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Abstract
Head-and-neck squamous cell carcinoma (HNSCC) is a complex malignancy 
characterized by a highly heterogeneous tumor microenvironment (TME) that 
influences tumor progression, metastasis, and therapeutic resistance. Despite 
significant advancements in understanding HNSCC at the molecular level, 
comprehensive analyses of TME-related research within this domain remain limited. 
Hence, this study presents a bibliometric analysis of TME research in HNSCC, 
synthesizing data on publication trends, citation patterns, collaborative networks, 
and emerging research themes. The findings reveal an exponential growth in TME-
related publications, reflecting a rising focus on immunotherapy, stromal biology, and 
molecular biomarkers. Medicine and molecular biology dominate the research output, 
with interdisciplinary collaborations contributing to innovative therapeutic strategies. 
Key themes include immune resistance, extracellular matrix modulation, and the role 
of stromal components, like cancer-associated fibroblasts, in shaping therapeutic 
outcomes. Emerging topics, such as novel cell death pathways (e.g., cuproptosis and 
pyroptosis) and artificial intelligence-driven prognostics, highlight future directions. 
Citation networks emphasize the centrality of immunotherapy and precision 
medicine, with leading institutions and journals playing pivotal roles in advancing 
the field. This analysis underscores the importance of interdisciplinary research and 
highlights critical gaps, offering a roadmap for future investigations to improve clinical 
outcomes through targeted TME manipulation in HNSCC.
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1. Introduction
Head-and-neck cancer, particularly head-and-neck squamous cell carcinoma (HNSCC), 
ranks as one of the most prevalent and deadly malignancies worldwide.1 According to the 
Global Cancer Report 2020, HNSCC accounts for approximately 6% of all cancer cases 
globally, with an estimated 650,000 new cases and 350,000 deaths each year.1-3 It remains a 
significant public health challenge, especially as the incidence of human papillomavirus-
positive cases has risen in recent decades.4 Despite advancements in understanding its 
molecular and genetic underpinnings, HNSCC continues to have a high mortality rate, 
primarily due to late-stage diagnosis, treatment resistance, and recurrence.5 Treatment 
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strategies for HNSCC mainly rely on surgery, radiotherapy, 
and chemotherapy. However, these approaches often 
have substantial side effects, including functional and 
esthetic impairments, and fail to prevent recurrence in 
many patients.6,7 The complexity of treating HNSCC is 
compounded by its heterogeneous nature, with variations 
in genetic profiles and therapy responses based on tumor 
site, stage, and human papillomavirus status.8

The tumor microenvironment (TME) plays a pivotal 
role in the progression of HNSCC.9 Conventionally, cancer 
has been perceived as a disease primarily driven by genetic 
mutations within tumor cells. However, growing evidence 
highlights the significant influence of the TME in tumor 
initiation, growth, metastasis, and resistance to therapy.10 
The TME is a dynamic ecosystem composed of various 
cellular and extracellular components, including tumor 
cells, cancer-associated fibroblasts (CAFs), immune cells, 
and extracellular matrix (ECM) proteins.11 These elements 
support tumor growth and facilitate tumor cell survival, 
invasion, and metastasis through complex signaling 
networks. The crosstalk between tumor cells and their 
surrounding microenvironment has profound implications 
for the development of novel therapeutic strategies.12 
Immune cells within the TME, such as macrophages, 
T-cells, and myeloid-derived suppressor cells, are critical 
in regulating the immune response against the tumor.13 
However, in HNSCC, these immune cells often undergo 
dysfunction, contributing to immune evasion and the 
progression of the disease.14

The immune landscape within the TME of HNSCC is 
significant in shaping the course of the disease. Tumors 
have developed sophisticated mechanisms to evade 
immune surveillance, such as the overexpression of 
immune checkpoint molecules like programmed cell 
death protein 1 (PD-1)/programmed death-ligand 1 
(PD-L1), which inhibit T-cell function and allow the 
tumor to escape immune attack.15 This immune evasion 
contributes significantly to tumor progression, metastasis, 
and resistance to therapies.16 The approval of immune 
checkpoint inhibitors, particularly those targeting PD-1/
PD-L1, represents a breakthrough in HNSCC treatment, 
offering hope for improved outcomes, particularly in 
recurrent or metastatic cases.1 However, the heterogeneity 
of immune responses and the limited efficacy of these 
treatments in a subset of patients underscore the complexity 
of the TME and the need for a deeper understanding of its 
role in HNSCC progression.14

The significance of the TME in HNSCC has prompted 
extensive research into its composition and functional 
dynamics.17 Recent studies have focused on identifying 
the key cellular players within the TME, such as CAFs, 

immune cells, and endothelial cells, and understanding 
their contributions to tumor progression.18 Furthermore, 
research into the metabolic changes within the TME, such 
as hypoxia-induced angiogenesis and altered metabolic 
pathways, has revealed new avenues for therapeutic 
intervention.19 However, despite significant advances in 
understanding the molecular mechanisms driving HNSCC, 
there remains a lack of comprehensive, quantitative 
analyses that synthesize the breadth of research on the 
TME in this cancer type.

In this context, bibliometric analyses serve as powerful 
tools to assess the trends, evolution, and impact of scientific 
research in specific fields.20 A bibliometric analysis of 
the TME in HNSCC offers a systematic approach to 
understanding the scientific community’s focus over time, 
the emerging research topics, and the connections between 
different areas of study. By quantifying the number of 
publications, citations, and collaborations within this 
field, bibliometrics allows researchers to identify the most 
influential studies, key authors, and leading institutions. 
Moreover, a bibliometric approach can uncover the shifts 
in research focus, helping to highlight underexplored areas 
and predict future research trajectories.21

In recent years, there has been an increasing emphasis 
on the role of the TME in cancer treatment, with 
particular attention to how it influences therapeutic 
responses and resistance mechanisms.22 The intersection 
of immunotherapy and the TME has garnered significant 
interest as researchers explore ways to manipulate the 
immune landscape to enhance therapeutic efficacy.23 In 
addition, the identification of novel biomarkers within 
the TME has paved the way for personalized treatments, 
offering the potential for improved patient outcomes.24 
However, despite these promising developments, several 
challenges remain, including the complexity of the TME, 
its heterogeneity, and its dynamic nature, which makes it 
difficult to target effectively with current therapies.22

