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The 5-year overall survival rate remains approximately 50% for head and neck (H&N) cancer patients, even though new cancer drugs have been approved for clinical use since 2016. Cancer drug studies are now moving toward the use of three-dimensional culture models for better emulating the unique tumor microenvironment (TME) and better predicting in vivo response to cancer treatments. Distinctive TME features, such as tumor geometry, heterogenous cellularity, and hypoxic cues, notably affect tissue aggressiveness and drug resistance. However, these features have not been fully incorporated into in vitro H&N cancer models. This review paper aims to provide a scholarly assessment of the designs, contributions, and limitations of in vitro models in H&N cancer drug research. We first review the TME features of H&N cancer that are most relevant to in vitro drug evaluation. We then evaluate a selection of advanced culture models, namely, spheroids, organotypic models, and microfluidic chips, in their applications for H&N cancer drug research. Lastly, we propose future opportunities of in vitro H&N cancer research in the prospects of high-throughput drug screening and patient-specific drug evaluation.
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Introduction

Cancer drug research and development (R&D) are considered as one of the most expensive expenditures among drug development as compared to that of all other diseases (1). The global spending on oncology drugs reached $164 billion in 2020 and an estimated $269 billion by 2025 even as annual growth rates ease to approximately 10% (2). Mailankody and Prasad from National Cancer Institutes in the United States critically pointed out that new cancer drugs may not necessarily help to increase the survival rate in cancer patients despite the expensive investments in cancer drug R&D (3). In 2016, the Food and Drug Administration (FDA) approved the chemotherapy drug hydroxyurea for the treatment of locally advanced head and neck (H&N) cancer as well as the immunotherapy drugs pembrolizumab and nivolumab for recurrent/metastatic H&N cancer (4). Since, the role of these three drugs in the H&N cancer primary treatment has not been properly elucidated, the 5-year overall survival of H&N cancer patients remains less than 50% (5) with 30% of them experiencing cancer relapse and resistance to treatment (6).

The R&D pipeline for new drug discoveries starts with in vitro models, followed by preclinical/animal testing and clinical trials. In vitro platforms often represent a first milestone to reach the evaluation of drug cytotoxicity, dose, resistance, and sensitivity as well as the identification of the target molecular mechanisms of prognostic markers (7). Specific to cancer drug screening and discovery, in vitro models are often designed to mimic the tumor microenvironment (TME) of interest (8, 9). For instance, an overexpression of epithelial growth factor receptors (EGFRs) were noted in almost 90% of patients with H&N tumors (10, 11). To reflect this environment, in one of the very early in vitro studies with H&N squamous cell carcinoma cultures collected from larynx, retromolar trigone, cervical lymph node, and the floor of mouth, the inhibition of the EGFR was assessed by incorporating two anti-EGFR monoclonal antibodies (MAbs 425 and 528) based on in vitro models (12). Cell viability results showed that the two anti-EGFR antibodies reduced cancer cell growth by up to 97% compared to healthy mucosal epithelial cells after a 5-day exposure. Further, in vitro and in vivo studies on monoclonal antibodies against EGFR led to the discovery of cetuximab, which was approved by the FDA for colon cancer treatment in 2004 and in 2011 for the treatment of recurrent/metastatic H&N cancer (13).

The recent evolution of in vitro cancer models has been focused on emulating the tissue-specific TME as much as possible to recapitulate drug resistance and uptake in specific tumor tissues. Advances in spheroid/organoid bioengineering and their culturing methods, as well as microfluidic technologies, are harnessed to enable physiologically and clinically relevant in vitro cancer models. Distinctive TME features, namely, three-dimensional (3D) tumor geometry, heterogeneous cell populations, and fenestrated tumor vasculature, have been incorporated into in vitro models, such as breast (14), lung (15), and liver (16) cancers. However, tissue-specific TME features have not been fully applied to in vitro H&N cancer model designs, which might explain the slow advancement of effective drug discovery and longitudinal drug evaluation for H&N cancers.

To survey the current implementation of 3D in vitro models for H&N cancer, we performed a search for original research papers published on The National Center for Biotechnology Information (NCBI) PubMed® between January 2017 and April 2022 using the following combined terms, namely, “head and neck cancer,” “spheroid,” “organoid,” “microfluidic,” and “organotypic” (Figure 1). The search generated 71 research studies. Spheroid cultures (34%; N = 24) and scaffold models (22%; N = 16) were the two most common 3D culture models in H&N cancer research.




Figure 1 | Culturing models in head and neck (H&N) cancers. Pie graph of published articles between 2017 and 2022 using the NCBI PubMed®. Related publications of three-dimensional (3D) in vitro models in H&N cancer with spheroids being the most abundant type of culture model. Figure created with BioRender.com and GraphPad Prism 9.3.1.



To understand the uptake of 3D in vitro models for H&N cancer drug discovery, a search was performed on the original studies of 12 common cancers including H&N (17) published on NCBI PubMed® between January 2017 and April 2022 using the following combined terms: “in vitro”, “drug discovery”, “breast”, ‘‘lung’’, ‘‘colorectal’’, ‘‘glioblastoma’’, ‘‘prostate’’, ‘‘melanoma’’, ‘‘lymphoma’’, ‘‘pancreatic’’, ‘‘cervical’’, ‘‘head and neck’’, “thyroid”, “oral”, “laryngeal”, ‘‘bladder’’, ‘‘renal’’, and “cancer”. The search generated 489 results. Among the 12 organs searched, approximately 27.6% (N = 135) were related to breast cancer while only 2.2% (N = 11) were associated with H&N cancer. Further search on drug discovery–related publication for H&N cancer showed that only 3 out of the 11 results used 3D in vitro models. In other words, approximately 4.2% [(3 out of 11)/71] of 3D in vitro models were applied in the study of cancer drug discovery. The aforesaid statement described the need for more H&N cancer research using advanced 3D in vitro models instead of conventional 2D cultures for developing new anticancer drugs.

In this paper, we review the unique TME characteristics in H&N cancers and their relevance to the tumor tissue aggressiveness and drug resistance. We present the design principles of in vitro models to mimic key TME features relevant to H&N cancer. We then report on several state-of-the-art culturing models, namely, spheroids, 3D scaffolds, organotypic models, and microfluidic devices that have contributed to the H&N cancer therapeutic R&D. Finally, we provide a perspective on more reproducible and robust in vitro H&N cancer models for high-throughput drug screening and patient-specific drug development.



