiomics involves the collection,
extraction, quantification, and analysis of medical images through image segmentation and feature extraction.® It serves
as a non-invasive biomarker for assessing the response to cancer immunotherapy.®® Tunali’s study has utilized radiomics
and clinical data to build predictive models for identifying non-small cell lung cancer (NSCLC) patients who do not
respond markedly to immunotherapy.'” Granata et al have used radiomics features extracted from CT scans to
differentiate beneficiaries of immunotherapy among lung adenocarcinoma patients.** These features also serve as non-
invasive markers for tumor recurrence prediction, facilitating patient stratification for personalized management.®® Deep
learning, on the other hand, is gaining widespread attention due to its superior capabilities in handling massive data when
compared to traditional methods.®® Tian et al conducted a retrospective analysis of 939 NSCLC patients’ PD-L1
(Programmed Cell Death Protein 1) dataset, using a CT-based deep learning model to predict PD-L1 expression in
NSCLC patients and infer clinical outcomes.®” Similarly, He et al collected CT images from 327 patients with tumor
mutational burden (TMB) features. By combining deep learning and imaging, they developed a non-invasive imaging
biomarker capable of distinguishing between high TMB and low TMB patients and successfully predicting the outcomes
of NSCLC patients undergoing immunotherapy.*®

Furthermore, in recent years, researchers have increasingly focused on the cellular and molecular level, introducing
the concept of the tumor microenvironment (TME).*” The immune infiltration within the TME has been proven to play
a crucial role in tumor development and impact the clinical outcomes of cancer patients.”® A recent study collected CT
imaging data from 2686 gastric cancer patients, revealing that radiological models can accurately predict TME.
Importantly, it was found to be an independent prognostic factor surpassing clinical and pathological variables.

2114 https: Journal of Multidisciplinary Healthcare 2024:17

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Tang et al

Moreover, imaging features can identify which patients will benefit from treatment and enhance the predictive ability of
immunotherapy responses.”’ Sun et al integrated multiple machine learning algorithms based on CT image features to
construct non-invasive imaging omics biomarkers that can predict the immune microenvironment of the lymphoid and
myeloid lineage, respectively.”® The results were effective in predicting the prognosis of gastric cancer patients and were
validated in a prospective observation cohort. This study has opened up a new non-invasive imaging diagnostic method
for the immune microenvironment and immune therapy response of gastric cancer, which is expected to provide a new
paradigm for the exploration of intelligent and precise diagnosis and treatment of gastric cancer in clinical practice. Wen
et al constructed a model to predict the expression level of CD8+T cells in patients with esophageal squamous cell
carcinoma by combining the imageomics characteristics and clinical factors, and this model increased the AUC of CD8
+T cells to 0.832.

As important imaging technologies, PET and PET/CT also play a pivotal role in the field of immunotherapy. Through
PET examination, it is possible to assess the metabolic activity of tumors and understand the biological characteristics of
tumor cell proliferation, metabolism, etc. PET/CT is an organic combination of PET and CT imaging diagnosis
techniques, which realizes the perfect fusion of morphological and functional metabolic imaging, and can reveal
metabolic changes that cannot be captured by traditional imaging. Therefore, PET/CT can observe the early metabolic
changes of primary tumors and can monitor the immune response of tumors earlier and more sensitively than conven-
tional imaging based on morphology. It plays an important role in the diagnosis of irAEs. In the study by Iravani et al,
80% of suspected irAEs detected on PET/CT were clinically confirmed, and 7% of irAEs were detected by PET/CT
before clinical symptoms appeared.”® In addition, unlike traditional treatment methods, immunotherapy aims to kill
tumor cells by activating immune cells and enhancing immune infiltration.”> However, this mechanism can lead to
unconventional response patterns, such as false progressions.”® PET/CT can make up for the deficiency of traditional CT
morphological indicators to a certain extent by using early metabolic indicators of tumors, and more accurately
identifying unconventional response patterns. Akhoundova et al used F-FET PET to correctly identify 9 out of 11
patients with 81.8% false progression.”” Furthermore, labeled tracers are injected into patients, which reach cells
expressing PD-1/L1 through blood circulation and specifically bind to PD-1/L1, enabling whole-body imaging of PD-
1/L1. Compared to invasive tissue biopsies, this non-invasive prediction method is more acceptable to patients and
provides valuable information for comprehensive assessment of the condition and formulation of treatment plans. For
instance, Niemeijer et al found that SUV peak is associated with tumor PD-L1 expression, providing the possibility of
non-invasive quantification of PD-1/PD-L1 expression for future immunotherapy research.’® Meanwhile, novel immune

190 can non-invasively assess PD-1 expression in

PET tracer techniques such as those developed by Natarajan®® and Jung
tumor-infiltrating lymphocytes. The Chatterjee team has developed a highly sensitive peptide-based PET imaging agent
that can quickly and non-invasively detect PD-L1 in tumors.'®" These techniques provide new perspectives and tools for
the research and application of tumor immunotherapy. In summary, PET imaging has been initially applied to various
aspects of tumor diagnosis, staging, evaluation of treatment effects, and prognosis prediction. In the future, more specific
PET tracers will serve to accurately stratify patient populations.