A bibliometric approach to studying the trends in TME 
research in HNSCC provides a comprehensive overview of 
the current state of knowledge and the direction of future 
research. While a previous study provides an overview of 
immunotherapy trends in HNSCC,25 it does not explicitly 
address the TME or its implications in treatment. It focuses 
on immune checkpoint inhibitors but lacks an in-depth 
exploration of the TME’s role and its interactions with 
therapies. In contrast, this study uniquely concentrates on 
the TME and its impact on therapeutic outcomes, offering 
a novel perspective on how its cellular components 
influence treatment efficacy. The focus on the TME in 
HNSCC, integrated with evolving therapies, significantly 
distinguishes this research and guides future studies in 
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this field. This analysis can offer valuable insights into the 
evolving scientific landscape by examining the growth 
of publications, citation patterns, and thematic clusters 
within the field. Moreover, it allows the identification of 
emerging research areas, such as the interplay between the 
TME and novel treatment modalities, including targeted 
therapies and immunotherapies. This type of analysis 
can also highlight the global nature of TME research, 
with collaborations spanning institutions and countries, 
facilitating the exchange of ideas and the development of 
global research agendas.

Furthermore, bibliometric analysis can help identify the 
gaps in current research on the TME in HNSCC.26 While 
significant progress has been made in understanding 
the cellular and molecular components of the TME, 
translating these findings into clinical practice remains a 
significant hurdle. Understanding the trends in research 
can guide future investigations toward areas that need 
further exploration, such as the role of specific immune 
cells in the TME, the impact of the ECM in metastasis, and 
the potential for combining immunotherapies with other 
treatment modalities.

The TME is a critical factor in the pathogenesis 
and progression of HNSCC. Its complex and dynamic 
interactions with tumor cells contribute to the disease’s 
aggressive nature and resistance to treatment. While 
research in this area has advanced significantly, there is 
a need for systematic, quantitative analyses to track the 
evolution of scientific knowledge on the TME in HNSCC. 
A  bibliometric approach offers an effective method for 
identifying research trends, uncovering emerging themes, 
and highlighting areas needing further investigation. By 
providing a comprehensive overview of the current state of 
TME research, this analysis aims to contribute to a deeper 
understanding of the role of the TME in HNSCC and to 
inform the development of more effective therapeutic 
strategies.

2. Methodology

2.1. Search strategy

A literature review was carried out to generate appropriate 
inclusion and search criteria based on the target 
population, key ideas, content scope, and review goals. 
Search terms and phrases were combined using Boolean 
operators “AND” and “OR.” The keywords employed were 
“tumor AND microenvironment AND cancer AND head 
AND neck AND cancer,” and the search was confined to 
the title, abstract, and keywords sections. Both electronic 
databases (Scopus and PubMed) and manual techniques, 
such as reviewing reference lists from selected studies, 
were utilized for the literature search.

The initial search yielded 6213 results. Only articles 
published in English were selected to narrow the results, 
given the widespread use of English in academic research. 
From these, two types of publications – research articles 
and review papers – were chosen for further evaluation. 
This process resulted in 4743 publications retained for 
further analysis (Figure 1). No additional exclusion criteria 
were applied.

2.2. Data analysis

Bibliometric data were collected from the Scopus database, 
a well-established bibliometric research platform offering 
comprehensive details about academic publications. 
A search was conducted on Scopus on December 15, 2024, 
covering the period from 1979 to 2025. The bibliometric 
analysis was partially carried out using VOSviewer27 
(version 1.6.2), a specialized tool designed to analyze large 
publications datasets, which helped construct networks 
for collaboration, co-citation, and co-occurrence. 
The full counting approach was applied, treating each 
co-authorship, co-occurrence, bibliographic coupling, and 
co-citation connection with equal importance. In addition, 
Microsoft Office Excel 2019 was used to conduct various 
analyses of the publication data.

3. Results and discussion

3.1. Temporal evolution of research

The temporal evolution of research in the TME in HNSCC 
reveals significant shifts in scientific attention over the past 
few decades, as depicted in the provided graph. The data 
span from 1979 to approximately 2027, offering insights 
into the changing trends of publication frequency in this 
field (Figure 2).

From 1979 to 2010, research on the TME in HNSCC 
was virtually non-existent, highlighting the underexplored 
TME nature of this area. This early period was characterized 
by a predominant focus on more conventional cancer 
research, emphasizing oncogenic pathways, tumor biology, 
and treatment approaches while largely neglecting TME. 
The limited attention to the TME during this time can 
be attributed to technological constraints and a lack of 
substantial evidence linking the microenvironment to 
cancer progression and therapy resistance. Methodological 
limitations in studying the complex interactions between 
tumor cells and their surrounding microenvironment 
further hindered research in this area.

The landscape began to shift around 2015, with a 
noticeable rise in publications, signaling a growing 
awareness of the TME’s critical role in HNSCC. This 
upward trend coincides with significant advancements in 
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the contributions of stromal cells,28 immune cells,29 ECM 
components,30 and signaling molecules23 in modulating 
tumor progression, metastasis, and therapeutic resistance 
in HNSCC. Moreover, the success of immune checkpoint 
inhibitors and other immunotherapies reinforced the TME 
as a central target for therapeutic intervention, further 
accelerating research efforts.

The period between 2017 and 2021 witnessed the 
most dramatic surge in publications, with a steep rise in 
research output. This exponential growth underscores 
the increasing importance of TME in HNSCC research. 
Several key factors likely contributed to this increment 
in publications. First, clinical evidence highlighting the 
role of TME components, such as tumor-associated 
macrophages, myeloid-derived suppressor cells, and 
regulatory T cells, in mediating immunosuppression 
and treatment resistance became more robust. Second, 
technological breakthroughs, particularly in single-cell 

Figure 1. A PRISMA-style flow diagram illustrating the systematic selection process for bibliometric analysis of head-and-neck cancer research

Figure 2. The number of documents published per year

omics technologies, including genomics, transcriptomics, 
and proteomics, which equipped researchers with the 
necessary tools to delve deeper into the complexities of 
the TME. During this phase, studies began to elucidate 
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RNA sequencing, spatial transcriptomics, and advanced 
imaging techniques, allowed for unprecedented insights 
into the spatial and functional heterogeneity of the TME. 
Finally, the advent of personalized medicine, which 
emphasizes tailoring treatments based on patient-specific 
TME profiles, further fueled the rapid growth in this 
research area.