Tumor microenvironment in head and neck cancers

A typical TME in H&N cancer is heterogeneously composed of neoplastic cells, endothelial cells, and fibroblasts, as well as tumor-infiltrating immune cells from the mucosae of the oral, nasal and paranasal cavities, larynx, and pharynx (6, 17) (Figure 2). Approximately 90% of H&N cancer cells are considered as squamous cell carcinomas (6, 18). The H&N carcinomas present an air–liquid interface conformation since the apical TME is in contact with the air from the cavity lumen whereas the basal TME interacts with blood (6, 18, 19). In particular, these fish scale–like/squamous epithelial neoplastic cells exhibit an aggressive abnormal cell proliferation crossing the boundaries of surrounding cells in concert with endothelial cells and fibroblasts (18). Extracellular matrix (ECM) proteins as collagen, elastin, fibronectin, and laminin provide a structural support that plays a part in cell adhesion and migration in the TME of H&N (19).




Figure 2 | Schematic representation of the potential tumor location and tumor microenvironment (TME) in H&N cancer. (A) H&N cancer may be found at oral, nasal, and paranasal cavities, larynx, and pharynx anatomical sites. (B) Clinical image of stage 2 tongue cancer (<4 cm) provided by Drs. Yo Kishimoto and Hideaki Okuyama’s research team at the Kyoto University Hospital with patient’s consent. (C) Heterogeneous cell populations are resided within an H&N squamous cell carcinoma. Stromal cells including mesenchymal stem cells and fibroblasts are commonly found in the outer layer of the tumorous body. Tumor-infiltrating immune cells including macrophages and T cells among others are found within the tumor. (D) The extracellular matrix provides structural support and biochemical cues to the TME via cell–cell/–ECM interactions. Mutation of pathways PI3K/Akt/mTOR, TP53, NOTCH, EGFR, JAK/STAT, Ras/MEK/ERK, and MET relate to H&N cancer development. (E) The hypoxic region is located at the center of the tumor, which is characterized by aberrant vasculature. (F) This fenestrated vasculature hampers the proper supply of nutrients, oxygen, and therapeutics. ECM, extracellular matrix; IL, interleukin; MDSC, myeloid-derived suppressor cell; MMP, metalloproteinase; VEGF, vascular epithelial growth factor. Figure created with BioRender.com.



H&N squamous cell carcinomas may present oncogenes associated with human papillomavirus (HPV) infection (18, 20), largely p16 followed by p18 genes (20). A classification of H&N squamous cell carcinoma relies on the presence of HPV-associated oncogenes that are normally referred to as HPV+ or HPV- H&N cancer (20). In particular, the mutation and down- or upregulation of molecular mechanisms such as PI3K/Akt/mTOR (mammalian target of rapamycin), TP53, NOTCH, EGFR, JAK/STAT, Ras/MEK/ERK, and MET pathways are found to be associated with the progression of H&N squamous cell carcinoma (20) (Figure 2D). For example, the PI3K/Akt/mTOR pathway is upregulated in more than 90% of H&N squamous cell carcinomas, resulting in an increased resistance to chemotherapy and radiotherapy and cancer progression (21).

Similar to other cancer progressions, in H&N cancer, epithelial, mesothelial, and endothelial cells shift from a basal to mesenchymal phenotype that allows these cells to acquire mobility and protect tumor cells from anoikis, a programmed cell death (19). These phenomena are commonly known as epithelial, mesothelial, and endothelial mesenchymal transitions, respectively. Cancer-associated fibroblasts may differentiate from resident fibroblasts and from epithelial, mesothelial, and endothelial cells during respective mesenchymal transitions. Cancer-associated fibroblasts play important roles in tumor growth and maintenance through secreting autocrine and paracrine signaling molecules such as IL-1α, IL-1β, IL-6, IL-33, HGF, VEGF, TNF-α, TGF-β, CCL-2, CXCL-12, CXCR-4, MMP-2, and Snail (17, 19, 22). Cancer-associated fibroblasts in concert with endothelial cells secrete EGF that enhances tumorous motility and stemness (23, 24). In addition, stromal cells such as fibroblasts produce ECM proteins (e.g., collagen, elastin, and fibronectin) that create the fibrous architectural conformation of the tumorous body (19, 25). This structural fibrous network contributes to cell adhesion, cell proliferation, and cell migration, which, in turn, leads to tumor progression and reduced response to treatment (18, 19, 25).

Specific to the H&N cancer, the TME aggressiveness and resistance to treatment are linked to two primary mechanisms, namely, the dysregulation of the immune system and tumor hypoxia (20). With respect to the dysregulated immune system, a plethora of immune cells including T cells (cytotoxic and regulatory phenotypes), B cells, natural killers, tumor-associated macrophages (anti- and pro-tumor phenotypes), tumor-associated neutrophils, myeloid-derived suppressor cells, and mast cells are found within the TME of H&N tumors (6, 26). Checkpoint markers, including programmed cell death 1 (PD-1) and its ligand PD-L1, were found upregulated on exhausted T cells and myeloid-derived suppressor cells in the H&N TME (6). As a result, two PD-1 inhibitor drugs, pembrolizumab and nivolumab, were developed and approved for H&N cancer treatment in 2016, for unresectable and cisplatin-resistant recurrent/metastatic H&N cancer (4, 27, 28).

Tumor hypoxia is another well-recognized factor contributing to the aggressive tumor behavior and drug resistance in H&N cancer (19, 20, 29). The fenestrated tumor vessels result in aberrant tumor blood flow to the underperfused areas of the solid tumor (Figures 2E, F). In particular, oxygen, nutrients, and drugs are restricted to reach the cells in certain tumor areas, leading to some high-level hypoxic regions within the TME (18, 20). Pro-tumor/anti-inflammatory macrophages are reported to secrete excessive angiogenic cytokines such as VEGF, IL-6, IL-8, CCL-2, and MMP-9, which results in aberrant angiogenesis and the hypoxic H&N-specific TME in vitro and in vivo (6, 17, 18, 30, 31).