Furthermore, to further investigate and describe the hotspots between cancer immunotherapy and medical imaging,
we utilized CiteSpace to analyze co-cited references. As shown in Figure 6 current research is concentrated in the areas
of “Immune-Related Adverse Events (#0)“, and "Non-Small Cell Lung Cancer (#2)”.

While ICIs have significantly improved the prognosis of cancer patients, they can also lead to immune-related
adverse events (irAEs).'” Most irAEs are mild and manageable, but some can be life-threatening. Wang et al
summarized 613 fatal irAE cases and found that fatal irAEs typically occur early after the initiation of combination
therapy, with myocarditis having the highest fatality rate.”® Therefore, it is crucial to accurately identify irAEs and
provide timely follow-up treatment. Medical imaging modalities such as CT and MRI play a significant role in
assessing adverse events in various systems caused by immune therapy.'®> Researchers have developed CT radiomics
and machine learning models to differentiate immune-related pneumonitis from radiation pneumonitis in lung cancer
patients.'*> Kurokawa et al retrospectively included 20 melanoma patients, and an MRI revealed that immune-related
hypophysitis appeared as low signal intensity on T2-weighted images, with predominant enhancement in the pituitary
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glan While medical imaging can help identify irAEs, the imaging findings are often nonspecific and need to be
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interpreted in conjunction with clinical information to explain post-treatment changes and support treatment
decisions.'® However, diagnosing rare irAEs remains challenging. In the future, specific contrast agents can be
developed to enhance diagnostic performance. Multicenter studies with larger sample sizes can be conducted to
establish predictive models. Furthermore, advancing a multidisciplinary collaborative diagnostic and treatment
approach, involving multiple departments is essential. This approach should focus on researching the mechanisms,
diagnostics, and treatment methods of irAEs, implementing stratified management for high-risk individuals, and
improving treatment effectiveness and patients’ quality of life.

In the field of immunotherapy, NSCLC has become a focal point, acting as a bridge between imaging and cancer
immunotherapy.'®® Several aspects have matured, such as establishing non-invasive biomarkers using imaging, identify-
ing irAEs through clinical manifestations and imaging diagnostic techniques, assessing the efficacy of immunotherapy
based on solid tumor assessment criteria, and using imaging radiomics combined with machine learning models for
predicting the efficacy of immunotherapy in NSCLC.**'°%!°7 Given the rapid development of immunotherapy, our
analysis, along with keyword clustering and emerging trends, indicates that future attention may gradually shift from lung
cancer to other types of cancer such as liver cancer, breast cancer, etc. These tumors have historically been defined as
immunologically “cold” tumors. However, recent studies have shown that certain patients, including those with advanced

liver cancer (treated with the combination of hepatic arterial infusion chemotherapy and anti-PD-1 immunotherapy),'®®

199 and some

triple-negative breast cancer (responding well to a combination of immunotherapy and chemotherapy),
microsatellite stable (MSS) colorectal cancer patients (benefiting from immune-based combination therapy), exhibit
favorable treatment responses.''" Therefore, in a subset of patients with shorter survival, lower incidence, and more
complex immune mechanisms, there is still a research gap in the selection of immunotherapy approaches, efficacy
assessment, post-treatment recurrence monitoring, etc. This necessitates further research development using medical
imaging and emerging imaging technologies to visualize immunotherapy-sensitive biomarkers and focus on treatment-
responsive populations, thus supporting cancer immunotherapy to reach its maximum potential.

This study employed a bibliometric analysis approach to comprehensively examine the global trends and current
status of cancer immunotherapy medical imaging over the past two decades. We conducted searches on WoSCC,
downloaded all relevant data on the same day, and subsequently identified data related to countries/regions, organiza-
tions, authors, cited journals, and research focal points. This provided an all-encompassing overview of the state of
development and trending topics within this field.

However, it is important to note that there are certain inevitable limitations to our study. First, we exclusively
analyzed English-language data from WoSCC, excluding data from other crucial databases such as PubMed and data in
languages other than English. Second, all data sets were identified by computer-based systems (eg, WoSCC) rather than
manual selection, which may introduce potential biases, considering the various forms of medical imaging. Therefore, it
is necessary to continue updating our study to keep up with evolving research outcomes. Finally, due to the incomplete
dataset this year, data published in 2024 were not included in our analysis, which means that our research results are only
relevant to the research period from 2003 to 2023. Therefore, it is necessary to continue to update to keep pace with
changes in new research results.

Despite these limitations, we believe that our study can still provide insights into the research trends and hot topics
within the field of cancer immunotherapy and medical imaging.

Conclusion
In the current bibliometric study, we observed a consistent growth in the quantity of medical imaging research related to
cancer immunotherapy since 2003. The United States holds a prominent position in this field, and Pittock, Sean
J identified as the most prolific author in this domain.

Presently, researchers are increasingly focusing on extracting radiomics features from images and employing artificial
intelligence algorithms to establish models for predicting patient treatment outcomes. Future research trends may shift
gradually from lung cancer to other diseases like liver cancer. Researchers will place greater emphasis on treatment

management models and treatment-related adverse events. This will involve enhancing the connection between medical
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imaging and clinical data and developing models for reasonable predictions of treatment efficacy, relapse, and other
relevant aspects.
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