However, an interesting trend emerges after 2021 – 2022, 
where the number of publications plateaued, followed by 
a sharp decline extending into 2027. This decline may not 
necessarily reflect a diminishing interest in the field but 
could be attributed to several factors. One possibility is 
that it represents an artifact of data collection, as future 
years may not yet be fully indexed. Given that it is 2025, 
many publications for these years are still being processed 
and have not yet been included in the database. This is 
most certainly the case, as there will undoubtedly be 
many more papers as the years pass, and the number of 
publications will likely increase as they are eventually 
indexed. Another reason could be a shift in focus toward 
translational and clinical research as the field transitions 
from basic discovery-driven studies to more applied 
research aimed at clinical implementation. In addition, the 
decline may suggest that researchers are expanding their 
focus beyond HNSCC, exploring broader TME studies 
encompassing multiple cancer types or novel therapeutic 
strategies.

The graph illustrates a clear trajectory of increasing 
interest and activity in TME research in HNSCC, especially 
from 2011 onwards. The period of rapid growth between 
2017 and 2021 reflects the convergence of technological 
innovations, a deeper understanding of TME biology, 
and the clinical promise of targeted therapies. Despite the 
recent decline in publications, the field remains poised 
for continued progress, particularly in areas such as 
combination immunotherapies, stromal-targeting agents, 
and the identification of predictive biomarkers for patient 
stratification based on their TME profiles. Future research 
directions are likely to focus on exploring the interplay 
between the microbiome and TME and understanding 
how environmental and lifestyle factors influence the 
modulation of TME in HNSCC.

Table S1 provides a comprehensive list of the top 50 
publications on TME in head-and-neck cancer, sorted in 
descending order of citation count. Each entry includes 
detailed information such as the year of publication, 
journal name, first author, and the affiliated institute of the 
first author. This curated compilation serves as a valuable 
resource for understanding the impact and progression 
of research in this emerging field, offering insights into 
influential studies and leading contributors.

3.2. Disciplinary landscape

The distribution of research on the TME in HNSCC 
across various scientific disciplines, as illustrated in the pie 
chart (Figure 3), underscores the highly interdisciplinary 
nature of this rapidly expanding field. The two dominant 
contributors, medicine (38.0%) and biochemistry, genetics, 
and molecular biology (32.6%), collectively represent more 
than 70% of the research output, reflecting the central role 
of clinical and molecular investigations in advancing our 
understanding of TME dynamics in HNSCC.

The substantial share of medicine, which leads the chart, 
highlights the clinical focus of TME research. This emphasis 
reflects the importance of translating fundamental scientific 
discoveries into therapeutic interventions. Research within 
this domain has extensively examined how the TME 
contributes to immunosuppression, treatment resistance, 
and tumor progression. Efforts have been directed toward 
identifying therapeutic targets such as immune checkpoint 
inhibitors and combining immunotherapies with 
conventional treatments. Furthermore, the prominence of 
clinical research underscores the importance of developing 
predictive biomarkers for HNSCC, improving diagnostic 
accuracy, and optimizing treatment regimens in clinical 
settings.

As the second-largest contributor, biochemistry, 
genetics, and molecular biology focus on the molecular 
mechanisms underlying TME biology in HNSCC. This 
area of research is pivotal for understanding the complex 
interactions between tumor cells, stromal components, 
immune cells, and ECM proteins. Techniques such 
as single-cell RNA sequencing, proteomics, and 
epigenomics31 are extensively used to explore the 
molecular crosstalk within the TME that drives tumor 
progression, immune evasion, and metastasis. The 
insights gained are invaluable for identifying novel 

Figure  3. The breakdown of scientific publications by major research 
fields. Source: www.scopus.com.
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therapeutic targets and facilitating the development of 
targeted treatment strategies for HNSCC.

The significant involvement of immunology and 
microbiology (8.5%) reflects the increasing recognition 
of immune modulation within the TME as a critical 
study area. The immunosuppressive nature of the TME, 
particularly the role of tumor-associated macrophages, 
regulatory T cells, and myeloid-derived suppressor cells, is 
a key focus in this domain. Research in this area informs 
the growing application of immunotherapies in HNSCC, 
such as PD-1/PD-L1 inhibitors and cancer vaccines, aimed 
at reactivating antitumor immunity and overcoming 
immune evasion mechanisms.

Pharmacology, toxicology, and pharmaceutics (6.7%) 
also contribute to advancing TME research, particularly in 
developing new therapeutic agents targeting the TME. This 
research often addresses challenges related to drug delivery, 
such as overcoming the physical and biochemical barriers 
posed by the TME and minimizing off-target effects. 
Notable advancements include the use of nanocarriers, 
combination therapies, and TME-specific inhibitors to 
improve treatment efficacy and reduce side effects.

While smaller in proportion, the contributions from 
dentistry (2.6%), chemistry (2.2%), chemical engineering 
(2.0%), and computer science (1.5%) reflect the growing 
importance of interdisciplinary approaches to TME 
research. Dentistry’s involvement highlights the relevance 
of regional specificity in HNSCC, considering the unique 
anatomical and physiological characteristics of the head-
and-neck region. Research in this field also explores the 
impact of oral microbiota and local inflammation on 
TME characteristics, influencing diagnosis and treatment 
outcomes.

The contributions of chemistry and chemical 
engineering are key to developing novel biomaterials, 
drug delivery systems, and therapeutic agents designed 
to target the TME. Meanwhile, computer science 

plays an increasingly important role in data analysis, 
bioinformatics, and TME interaction modeling through 
artificial intelligence (AI) and machine learning. These 
fields are vital for managing the complexity of TME data 
and for advancing predictive modeling and simulations.

Finally, the category of multidisciplinary and emerging 
fields (1.1%) emphasizes the continued expansion of 
TME research through collaborative efforts across various 
scientific domains, which will undoubtedly drive future 
innovations in understanding and treating HNSCC.

The disciplinary landscape of TME research in 
HNSCC is highly diverse and reflects a multi-faceted 
approach to tackling the challenges posed by the TME. 
The leading roles of medicine and molecular biology 
suggest a continued emphasis on clinical applications and 
mechanistic insights, while the growing contributions from 
immunology, pharmacology, and computational sciences 
indicate expanding opportunities for novel therapeutic 
strategies. Future research may benefit from leveraging AI 
and exploring the interplay between the microbiome and 
TME to develop personalized and integrated treatment 
approaches that span multiple disciplines.