Design principles of in vitro head and neck cancer models

Like many other in vitro models mimicking the TME, a representative in vitro H&N tumor model is expected to sufficiently recapitulate: (I) a 3D tumor-like geometry for cell–cell and cell–ECM interactions; (II) the heterogeneous cell types such as squamous cell carcinomas, stromal, and immune cells in the TME; and (III) the aberrant and fenestrated vasculature for the high-level hypoxic TME (Figure 2). These principles are further elaborated in the following paragraphs.



Three-dimensional tumor geometry

Tumors are 3D sphere-like solid structures with unique physical and biochemical boundaries, in which they need to be considered for cancer drug screening and evaluation. First, the physical geometry of the tumor affects drug disposition, diffusion, and absorption (32–34). For instance, the flat two-dimensional (2D) monolayer geometry exposes the drug application to the entire cell monolayer, making the cells more susceptible to the applied drug compared to that of 3D geometry (35, 36). Advanced in vitro cancer models have incorporated 3D spherical geometries to make the drug diffusion and uptake by cellular targets more similar to the in vivo settings of solid H&N tumors. Second, the 3D tumor geometry is a key parameter in the organization of cell membrane receptors and the remodeling of ECM constituents, which, in turn, modulate autocrine and paracrine signaling mechanisms in the TME. For example, E-cadherin adhesion proteins were found to be upregulated in 12 individual spheroid cultures made from each H&N cancer cell line (FaDu, HLaC78, Hep-2, Hep-2-Tax, HLaC79, HLaC79-Tax, HPaC79, HSmC78, CAL-27, PE/CA-PJ41, SCC4, HNO210) but not in any of the corresponding 2D monolayer controls (32). As such, 3D sphere-like culture models, as of spheroids, are essential to emulate the physical and biochemical characteristics of the solid tumor shape in the evaluation of cell–cell/–ECM crosstalk and pharmacokinetics of cancer drugs (32, 33).



Heterogeneous cell types

Recently, multicellular in vitro models have been developed for lung (37), breast (38), and pancreatic (39) cancer research. Such model is particularly useful to study the crosstalk between cells in response to cancer drugs. For example, a triple coculture pancreatic model was developed to create a hetero-, multicellular tumor spheroid consisting of pancreatic cancer cells, fibroblasts, and endothelial cells for the investigation of the TME response to chemotherapy (39). To mimic the heterogenous TME in H&N cancer, cell lines such as CAL-27, CAL-33, Detroit 562, Hep2, Hep3, FaDu, SCC-4, UM-SCC-3, UM-SCC-4, and UM-SCC-17A, among others, are widely used in in vitro 2D and 3D H&N cancer models (40).

Being able to model a heterogeneous cell population in vitro is key to understand the complex interactions of cancer, stromal, and immune cells, and their collective response to the testing drugs within the TME (Figures 2C, D). For instance, a cisplatin sensitivity study used a simple 2D transwell system with Boyen’s chambers to coculture patient-derived CAFs and pharyngeal cancer cell lines (FaDu and Detroit 562) (41). Clonogenic survival and gene inspection showed that CAFs notably affected the colony-forming and cisplatin-sensitizing capabilities of pharyngeal cancer cells through the paracrine signaling of VEGFA, PGE2S, COX2, EGFR, and NANOG. As 2D transwell systems can incorporate two cell types at most, enhancing the complexity of in vitro models is a necessary step to better mimic the 3D tumor cell heterogeneity in H&N and other tumors. However, one major challenge of multicellular coculture models is the cross-contamination of culture media (42). To address this challenge, microfluidic platforms can be used to compartmentalize heterogeneous cell populations within the same culture platform (43, 44). One plausible strategy is to culture individual cell populations in separate compartments sharing a constantly irrigated channel with cultured media. The shared media will then contain paracrine factor secretion aiding the multicellular interactions of the individual cellular compartments.



Hypoxic environment and fenestrated vasculature

Tumor hypoxia is a notable factor of avascular solid tumor cores and micrometastases in cancer development (45). The TME of H&N cancer may have regions with oxygen levels as low as <5 mmHg at hypoxic sites (46). Fenestrated vasculature in hypoxic niches leads to vessel leakage, which limits an effective supply of oxygen, nutrients, and therapeutics to the tumor core. Hypoxic cues, namely, oxygen deprivation and irregular irrigation, are thus two key parameters to be considered in the design of effective in vitro H&N cancer models (Figures 2E, F).

Regarding oxygen deprivation, hypoxic gradients can be created by utilizing 3D in vitro culture geometry (47) or hypoxic culture chambers with microfluidics (48). For instance, spheroid cultures have been created to generate three geometrical regions with distinctive hypoxic gradients, namely, (I) an outer high-oxygen/nutrient-proliferative region, (II) a middle medium-oxygen/nutrient senescence region, and (III) a low-oxygen/nutrient necrotic region found in the spheroid core (36, 45).

Concerning irregular irrigation, static cultures do not translate the capillary supply as of in vivo systems (49). To this end, microfluidic technologies hold great promises to mimic the irregular blood supply of tumors by precisely controlling and monitoring the flow rate of media (ranging in microliters per minute) with integrated microchannels and a sensing element into the culturing platform (50). Hypoxic profiles can also be tuned by integrating spheroid models into microfluidic platforms. The cellular uptake of chemotherapy drugs can then be imaged along specific hypoxic gradients with real-time microscopy (51).



Advanced in vitro models for head and neck cancer drug screening and evaluation

The most common evaluation platform for drug development in H&N cancer is conventional 2D in vitro models thus far due to their low cost, high reproducibility, and potential coculture capability (52). However, 2D in vitro models are unable to (I) mimic the physical geometry of tumor, (II) avoid the cross-contamination of culture media in multicellular models, and (III) mimic the oxygen deprivation and irregular irrigation of the hypoxia region, which are key factors in the evaluation of tumor progression, chemoresistance, and treatment response (35, 36, 52). Advanced in vitro systems, including spheroids, 3D scaffolds, and microfluidic devices, have thus been developed to overcome these barriers (53). Although the application of these culture platforms to model H&N cancer microenvironment and its drug discovery is still in its infancy, recent research on H&N cancer has been using 3D in vitro models to advance the growing need of these systems for clinical translation (Figure 3).




Figure 3 | Common in vitro cancer models. Two-dimensional (2D) flat monolayer cell cultures grown on plastic or glass surfaces. Transwell systems with Boyden’s chamber inserts for cellular cocultures. 3D spheroid-based systems by forced aggregation of cells into a 3D construct. 3D organotypic systems by culturing cells within a matrix such as a hydrogel. Microfluidic-based culture systems by culturing cells within a microchannel with fluid circulation. Figure created with BioRender.com.