3.3. Mapping the intellectual landscape of TME 
research in HNSCC

The co-citation network in Figure 4 provides a comprehensive 
representation of the intellectual landscape of TME research 
in the context of HNSCC. It reveals the interconnectedness 
of influential papers, highlighting key thematic clusters 
and the intellectual cohesion within the field. The size of 
the nodes within the network corresponds to the citation 
strength of specific studies, with larger nodes indicating 
more widely cited or influential works. The edges between 
these nodes represent connections between research 
themes, with clusters emerging around seminal works that 
have shaped the direction of TME research in HNSCC.

At the centre of this network is the highly influential 
paper by Hanahan and Weinberg, “Hallmarks of Cancer: 

Figure 4. A network visualization of the intricate connections between key publications
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The Next Generation,” which has become a cornerstone in 
cancer biology.32 This foundational work outlines critical 
biological traits of cancer, many of which are influenced 
by the TME. Its central positioning in the network, with 
its large node size, underscores its importance in linking 
diverse research areas to a unified conceptual framework. 
The prominence of this paper demonstrates its broad 
applicability across different subfields of TME research, 
serving as a critical reference point for understanding the 
TME in HNSCC.

Surrounding this central node are several key thematic 
clusters. One prominent group of studies, including 
works by Chen and Mellman, such as “Oncology Meets 
Immunology: The Cancer-Immunity Cycle,” highlights the 
growing focus on cancer immunotherapy. These papers 
emphasize the role of the immune system within the TME 
and how tumors evade immune surveillance, providing 
critical insights into immunotherapeutic strategies.33 The 
prominence of these works within the network reflects the 
rising interest in targeting the TME to develop immune-
based therapies, such as immune checkpoint inhibitors, 
which have gained considerable attention in recent years.

Another notable cluster includes studies by Pardoll and 
Ferris, which focus on immune checkpoint blockade and 
the clinical translation of immunotherapy in cancer.34,35 
These studies underscore the critical role of the TME in 
shaping therapeutic responses, particularly in HNSCC, 
where immune resistance is a significant challenge. 
The interconnections within this cluster suggest that 
immunotherapy remains a central and rapidly evolving 
area of research, with a strong emphasis on overcoming 
immune resistance in the TME to improve therapeutic 
outcomes.

The network also highlights important epidemiological 
and prognostic studies, such as those by Bray et al., 
which provide valuable insights into the global burden 
of cancer and its public health implications.36 While 
these works do not focus directly on the TME, they 
are crucial for contextualizing the societal impact of 
HNSCC and informing strategies for improving treatment 
outcomes. These studies emphasize the need for a deeper 
understanding of the TME to address the high morbidity 
and mortality rates associated with HNSCC.

Furthermore, the network identifies smaller yet 
significant clusters involving studies on the molecular 
landscape of HNSCC, such as those by Leemans et al. 
These studies integrate genomic and molecular data with 
TME research, offering a deeper understanding of how 
genetic alterations and signaling pathways contribute to 
the formation and dynamics of the TME.37 The increasing 
integration of molecular biology with TME studies points 

to the growing complexity and sophistication of research in 
this field as researchers explore the molecular mechanisms 
that drive the TME.

The figure also reveals emerging research areas, such 
as the application of computational and bioinformatics 
approaches to TME studies. Clusters related to single-
cell analyses and network modeling indicate that these 
approaches, while still in the early stages, hold considerable 
promise for unraveling the complexity of the TME. The 
sparse connections to chemical and engineering disciplines 
suggest untapped potential for innovation in drug delivery 
systems and biomaterial-based interventions targeting 
the TME. These interdisciplinary areas offer exciting 
opportunities for future research that could lead to the 
development of novel therapeutic strategies.

The citation network provides a comprehensive map 
of the intellectual landscape of TME research in HNSCC, 
highlighting key themes and identifying emerging trends. 
The central role of cancer biology, immunotherapy, and 
molecular biology in shaping the field underscores their 
importance in advancing our understanding of the TME. 
Moreover, the network highlights promising growth areas, 
including computational approaches and interdisciplinary 
innovations, which could significantly enhance the 
development of targeted therapies for HNSCC. This 
analysis not only underscores the foundational works 
that have shaped the field but also points to the gaps and 
opportunities that will drive the future of TME research in 
head-and-neck cancer.

3.4. A network-centric view of the author metrics

Analyzing author metrics in TME research within HNSCC 
provides valuable insights into the landscape and trends of 
this rapidly advancing field (Figure 5). Figure 5A visualizes 
the number of published documents by leading authors 
and reveals the significant contributions of key researchers. 
Ferris et al.34,38,39 stands out as the most prolific author, 
with a substantially higher number of publications than 
his peers, followed by Sun Z.J., Hoffman T.K., and Karam 
S.D. Ferris R.L.’s prominence in this field likely reflects 
his pioneering work in immune modulation, biomarker 
discovery, and novel therapeutic strategies targeting the 
TME in HNSCC. While a few authors dominate the field 
regarding publication output, the broad distribution of 
publications across multiple researchers demonstrates a 
growing and dynamic interest in TME-focused studies, 
indicating a robust field expansion.

In Figure  5B, the citation network presents the 
interrelationships between top authors based on shared 
citations, represented by interconnected nodes. The 
clustering of authors within distinct groups highlights 
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strong collaborative or thematic connections, with Ferris 
R.L. occupying a central position in one of the largest 
clusters. This centrality underscores his influence in the 
field, as his work is widely cited. Multiple distinct clusters 
reflect the diversity of research approaches within TME 
studies, including immunotherapy, molecular mechanisms, 
and biomarker discovery. This interconnectedness 
emphasizes the interdisciplinary nature of TME research, 
suggesting ample opportunities for further collaboration 
and integrating different perspectives to advance the field. 
In addition, the co-authorship network is constructed using 
a predefined threshold for inclusion, ensuring that only 
authors with a minimum of five co-authored publications 
are represented. This threshold enhances the clarity of 
collaboration patterns and prevents the overrepresentation 
of infrequent contributors.

Figure 5C illustrates the bibliometric coupling network 
and builds on this idea by showing how authors are linked 
through shared references. The clusters in this network 
are differentiated by color to represent thematic groups, 
such as immune checkpoints and stromal interactions. 
Ferris R.L.’s prominent position within a vibrant cluster 
suggests his research spans multiple subfields and is a 
pivotal reference for various topics. The proximity of nodes 
within and across clusters reveals significant overlap in 
research areas, highlighting the cross-pollination of ideas 
across thematic domains. This cross-disciplinary synergy 
points to opportunities for integrative research that unifies 
fragmented subfields within TME studies.

In Figure 5D, the co-citation network further explores 
the relationships between authors based on the frequency 
with which their work is co-cited. The clustering of nodes 

Figure 5. Visualizing scientific collaboration networks. The figure shows (A) author productivity, (B) co-authorship network, (C) bibliometric coupling 
network, and (D) co-citation network.
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in this network reflects thematic alignment, with Ferris 
R.L. and other leading researchers forming the core of the 
red cluster. This indicates that their work is frequently cited 
in studies addressing immune evasion, therapy resistance, 
and other hallmark features of the TME in HNSCC. The 
blue and green clusters likely represent other significant 
research areas, such as molecular profiling and therapeutic 
development. The dense interconnections within 
and between clusters highlight the shared intellectual 
foundation of the research community, illustrating the 
importance of collaborative or complementary studies in 
driving the field forward.

The overall analysis of the figure reveals several 
key trends in TME research within HNSCC. First, the 
dominance of authors like Ferris R.L. indicates a core group 
of researchers at the forefront of the field, driving advances 
in immunotherapy, precision medicine, and immune 
modulation. Second, the dense clustering in Figure 5B-D 
highlights the highly interdisciplinary and collaborative 
nature of the field, with researchers coming from diverse 
backgrounds, such as immunology, molecular biology, and 
clinical research. This collaborative framework is crucial 
for addressing the complex challenges posed by the TME, 
which involves various cell types, molecular signaling 
pathways, and therapeutic interactions.

Moreover, the diversity of clusters observed in Figure 5C 
and D suggests that some research areas, such as immune 
modulation and biomarker discovery, are well-established, 
while others may still be emerging. These underexplored 
areas, such as the role of the microbiota in the TME or the 
impact of metabolic reprogramming on tumor progression, 
present significant opportunities for new researchers to 
contribute to the field. The interconnectedness of the 
networks also points to the potential for further growth 
through cross-disciplinary collaborations. Integrating 
computational modeling with experimental studies could 
provide deeper insights into therapeutic outcomes while 
leveraging big data to help identify novel druggable targets 
within the TME.

Analyzing the bibliometric networks provides a 
comprehensive view of the author landscape in TME 
research within HNSCC. It highlights both well-established 
areas of strength and emerging opportunities for innovation. 
This dynamic and collaborative research environment offers 
exciting prospects for the future of TME research and 
therapeutic strategies for head-and-neck cancer.

3.5. The immune response in head-and-neck cancer: 
A network of keywords

The network visualization of top author keywords in this 
research segment provides a detailed snapshot of the evolving 

landscape surrounding the TME in HNSCC (Figure 6). The 
centrality of keywords such as “immunotherapy,” “head–
and-neck cancer,” “prognosis,” and “biomarkers” signals 
the increasing focus on translational research aimed at 
improving clinical outcomes by better understanding and 
manipulating the TME in HNSCC. This highlights the 
ongoing shift toward precision medicine, with an emphasis 
on integrating immune-based and molecular strategies 
into treatment regimens.

At the heart of the network, the prominence of 
“immunotherapy” underscores the critical role of 
immune modulation within the TME. The continued 
focus on immune checkpoint inhibitors such as PD-1/
PD-L1 and cytotoxic T-lymphocyte-associated protein 
4 blockers – evident from their recurrent appearance in 
the figure – reflects a significant research trend exploring 
their therapeutic potential in HNSCC. Recent clinical 
successes, particularly with agents such as pembrolizumab 
and nivolumab, have bolstered this interest, reinforcing 
the potential of immune checkpoint blockade as a 
cornerstone of treatment. Furthermore, keywords such as 
“tumor-infiltrating lymphocytes,” “immune infiltration,” 
and “cytokines” indicate substantial efforts to define the 
immune landscape within the TME, aiming to identify 
predictive biomarkers that could guide patient stratification 
and therapeutic decision-making.

The close association of the keyword “prognosis” with 
terms like “prognostic signature” and “gene signature” 
reveals an ongoing emphasis on molecular and genetic 
profiling to tailor treatments. The inclusion of terms 
such as “long non-coding RNAs,” “DNA methylation,” 
and “gene expression” suggests the growing impact of 
high-throughput techniques in unraveling epigenetic and 
transcriptomic alterations in the TME. These molecular 
signatures are critical for prognostication and offer valuable 
insights into potential therapeutic targets, addressing the 
inherent heterogeneity of HNSCC and paving the way for 
personalized approaches.

Tumor biology emerges as a significant area of focus, 
with terms like “metastasis,” “invasion,” “epithelial-
mesenchymal transition,” and “angiogenesis” underscoring 
the complex interplay between TME and cancer 
progression. The network highlights the role of stromal 
components, including CAFs and mesenchymal stem cells, 
in supporting tumor growth, migration, and resistance 
to treatment. The strong connections to terms such as 
“radiation resistance,” “chemoresistance,” and “hypoxia” 
reflect the challenges posed by the TME in limiting the 
effectiveness of conventional therapies, suggesting that 
further research into overcoming these barriers is crucial 
for improving treatment outcomes.
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Emerging therapeutic avenues are highlighted by the 
presence of keywords such as “nanomedicine,” “targeted 
therapies,” and “oncolytic viruses,” pointing to innovative 
strategies designed to overcome the limitations posed 
by the TME. The exploration of advanced modalities, 
including “adoptive cell therapy,” “gene therapy,” and 
“oncolytic virotherapy,” emphasizes the growing interest 
in enhancing immune activation and targeting tumors 
more effectively. These approaches are at the forefront of 
research aimed at exploiting the unique characteristics of 
the TME for therapeutic gain, offering promising avenues 
for future clinical application.

The keyword “pan-cancer” suggests that research 
into the TME is becoming increasingly integrated across 
different cancer types, fostering a broader understanding 
of universal and cancer-specific TME features. This cross-
pollination of ideas between HNSCC and other cancers 
will likely lead to more comprehensive insights into TME 
dynamics and therapeutic strategies applicable to multiple 
tumor types.

The network also points to emerging research areas, 
such as exploring novel cell death pathways such as 
“cuproptosis” and “pyroptosis.” These cell death pathways 
may have profound implications for TME biology and 
therapeutic interventions, reflecting the growing interest 

in non-traditional cell death mechanisms. In addition, 
the inclusion of “machine learning” highlights the 
increasing role of computational tools in analyzing large 
datasets, identifying patterns, and predicting clinical 
outcomes – tools that are becoming indispensable in the 
age of precision oncology.