Spheroid models

Spheroids are functional aggregations of cells that are generally formed via forced floating aggregation, hanging drop, or organotypic hydrogel embedment methods (52). The forced floating aggregation methods are most commonly used in H&N cancer models (32–34, 54–57) (Table 1, Figure 4). The forced floating method is to use low-attachment well-plates that hinder the cell–substrate interaction and promote cell self-aggregation. In addition, hanging drop and hydrogel embedment methods were also used to fabricate H&N cancer spheroids. The hanging drop methodology is to place a drop of cell suspension on the underside of culture plates that cells can aggregate and form spheroids at the drop tip (58, 59). For the organotypic hydrogel embedment approach, cell suspensions are pipetted into an ECM-based hydrogel for cellular support, self-assembly, and spheroid formation (60, 61).


Table 1 | Spheroid models in head and neck (H&N) cancer research.






Figure 4 | An illustration of spheroid culture model. Hypoxic gradients within spheroid cultures comprise an outer high-oxygen/nutrient region, a middle medium-oxygen/nutrient region, and a low-oxygen/nutrient region. In addition, cell–cell interactions take place in the spheroid model via functional cell aggregation and E-cadherin binding. Figure created with BioRender.com.



With the introduction of spheroid H&N models, researchers were able to better decipher the epithelial–mesenchymal transition (EMT) mechanism under a hypoxic environment with or without cancer drugs (62). For example, Melissaridou et al. (33) compared 2D and 3D cell cultures from five H&N squamous cell carcinoma–derived cell lines in their expression of EMT and stemness markers as well as response to cetuximab and cisplatin drugs. EMT-associated and stem cell markers including CDH1, NANOG, and SOX2 were upregulated in 3D spheroid groups but not in 2D monolayer controls. In addition, the spheroid groups showed increased resistance to cisplatin and cetuximab treatments compared to 2D monolayer cultures. Essid et al. (48) developed spheroids from a human tongue cell line to investigate the relationship between EMT and hypoxia. These spheroids were grown in hypoxic chambers subjected to 1% O2 for 30 days. Results showed an increased mRNA expression in E-cadherin and N-cadherin as well as carbonic anhydrase 9, a hypoxic marker, in the spheroid hypoxic cores.

To further investigate the effect of hypoxia on the treatment response in H&N cancers (Figure 4), Basheer et al. (47) analyzed protein expression on five H&N cancer cell lines under normoxia and hypoxia in both OSC-19 spheroid cultures and monolayer controls using Western blot, flow cytometry, and immunofluorescence staining. The protein expression of CCR7, a chemokine receptor associated with hypoxia, was found significantly higher in the hypoxic core of the spheroid cultures compared to monolayer and normoxic controls. All in all, previously mentioned results pointed to the importance of tumor-like geometries as presented in spheroid models for the evaluation of drug sensitivity and cytotoxicity.



Future prospects

New 3D bioprinting techniques such as inkjet-based, pressure-assisted, and laser-assisted approaches (63) hold new promises for fabricating complex organotypic tumor spheroids in terms of cellularity and architecture (64). To fabricate multicellular spheroids, bioprinting allows the layer-by-layer precise assembly of 3D biological constructs. Synthetic polymers (e.g., polycaprolactone) and naturally derived polymers (e.g., alginate) are commonly used as bioinks to resemble the tissue-specific ECM (65, 66). Bioinks can also be printed with multiple cell types (squamous cell carcinomas, CAFs, and pro-tumor macrophages of H&N tumors) by using pressure-assisted and laser-assisted printing approaches (63). The incorporation of cancer stem cells may further mirror the aggressive H&N TME (55, 67) in the bioprinted construct due to the self-renewal and differentiation capabilities of these cell types. In addition, physiological cues such as 3D tumor geometry, cell heterogeneity, and normoxic-to-hypoxic strata can thus be recreated to induce cel–cell/–ECM interactions as expected in the H&N TME (68).

Further, a multi- and heterogeneous-layer geometry of the tumor spheroids can be bioprinted by implementing cell-laden bioink deposition with zone-specific techniques, for example, by varying pore-size and interconnectivity (63, 66, 69). As a result, each layer of the organotypic spheroid can have individual TME cell populations and ECM compositions to better mimic hypoxic niches within the tumor-like in vitro models (63). Within the 3D organotypic models, organoids that are specific 3D cell–embedded models consisting of stem or patient-specific cells and ECM constituents in the form of a multilayer geometry are very desirable H&N TME models (70). The future perspective of organoids is further discussed in the Future Outlook section.



Organotypic models

Organotypic models provide intracellular communication between cells embedded in ECM-based scaffolds (71–74) (Figure 5). A 3D scaffold-based in vitro model aims at recapitulating the native tissue’s ECM microenvironment in terms of mechanical stability and structural architecture in the support of cell signaling, migration, survival, and growth (75). The materials used to make biological scaffolds are mostly obtained from natural or synthetic polymers, often in aqueous form. To convert the aqueous materials to a gel-like scaffold, crosslinking methods such as UV radiation, enzymatic reactions, and temperature changes have been adopted for sol–gel transitions in most in vitro cancer model developments (76).




Figure 5 | An illustration of organotypic culture models. Organotypic models provide cell–cell/ECM interactions within the culture model. Organotypic models are 3D in vitro platforms comprising the embedment of disaggregated cells/tissues in ECM-based scaffolds. Particularly, organoids are those organotypic models derived specifically from stem or patient-specific cells. Spheroids may be fabricated using one or multiple conventional cell lines or patient-derived cells, with or without the use of ECM-based embedment. Figure created with BioRender.com.



To date, organotypic H&N models comprise the use of patient-derived H&N squamous cells together with decellularized extracellular matrix (dECM) (77–80) or synthetic ECM substitutes (60, 61, 81–83) as the most common constituent materials (Table 2). In particular, dECM scaffolds are often selected for cancer modeling, owing to their retained bioactive molecules (e.g., collagen, proteoglycans, and glycoproteins) (75) to support H&N cancer and TME cells for organoid formation. In addition, synthetic ECM substitutes such as the commercially available Matrigel®, which is derived from mice sarcoma (84), are also used for fabricating organotypic H&N cancer models (60, 77, 80). However, Matrigel® is reported with single-batch variations that cause a significant concern on mechanical inconsistency, especially in fabricating reproducible organoids even when using the same batch of the product (84).