The network analysis reveals the multifaceted nature 
of TME research in HNSCC, emphasizing key themes 
such as immunotherapy, molecular biomarkers, and 
the mechanistic interactions between the tumor and 
its microenvironment. Future research should focus 
on overcoming therapy resistance, developing novel 
therapeutic approaches, and leveraging computational 
tools to understand TME heterogeneity better. These efforts 
will be crucial in advancing the clinical management of 
HNSCC and improving patient outcomes.

3.6. Trends and network of influential journals

The scientometrics of journal publications in TME research 
for HNSCC (Figure  7) highlights key trends, citation 
patterns, and collaborations. Figure 7A shows a sharp rise 
in publications post-2015, reflecting the growing focus 
on immunotherapy and tumor biology. Journals such as 
Cancers, Frontiers in Immunology, and Clinical Cancer 
Research have seen notable growth, paralleling advancements 
in immunotherapy. The post-2022 decline likely stems from 

Figure 6. Network visualization of author keywords related to tumor microenvironment in head-and-neck cancer research
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data limitations rather than reduced interest. Spikes in 
journals such as the Journal for Immunotherapy of Cancer and 
Oncoimmunology align with checkpoint inhibitors (PD-1/
PD-L1) breakthroughs. This rapid expansion underscores 
TME’s role in precision therapies, biomarker discovery, and 
therapeutic target identification while highlighting gaps in 
stromal biology and epigenetics.

The citation network in Figure  7B illustrates journal 
interconnectivity through shared references, with Cancers, 
Frontiers in Oncology, and Clinical Cancer Research as central 
nodes shaping the research landscape. Thematic clustering 
reflects overlaps in immunotherapy, prognostic biomarkers, 
and molecular mechanisms. This multidisciplinary 
network, linking immunology, oncology, and molecular 
sciences highlight TME research’s interdisciplinary nature 
and collaborative potential. The broad citation distribution 
underscores emerging opportunities in underrepresented 
areas such as nanotechnology and cell death mechanisms 
within the TME.

Figure 7C’s bibliometric coupling network reveals journal 
relationships through shared references, with Frontiers in 

Oncology, Frontiers in Immunology, and Cancers forming 
a tight cluster, indicating overlapping research themes and 
audiences. These journals consistently publish studies on 
TME in HNSCC, covering immunological mechanisms, 
checkpoint blockade therapies, and stromal interactions. 
The network also suggests expansion opportunities in 
nanotechnology (Advanced Healthcare Materials) and 
stem cell research for innovative TME-targeting strategies. 
The rise of the Journal for Immunotherapy of Cancer signals 
a shift toward translational research, emphasizing clinical 
applications to improve patient outcomes.

The co-citation network analysis presented in Figure 7D 
underscores the shared influence of frequently co-cited 
journals, including Nature, Clinical Cancer Research, 
and Cancer Research, which form central hubs in this 
network. These journals are recognized for their authority 
in oncology and immunotherapy, serving as foundational 
references for subsequent research. The strong co-citation 
links between Clinical Cancer Research and Nature 
Communications highlight the integration of molecular 
biology and experimental oncology in applied cancer 

Figure  7. Trend and network analysis of top journals. (A) Publication trends of key journals over time. The journals’ interconnectedness highlights 
influential hubs and emerging areas based on (B) citation network, (C) bibliometric coupling network, and (D) co-citation network.
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research. The co-citation network reveals distinct clusters 
corresponding to different research domains: Red clusters 
represent immunological studies, green clusters focus on 
clinical and translational oncology, and blue clusters center 
on molecular and cellular mechanisms. These clusters not 
only reflect established areas of research but also identify 
gaps in the field, such as the potential for incorporating 
computational approaches, like AI-based prognostics,40 
and exploring novel therapeutic modalities, such as 
adoptive cell therapies41 or epigenetic reprogramming.31

The analysis reveals that TME research in HNSCC is 
expanding and diversifying by integrating immunology, 
oncology, and molecular biology. Trends in journal 
publications emphasize immunotherapy and biomarker 
discovery as key drivers of progress. This growing literature 
enhances TME understanding and paves the way for 
targeted therapies. Future research could explore stromal 
biology’s role in therapy resistance, innovative treatments 
such as nanomedicine and combination immunotherapies, 
and AI-driven predictive modeling. Emerging cell death 
mechanisms, including pyroptosis and cuproptosis, 
offer new therapeutic targets. This bibliometric analysis 
highlights the importance of interdisciplinary collaboration 
and the potential for translational and precision oncology 
to improve patient outcomes.

3.7. Beyond boundaries: The network institutional 
research collaboration

The analysis of the figure reveals the evolving dynamics 
of institutional research collaboration in the field of TME 
in HNSCC. Figure  8 comprises four parts: the number 
of published articles by affiliated institutes, the citation 
network among top institutes, the bibliometric coupling 
network, and the co-citation network analysis. Each 
of these subfigures provides valuable insights into the 
contributions, collaborations, and intellectual influences 
within the TME research landscape of HNSCC, offering a 
comprehensive view of institutional roles and networks in 
this field.

Figure  8A depicts the number of published articles 
by affiliated institutes, presenting a bar chart that ranks 
institutions based on their publication output. This 
chart highlights the level of engagement of different 
institutions in TME and HNSCC research. The Ministry 
of Education of the People’s Republic of China emerges as 
the most prolific contributor, reflecting China’s growing 
emphasis on oncology research and its government-
supported academic initiatives. Chinese institutions, such 
as Sichuan University and Shanghai Jiao Tong University 
School of Medicine, also appear prominently in the chart, 

Figure 8. (A) Top 15 institutions contributing to the research, (B) network visualizations depicting collaborations between institutions and departments, 
(C) bibliometric coupling network, and (D) co-citation network
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suggesting a coordinated national effort to advance TME 
research. Institutions such as the University of Texas MD 
Anderson Cancer Center and UPMC Hillman Cancer 
Center are among the top contributors in the United 
States, underscoring their long-standing leadership in 
cancer research. European institutions, such as Inserm 
and the German Cancer Research Center, are also well 
represented, demonstrating robust international efforts 
in this domain. The chart reveals a disparity between 
the major contributors and smaller institutes, suggesting 
that leading centers disproportionately drive research 
output. This unequal distribution may limit the diversity 
of perspectives in the field, thus offering an opportunity 
for emerging institutions to collaborate with established 
centers to enhance their contributions.

Figure  8B, the citation network among institutes, 
visually represents the influence and interconnectedness 
of leading institutions based on their citation impact. 
The size of the nodes indicates the volume of citations 
received by each institution, while the connecting lines 
and their thicknesses illustrate the strength of citation 
relationships. The United States and Chinese institutions 
dominate the network, with significant contributions from 
Europe. The University of Texas MD Anderson Cancer 
Center and UPMC Hillman Cancer Center occupy central 
positions, signifying their intellectual leadership and 
the widespread citation of their foundational research. 
The color-coded clusters in the network reveal distinct 
citation communities, with green clusters representing 
collaborations between United States institutions and 
red and yellow clusters reflecting international citation 
relationships involving European and Chinese institutes. 
The thinner connections between smaller nodes suggest a 
limited citation influence, indicating that some institutions 
may benefit from strengthening citation ties through 
collaborative publications, which could improve their 
visibility and integration into the global research network.

The bibliometric coupling network in Figure  8C reveals 
thematic overlaps between institutions, with node size 
reflecting shared references and connections indicating 
research alignment. UPMC Hillman Cancer Center and MD 
Anderson Cancer Center emerge as central hubs, closely linked 
to global institutions, particularly in the United States and 
China, around key themes such as immune microenvironment 
modulation and biomarker discovery. Peripheral clusters 
indicate niche research areas with opportunities for greater 
alignment. The multicolored connections highlight cross-
disciplinary and international collaborations, though weakly 
connected nodes suggest underexplored research areas.

Figure  8D’s co-citation network maps intellectual 
collaboration, with larger nodes representing highly cited 

institutions. MD Anderson Cancer Center and UPMC 
Hillman Cancer Center again dominate, reinforcing their 
leadership in TME research. The network shows United 
States, European, and Chinese institutions forming distinct, 
interconnected clusters. The presence of underdeveloped 
collaborations suggests opportunities for stronger ties to 
unify research efforts.

The combined analysis of all four panels underscores 
TME research in HNSCC as a rapidly growing field led by 
key institutions in China, the United States, and Europe. 
Their dominance reflects strong infrastructure, funding, 
and collaborations while emerging institutions can 
expand their impact through co-authored publications 
and thematic alignment with global trends. Strengthening 
international partnerships and exploring underrepresented 
areas such as immune modulators and therapeutic 
resistance could enhance inclusivity and innovation.

3.8. Global landscape of research

Figure 9 provides a comprehensive analysis of the global 
research landscape in the TME of HNSCC, illustrated 
through four distinct parts. The data presented underscore 
the trends, research output, and collaborative dynamics 
within this field. Figure  9A illustrates the number 
of published articles by country, with China and the 
United States leading in publication output, significantly 
surpassing other nations. Germany, the United Kingdom, 
and Italy follow as strong contributors, reflecting their 
well-established research infrastructure and sustained 
focus on TME in HNSCC. Countries such as India, Japan, 
and France show notable contributions on a smaller scale, 
pointing to regional disparities in research activity. This 
distribution highlights the growing gap between leading 
nations and others, especially in developing regions, which 
presents an opportunity for growth in underrepresented 
countries.

Figure  9B focuses on the citation network among 
countries, revealing the interconnectedness and influence 
of nations based on citations. China and the United States 
are central to this network, forming prominent nodes with 
thick connecting lines, signaling their dominant role in 
influencing global research. The proximity of Germany, 
the United Kingdom, and Japan further supports the idea 
of strong collaborative tendencies between these nations. 
Meanwhile, peripheral countries with thinner connections, 
such as Brazil and South Korea, show less citation impact, 
indicating a need for greater integration into global research 
efforts. The color-coding in this network highlights 
China’s and the United States’ central position, while other 
countries appear in more diverse color clusters, reflecting 
differentiated but less influential networks. The position 
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of countries such as Brazil and South  Korea, which are 
further from the central hub, emphasizes their potential 
for deeper involvement in global research networks.

The bibliometric coupling network in Figure 9C, which 
shows countries citing the same references, illustrates 
thematic similarities in research. China, the United 
States, and Germany dominate this network, signified by 
large, central nodes and vibrant colors, underlining their 
leadership in generating foundational research. The dense 
clusters around these nations represent robust thematic 
collaboration, while smaller nodes, such as India, Brazil, 
and South  Korea, mark emerging contributors. The 
proximity of nodes within clusters reflects substantial 
thematic overlaps. In contrast, countries such as Cyprus 
and Hong Kong, located further from the central nodes, 
are characterized by more specialized or niche research 
contributions. This network highlights the leading 
countries’ role in steering research agendas and allows 
emerging nations to align their research with global trends.

In Figure 9D, the co-citation network maps countries 
frequently cited together, reflecting shared intellectual 

collaboration. The United States and China are once 
again dominant, with large, central nodes and dense 
connections to other nations, particularly Germany, the 
United  Kingdom, and Japan, suggesting shared research 
interests and methodological approaches. The separation 
of peripheral countries such as Pakistan, Croatia, and 
Ireland from the central network indicates their lower 
integration into the dominant research framework. These 
nations may either focus on niche areas or have limited 
international collaborations, presenting opportunities for 
greater engagement with leading research hubs.

The combined analysis of these four components 
reveals a growing interest in TME in HNSCC, with China 
and the United States leading in publication volume, 
citation impact, and global collaboration. The prominence 
of European countries, including Germany and the 
United  Kingdom, underscores their historical strengths 
in oncology research. However, the figure highlights 
gaps in contributions from regions such as Africa, South 
America (outside Brazil), and Southeast Asia, which 
suggests untapped potential for research growth in these 

Figure 9. Co-authorship network of countries. The figure shows (A) the number of documents published by the top 15 countries, (B) a citation network, 
(C) the bibliometric coupling, and (D) the co-citation network.
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areas. The trends emphasize the importance of fostering 
collaborations between dominant and emerging countries 
to broaden the research base and stimulate innovation. 
Expanding international networks, particularly for 
underrepresented nations, could diversify perspectives 
and enhance global research output. Thematic alignment, 
as seen in the bibliometric coupling analysis, presents a 
clear pathway for smaller contributors to integrate into 
global research trends, enhancing their visibility and 
impact. In summary, Figure  9 illustrates the dominance 
of established research powerhouses in TME and HNSCC 
while identifying significant opportunities for growth 
through international collaboration, thematic alignment, 
and better integration of underrepresented countries into 
global research networks. These insights reflect the field’s 
current state and suggest strategic priorities for advancing 
research in this area.