Table 2 | Organotypic models in H&N cancer research.



In an effort of developing patient-specific organotypic models, Tanaka et al. (60) combined an epithelial cell sheet, the Matrigel®, and individual squamous cell carcinomas derived from 43 biopsies of H&N cancer patients. The organotypic models were subjected to the exposure of cisplatin and docetaxel for eight consecutive days (60). Results showed that these models displayed a patient-specific chemoresistant response. For example, the MDA-HN-2C organoid group developed resistance to cisplatin and docetaxel, corresponding to that of the individual patient donor with recurrent H&N cancer. In addition, the organoid-like models showed increased resistance to both drugs in comparison to that of 2D monolayer controls. The proposed patient-derived organoid (PDO) platform served a notable step toward the application of predicting patient-specific H&N drug sensitivity in vitro.

One advancement of the cancer organotypic model is to approximate the heterogeneity of tissue strata as seen in the tumor architecture. For instance, in H&N tumor, tissue strata mostly comprise squamous epithelia, basal strata, stroma, and lamina propria. Zhao et al. (77) investigated whether the tissue sources of dECM would result in a specific stratum architecture of the scaffold that might, in turn, affect the drug response of cancer cells. Mouse, rat, and pig tongue tissue samples were decellularized and used to fabricate scaffolds with patient-specific cancer-associated fibroblasts and CAL-27 cells. Hematoxylin & eosin staining, scanning electron microscopy, and transmission electron microscopy showed a similar histological stratum architecture of the three dECM scaffolds. Further investigation using a mouse dECM scaffold showed that the elastic modulus of mouse dECM scaffolds was comparable to that of native mouse tongue tissue (0.503 MPa vs. 0.567 MPa). Compared to monolayer non-scaffold controls, mouse-derived dECM scaffolds showed improved cell adhesion, proliferation, and survival after 14 and 28 days of cultures in the absence of drug exposure. After a 2-day exposure of cisplatin, an apoptotic marker, namely, caspase 8, showed distinctive staining patterns across the strata of mouse-derived dECM scaffolds. For instance, cancer cells at the muscle fiber layer of the scaffold expressed stronger caspase 8 expression than those at the basal layer of the scaffold, possibly owing to the drug-penetration gradients.

Aside from the evaluation of dECM sources, Ayuso et al. (79) compared 3 culture models, namely, (I) 2D monolayer cocultures with primary cancer-associated fibroblasts and H&N cancer cell lines (UM-SCC-1 and UM-SCC-47), (II) 3D collagen hydrogel scaffolds seeded with H&N cancer cells, and (III) 3D H&N cancer cell spheroids of their responses to cetuximab and an mTOR inhibitor. Cell cytotoxicity results indicated a stronger drug resistance response in the coculture (1.4-fold increase) and 3D culture groups (2.6-fold increase) compared to 2D monocultures. No statistical comparison was reported between the two 3D culture groups. Nevertheless, the differentiated drug resistance between the 2D and the 3D culture groups may be associated with the geometry-induced drug impediment.

High-throughput screening (HTS) with organotypic models is one critical advancement of scaffold models for immune-oncology and drug discovery (85). Using 384-well plates, Tuomainen et al. (80) evaluated the effect of 19 immunotherapy drugs on 12 H&N cancer cell lines seeded within 3D scaffolds inserted in those plates. The 19 immuno-drugs were inhibitors of 5 EGFR (gefitinib, erlotinib, cetuximab/erbitux, canertinib, and afatinib), 6 MEK (trametinib, TAK-733, selumetinib, refametinib, pimasertib, and binimetinib), and 8 mTOR (temsirolimus, sirolimus, ridaforolimus, PF-04691502, omipalisib, everolimus, dactolisib, and apitolisib). The testing scaffolds included Matrigel® and human-derived leiomyoma referred to as Myogel. Compared to Matrigel®, cells embedded in Myogels showed significantly lower EGFR and MEK inhibition activity after 72 h of drug inspection. Normalized HTS drug response profiles consisted of four activity levels based on a drug-sensitivity score (DSS) and artificial cutoff points: inactive DSS < 5, low 5 ≥ DSS < 10, moderate 10 ≥ DSS < 15, and high DSS ≥ 15 (80). Overall, a low activity of mTOR inhibitors was consistently found in most of the cell lines from both Matrigel® and Myogel scaffold models. Results from this study provided early evidence of the reliability and predictability of using HTS organoid platforms in the evaluation of cancer therapeutics.

In addition to chemotherapy drug–related studies, Young et al. (81) developed a 3D tissue construct of a collagen and cellulose tissue roll scaffold “TRACER” for radiation therapy screening. The FaDu cell line and primary cancer–associated fibroblasts, stromal cells, were transfected with green fluorescent protein and mCherry, respectively. Both cells were seeded into the cellulose layer (cancer-associated fibroblasts in layer 1 and FaDu in layer 3) with or without a central collagen/agarose layer to separate the coculture. The cell-seeded TRACER was rolled onto an acrylic core placed into custom-made 50-ml Falcon tubes and then subjected to 5- or 10-Gray radial arc radiations. Clonogenic results indicated that no radioprotective behavior from the CAFs was observed in the cocultures regardless of the presence of the central layer after 24-h culture. In a separate study, x-ray radiation (0–15 Gray) was found to downregulate HeLa cancer cell proliferation, cell viability, vinculin, and α-tubulin expression in 2% agarose hydrogels with 250 µm of diameter compared to 2D flat counterparts (86). Although results from these two radiation studies were not fully corroborated, 3D tissue constructs with cocultures showed the potentials of elucidating epithelial–stromal interactions of tumor response to radiation exposure.



Future prospects

Organotypic models have demonstrated great possibilities for approximating the TME and supporting the HTS cancer drug platform. Several technical challenges remain to adapt the organotypic models to fulfill the two aforesaid promises. Organotypic fabrication is complex, especially considering the scaffold embedment that influences the therapeutic response based on the scaffold’s composition and network (87). For instance, these models have not been fully designed to incorporate the irrigation features of tumor modeling. One possibility is to place the scaffolds into microfluidic channels to recapitulate the constant irrigation features of native tumor or healthy tissues with bioprinting and electrospinning techniques (88). Electrolyte-assisted electrospinning can further help to fabricate nanofibrous membranes through electrostatic forces to draw charged threads of dissolved polymers to a grounded electrolyte solution (89). These nanofiber membranes can be located inside microfluidic channels for tissue-engineered scaffolds (89). By integrating electrospinning and microfluidic technologies, scaffold-based models can better meet the functionality of continuous monitoring and irrigation of cancer therapeutics.



Microfluidic platforms

Microfluidic platforms are micromanufactured devices with interconnected chambers, membranes, and grooves that share low volumes of fluids (Figure 6), which have been widely applied for in vitro modeling such as organ-on-a-chip models (49, 90–95) and point-of-care systems (96). In cancer research, microfluidic platforms are mostly fabricated using lithography and surface micromatching techniques with polydimethylsiloxane, silicon, glass, polycarbonate, and polymethylmethacrylate as main materials (49, 91–93, 97–99). Flow mechanisms can be implemented through a passive or an active approach within the microfluidic device. Passive flow can be driven by gravity, hydrostatic pressure, surface tension, or osmotic pumps (93). Active flow mechanism, which is commonly used in H&N microfluidic devices, involves the use of peristaltic (2 µl/min to 10 L/min), syringes (0.012 nl/min to 0.3 L/min), and pressure-driven pumps (nl/min to ml/min) (49, 91, 93, 96–100).




Figure 6 | An illustration of microfluidic culture models. Microfluidic devices comprise the interconnection of chambers and grooves sharing low volumes of liquids. A more complex design with more channels and chambers can enhance its physiological representation but may also increase the chance of challenges as bubble blocking and liquid leakage. Figure created with BioRender.com.



Microfluidic platforms support simultaneous compartmentalization of multiple cancer cell populations with constant culture media irrigation (90). This compartmentalization with dynamic flow features allows for the programmatic control and real-time monitoring of cancer cell–vasculature interplay through the interconnected cellular compartments of the platform (49, 91, 101). Most chemotherapy drugs are also delivered intravenously that flow dynamically through blood vessels to the tumor vasculature and extravascular tissues (102). The dynamic flow feature of microfluidic devices can thus resemble the transportation of intravenous systemic treatment and help to evaluate its pharmacokinetics in a more precise, controllable manner. Chemotherapy drugs, such as paclitaxel, cisplatin, and 5-fluorouracil, have been tested with microfluidic devices in H&N cancer research (Table 3).


Table 3 | Microfluidic Devices in H&N Cancer Research.



The first microfluidic device for H&N cancer drug screening was designed by Hattersley et al. via lithography in polydimethylsiloxane and a syringe pump (49). Primary H&N squamous cell carcinoma biopsies (~3-mm3 size) placed in the microfluidic device equipped with a syringe pump were exposed to cisplatin and 5-flourouracil continuous flow up to 7 days. Results showed decreases in cell viability and proliferation on drug-exposed groups compared to unexposed controls. In addition, the sandwich ELISA results of cytochrome c, a key compound in cell apoptosis, were found higher in the culture media in the treated groups compared to untreated controls. This study represented an important step of evaluating the personalized treatment of patient’s tumor biopsies under constant drug irrigation.

Riley et al. (91) further advanced the design of microfluidic platforms for personalized H&N drug screening. This platform was fabricated with two polyether–ether–ketone support plates, a silicone gasket as a tissue well, and a syringe pump. Such platform was applied to evaluate the effect of a combined JNK inhibitor and etoposide drug treatment on thyroid cancer biopsies (~5-mm diameter) from 23 individual patients. After 4 days of drug exposure, increased cell death was found in the thyroid cancer biopsy group compared to the unexposed group although no patient-specific drug responses were observed in this study.

Interconnected compartmentalization strategies within microfluidic devices for H&N cancer modeling were first implemented by Jin et al. (103). Their microfluidic platforms were made of two layers of polydimethylsiloxane interconnected by a porous polycarbonate membrane and flow applied via a double syringe pump. This membrane allowed the nutrient/drug exchange between the top chamber of endothelial cells Human umbilical vein endothelial cells (HUVEC) and the bottom chamber of cancer spheroids (103). To further optimize the device design, bubble trappers were proposed to facilitate continuous laminar flows and avoid chamber blockings in synchronous drug delivery, which is known prone to the bubble generation within microfluidic devices. This platform was also designed to emulate the tumor perivasculature by using concentration gradient chambers. These chambers comprised two drug inlets with six downstream channels for parallel drug gradient formation connected to the HUVEC culture chambers. Patient-specific or human salivary adenoid cystic carcinoma (ACC-M cell line) were used to fabricate cancer spheroids. Cell spheroids were subjected to parallel drug exposure mimicking the dual treatment of cisplatin/paclitaxel or cisplatin/5-fluorouracil via the two-drug inlet synchronous application. After a 24-h parallel exposure of combined drug treatments, cell viability ACC-M spheroids (ACC-2 group) showed higher sensitivity (i.e., more cell death) to cisplatin/5-fluorouracil treatment whereas patient-specific spheroids (SCC-1 group) were more sensitive to cisplatin/paclitaxel treatment.



Future prospects

H&N cancer drug studies with microfluidic models emphasized the importance of using patient-derived biopsies from oral cavity, pharynx, larynx, lymph nodes, and thyroid for patient-specific prediction of drug response (49, 91, 94), echoing those as in the review of organoid models. Patient-derived tissue biopsies preserve key cellular heterogeneity and geometry of the tumor, which are important variables for drug screenings. However, the use of tissue/tumor biopsies for microfluidic platforms is hampered by the technical challenge of on-chip imaging and off-chip analysis (104). Milliscale tissues as tumor biopsies usually give raise to culture challenge concerning the complex tissue preservation during long-term culture times (105). Fortunately, advances in microfluidic platforms make the long-term culture of thick tissue samples possible with an effective nutrient and oxygen supply through a dynamic flow of culture medium (49, 91). In particular, pump-free microfluidic devices were shown to be able to maintain 2-mm human organotypic models for a 75-day continuous culture of human brain organoids (106).