3.9. Bankrolling the science: An overview of top 
research funding sources

The bar chart illustrating the top funding organizations for 
research in TME and HNSCC highlights the global scale 
and multidisciplinary nature of this rapidly advancing field 
(Figure  10). It identifies major contributors to research, 
with funding predominantly led by national science 
foundations, governmental research bodies, and private 
organizations. These contributions reflect the prioritization 
of cancer research and the recognition of the TME’s critical 
role in understanding cancer pathogenesis and improving 
therapeutic strategies.

The National Natural Science Foundation of China 
is the most significant contributor, demonstrating 
China’s growing investment in cutting-edge biomedical 
research. The substantial presence of China in TME 
research suggests an emphasis on combining molecular 
biology, bioinformatics, and immunotherapy. China’s 
focus on integrating innovative technologies, such as 
AI-driven bioinformatics and single-cell sequencing, 
to analyze TME complexities signals opportunities for 
international collaborations to accelerate HNSCC research 
breakthroughs.

The National Institutes of Health and its subdivisions, 
including the National Cancer Institute, also emerge 
as prominent funders. This reflects the United States’ 
leadership in TME and cancer immunotherapy research. 
The National Institutes of Health and National Cancer 
Institute have been pivotal in supporting foundational 
and translational research, particularly in developing 
immune checkpoint inhibitors and understanding the 
immunological landscape of the TME. The substantial 
funding from these organizations has contributed to 

groundbreaking discoveries, such as the role of PD-1/
PD-L1 pathways in immune evasion, suggesting that United 
States-led initiatives will continue to drive immunotherapy 
and precision oncology approaches in HNSCC.

Other key contributors to TME research include 
ministries of science and technology from countries 
like Japan and South  Korea, as well as the European 
Commission, underscoring the global nature of this 
research and the increasing participation of Asian and 
European countries. Japan and South Korea are particularly 
known for integrating advanced technologies, such as 3D 
tumor modeling and nanotechnology-based drug delivery 
systems, essential for understanding and targeting the TME. 
The involvement of the European Commission highlights 
the region’s emphasis on collaborative, interdisciplinary 
research, supported by initiatives like Horizon Europe, 
which often foster international partnerships.

The inclusion of private organizations such as 
AstraZeneca further underscores the pharmaceutical 
industry’s growing interest in translating TME-focused 
research into therapeutic interventions. AstraZeneca’s 
efforts in developing next-generation immunotherapies 
and combination treatments reflect the commercial 
viability and clinical importance of targeting the TME 
in cancers like HNSCC. This points to opportunities 
for academia-industry collaborations, bridging the gap 
between basic research and clinical application and 
accelerating the development of novel therapeutics.

Smaller but significant contributions from foundations 
such as the China Postdoctoral Science Foundation and 
the Deutsche Forschungsgemeinschaft highlight the 
increasing involvement of early-career researchers and 
multidisciplinary teams. This growing trend emphasizes 
the importance of fostering young talent and supporting 
innovative, high-risk projects that could lead to paradigm-
shifting discoveries in TME biology and its implications 
for HNSCC.

Regarding future opportunities, the chart suggests 
that additional investment could be directed toward 
integrating big data analytics, AI, and systems biology 
approaches to address the complexities of the TME. 
A  notable development in this domain is the AI model 
“HistoTME,” which analyzes routine pathology slides to 
predict patient responses to immunotherapy by examining 
the TME’s molecular characteristics.42 This cost-effective 
method exemplifies how AI can integrate diverse datasets 
to guide personalized treatment strategies. Furthermore, 
deep learning techniques have been employed to integrate 
histopathological, genomic, and transcriptomic data, 
improving patient outcome predictions by incorporating 
microbial profiles within the TME. Such advancements 
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underscore the potential of AI in providing a holistic 
understanding of TME heterogeneity.

In addition, AI-driven single-cell RNA sequencing 
analyses, facilitated by tools like scCancer2,43 enhance 
the annotation of cellular compositions within the 
TME, ensuring consistency across studies. AI models 
have also been applied to highly multiplexed imaging, 
identifying novel TME elements crucial for patient 
classification and biomarker discovery. In the realm 
of personalized medicine, platforms like TumorScope 
employ AI-driven simulations of individual tumors and 
their microenvironments, allowing clinicians to explore 
treatment options and optimize therapeutic strategies 
computationally.44

Expanding funding for collaborative research between 
high-funding countries and regions with emerging research 
capabilities could further accelerate these innovations. 
International collaborations could specifically focus on 
exploring TME heterogeneity across diverse populations, 
leveraging AI-driven multi-omics approaches to uncover 
novel biomarkers and therapeutic targets.

The funding landscape for TME and HNSCC research 
is characterized by substantial investments from leading 
national and international organizations, emphasizing 
the scientific and clinical importance of the field. The 
dominance of government-funded science foundations 
and the increasing involvement of private entities suggest 
a collaborative, translational approach to tackling TME 
complexities. Potential growth areas include enhancing 
global collaborations, integrating advanced technologies, 
and fostering interdisciplinary research to address unmet 
needs and advance the field.

4. Conclusion
The study highlights the evolving landscape of TME research 
in HNSCC, emphasizing its interdisciplinary nature and 
growing focus on immunotherapy, biomarker discovery, 
and molecular mechanisms. Despite a recent decline in 
publications, the field remains vibrant, driven by advances 
in combination immunotherapies, stromal-targeting agents, 
and predictive biomarkers. Key contributors, particularly in 
medicine and molecular biology, underscore the centrality 
of clinical and mechanistic insights, while emerging areas 
such as computational modeling, nanomedicine, and novel 
cell death pathways, such as cuproptosis and pyroptosis, 
signal promising therapeutic strategies. Citation and 
co-citation analyses reveal the pivotal roles of foundational 
works and collaborative networks in shaping the intellectual 
landscape, highlighting established domains such as 
immune modulation and underexplored areas, such as 
stromal biology and epigenetics. However, we acknowledge 
potential limitations inherent in bibliometric analyses, 
including database selection bias, exclusion of non-English 
articles, and possible publication biases that may influence 
the representation of research trends. Despite these 
constraints, integrating big data, AI, and interdisciplinary 
innovations is poised to drive breakthroughs, offering 
opportunities to address challenges like therapy resistance 
and improve outcomes in HNSCC treatment.
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