Other advances in microfluidic technology, such as dismantable/open and droplet-based formats, also facilitate the development of tumor-on-a-chip devices (104) (Figure 7). The dismantable/open-layer feature of microfluidic platforms allows for the direct retrieval of the analyzed samples by taking apart the top layer of the device (104). Cultured materials can then be easily accessible for off-chip analysis as the histological staining of biopsies and biopsy-like tissues. The fabrication of tumor-on-a-chip platforms can be complicated due to the necessity of having a microscale cell culture environment and chamber flow interconnection, which often requires high manual skill sets. The use of 3D printing for creating the on-chip microcomponents such as chambers, membranes, and grooves is therefore a very wise option to save labor and costs compared to conventional lithography and polydimethylsiloxane molding (107–111).




Figure 7 | Advances in microfluidic technology. Microfluidic devices as tumor-on-a-chip may incorporate 3D-printed components and a dismantable/open format. Figure created with BioRender.com.



Lastly, combined chemotherapy drugs, namely, cisplatin and docetaxel, have already been tested as a tumor reduction strategy in HPV+ oropharynx cancer patients (112). The multicompartments of microfluidic devices can be harnessed for screening multiple therapeutics in parallel, mimicking various combinations of cancer drug treatments like dual chemotherapy drugs or even the combination of chemoradiotherapy (105).



Future outlook

The development of multicellular tumor spheroid systems that are compatible for preclinical studies, as HTS drug screening (113), is one important milestone of advancing personalized cancer medicine (114). As a result, PDOs became increasingly used to preserve part of the structural features and genome, epitome, transcriptome, proteome, and metabolome information of an individual’s H&N tumorigenesis for anticancer drug studies (115–117). Certain challenges such as suboptimal reproducibility and high manufacturing costs are well-known barriers with advanced culturing systems. In particular, the development of microfluidic devices requires specialized microfabrication and operation skills. Below, we further present specific challenges with PDOs in their adaptation for HTS with respect to their sourcing, fabrication, and culturing life span (Figure 8).




Figure 8 | Future outlook of in vitro H&N cancer patient-derived organoid (PDO) models. (A) Sourcing of H&N PDO models using the tumor biopsies of cancer patients and CRISPR DNA–modified healthy cells. (B) Fabrication of H&N PDO models using bioprinting. (C) H&N PDO model life span used as air–liquid interface in HTS for personalized medicine purposes. Figure created with BioRender.com.





Overcoming the limited source of patient-derived organoids

Tumor tissue biopsies are needed from cancer patients to generate PDOs, but the source is often limited and unpredictable with clinical samples (Figure 8A). Fortunately, PDOs can be replicated and cryopreserved in specialized facilities, known as living biobanks, without losing cell-type specificity (87, 118). For example, intraductal papillary mucinous neoplasms were collected from patients with pancreatic cancer (119). The tumor tissues were first digested with a proteolytic enzyme for cell retrieval. The recovered cancer cells were then seeded in Matrigel® and stored as PDOs in a living biobank (119). The gene analysis data of key markers KRAS, PTEN, PIK3CA, GNAS, RNF43, and BRAF showed a similar expression between PDO and the patient’s tumor tissue biopsy, which confirmed the preservation of patient samples’ genome in living biobanks.

The stock of PDOs from living biobanks can be further expanded with the method of patient-derived xenografts (PDXs) (120–122). A PDX is to first insert PDOs in animals and then amplify the PDOs within the host. The derived PDXs (i.e., cloned PDOs) are then cryopreserved and stored in living biobanks, preserving cell–cell interactions as those of parent tumor. Of note, the genome copy number alterations of PDX-expanded PDOs may change after extensive passaging due to possible host reactions to the implant (123–125). As such, if a high passage (>P10) is used in treatment, caution needs to be exercised as PDOs and PDX-expanded PDOs may display a differentiated response to drug therapeutics. Furthermore, PDX models are time consuming and expensive, the engraftment efficiencies may be different among the TME types, and finally, the immune response cannot be properly evaluated due to the immunodeficiency of host strains (126). As a result, additional cancer model strategies are thus required.



Patient-derived organoids from cancer and healthy stem cells

In addition to tissue biopsies, organoids can be grown from cancer or healthy stem cells (115, 116, 120, 123, 127–133) although their use in cancer research is still in its infancy (128, 133–135). PDOs from cancer stem cells possess metastatic, chemotherapy, and radiotherapy resistance features, while healthy stem cells do not present those intrinsic characteristics (133, 136). At the same time, cancer stem cells are criticized of their limited clonal heterogeneity (133). A plethora of cancer-associated markers such as CD133, CD44, ABCG2, aldehyde dehydrogenase, octamer binding transcriptional factor 4, SOX2, and NANOG have been reported in cancer stem cells (134, 135, 137). However, marker expression does not necessarily translate into a cancer stem cell phenotype without transplantation assays (138). These assays are necessary to verify and characterize the tumor-initiating and -regenerating capabilities of such cells on implanted hosts.

Conversely, healthy adult stem cells like mesenchymal stem cells (139) and induced pluripotent stem cells (140) are another option of PDOs in cancer research. Human-induced pluripotent stem cells from healthy adults were proposed to generate PDOs for liver cancer studies (140). For instance, induced pluripotent stem cell reprogramming from human fibroblasts was successfully directed toward a hepatic endoderm-like phenotype via differentiation media containing activin A, bFGF, and BMP4 after 8 days of exposure (141). Then, the exposure of differentiation media with NOTCH activator agents to generate liver tumoroids or NOTCH inhibitors for liver organoids was performed after 2–3 weeks (140). The aforesaid methodology could be adjusted, following the generation protocol of vocal fold mucosae from human-induced pluripotent cells (142). At that point, the PDO fabrication protocol for H&N cancer may implement the upregulation of Snail, the downregulator of epithelial markers and the upregulator of mesenchymal markers (143), and exposure to FGFs to generate stratified squamous epithelia (139, 144).

In more detail, induced pluripotent stem cell–based cancer modeling can be used as follows (145): (I) genetic alterations can be engineered into normal human-induced pluripotent stem cells using transcription activator-like effector nucleases (TALENs) or CRISPR/Cas9 (146). These stem- derived cells with engineered cancer-associated mutations can be used to acquire the initial cancer molecular events to then emulate cancer progression (145). (II) Induced pluripotent stem cells can be used to reprogram patient-specific somatic cells with cancer predisposition syndromes such as Li–Fraumeni syndrome (147). (III) Induced pluripotent stem cells can be engineered as cancer-specific cells by targeting tumor suppressors such as SMAD4, Rb/P16, BRCA1, CDKN1A, and CDKN2A (145). The previously mentioned stem cell strategies may help advance PDO research on H&N cancer.

Lastly, human embryonic stem cells were implemented as organoids for metastatic brain cancer modeling using induced pluripotency stem cell strategy (148). However, the use of embryonic stem cells possess ethical concern, low immune compatibility and potential rejection after clinical transplantation (149). Nevertheless, continuous in vitro validation such as phenotype analysis is warranted to ensure the safe use of healthy stem cells as PDO models for cancer research.



Patient-derived organoids from CRISPR/Cas9 DNA-modified healthy cells

CRISPR/Cas9 transgenesis technology has been proposed to genetically modify healthy biopsies into PDOs (115, 116, 120, 123). The technology of CRISPR/Cas9, simply put, involves activating/silencing a specific gene of target (Figure 8A). CRISPR/Cas9-mediated genome editing comprises the implementation of two components: (I) single-effector Cas9 protein to allow double-stranded breaks in the target DNA and (II) a single-guide RNA to guide the Cas9 complex to the targeted genomic zone (150, 151). The CRISPR/Cas9 technology has already been used to fabricate human oncogenic organoids from healthy liver by editing PTEN/TP53 and from healthy colon by targeting APC/SMAD4/TP53/K ras/PIK3CA (152). Interestingly, human pluripotent stem cells can gain CRISPR/Cas9-mutated p53 with a critical functional evaluation of p53 to avoid double-strand break toxicities dependent on p53/TP53 (153). Furthermore, wild-type human gastric organoid cell lines with ARID1A, an early-stage gastric cancer marker, as a single mutant target has been modified through CRISPR/Cas9 technology (154). In H&N cancer, gene editing may target the EGFR/PI3K/Akt/mTOR pathway for oncogenic organotypic fabrication.

One known limitation with CRISPR/Cas9 technology is related to the low specificities to the target genes (150, 152). For instance, the off-target effect is often observed at a rate ≥50% in RNA-guided endonuclease-induced mutations in unintended target zones (150, 155). In silico libraries as the sgDesigner tool can be used to optimize the design of novel plasmids by including both the single- guide RNA and the target site that was not used before (150). In addition, implementing Cas9 variants such as Cas9 nickase has also been used to induce single-stranded breaks combined with a single-guide RNA in order to produce double-stranded DNA breaks at the desired location (150).



Overcoming the fabrication complexity of patient-derived organoids

Organotypic models provide a superior potential in patient-specific cellular heterogeneity, molecular phenotypes, tissue–stratum architecture, and geometry (156). Bioprinting may help fabricate PDO fabrication in a more precise and automated manner compared to conventional PDO production. Specifically, the layer-by-layer strategy of bioprinting can help to generate spatial-specific cell distribution and ECM architecture in PDO fabrication (Figure 8B). This strategy is empowered by inkjet/extrusion, laser-assisted, and stereolithography bioprinting methods (120, 157–159). For example, a 3D digital light processing bioprinting/HTS study was conducted to bioprint hepatocellular carcinomas and HUVECs in 96-well plates (160). The bioprinted gelatin methacryloyl (GelMa)–based construct had the dimensions of 2.4 mm × 2.4 mm × 250 µm, highlighting the spatial precision of Digital light processing bioprinting (DLP) technology required for HTS.

Digital light processing bioprinting technology has enhanced the resolution (~10 times) of bioprinted PDOs, which has been one notable barrier with nozzle extrusion (159–162). In addition, digital light processing bioprinting offers a shear stress–free advantage over extrusion bioprinting by reducing potential cell damage during organotypic assembly (66, 158, 162). This shear stress–free printing method achieves a cell viability of ≥90% within the 3D-printed construct, whereas that of extrusion bioprinting is 40%–80% (66). Concerning multiple gradients in the printed assembly, digital light processing bioprinting presents a dynamic gradient tunability needed for proper recapitulation of complex anatomical structures compared to that of extrusion bioprinting (163). In addition, a low amount of bioink waste is found while changing the gradients using digital light processing bioprinting combined with microfluidic technology (163). Digital light bioprinting also allows to swiftly produce photopolymerized 3D constructs via a projected light (66, 160–162) (Figure 8B).

Typically speaking, the resolution of digital light processing bioprinting meets the need of organoid bioprinting (158, 159, 161). For instance, the resolution for inkjet/extrusion and laser-assisted bioprinting is ~50–500 µm and ~100 µm, respectively, while digital light processing bioprinting can achieve as high as 50-µm resolution (161, 162, 164). In general, digital light processing bioprinting take up to 40 min to entirely bioprint a 96-well plate (160) at the speed of 0.5–15 mm/s (164). Extrusion bioprinting has been reported to have longer fabrication times, 10–50 μm/s (165), because of the interaction between the bioink viscoelasticity and the extrusion nozzle size (166, 167). Given that the resolution necessary for the cell-laden tumor organotypic models is below 100 µm (161), the high-resolution capability of digital light processing bioprinting will allow precise fabrication of H&N PDO models without comprising the time cost. The increased resolution of 3D-printed organ-on-a-chip can also benefit the development of HTS platforms down the road (168).

The challenges of digital light processing bioprinting are the scarce number of photoinitiators such as Eosin Y, Irgacure 819, and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (160, 164) and photo-crosslinking resins like GelMA, methacryloyl hyaluronic acid, and poly(ethylene glycol) diacrylate (159, 162, 164). A deficient concentration of photoinitiators within the construct provokes poor mechanical properties affecting the desired resolution and cell viability (159, 162). Because of that deficiency, proper standardization to balance the photoinitiator and resin concentrations will need to be carried out to achieve the reported cell viability ≥90% (66) and high resolution ≤50 μm (159, 162, 164). Another hurdle of digital light processing bioprinting is the limited incorporation of multiple materials within the 3D cell–based construct (159, 162, 164). However, digital light processing bioprinting can incorporate a multimaterial structure combined with microfluidics to print multiple bioinks (163). Taken into consideration the bioink component accessibility, nozzle extrusion bioprinting remains the most popular bioprinting method for bioprinting (159, 167, 169).



Overcoming the long-term culturing of patient-derived organoids

Microfluidic chips allow the long-term culture of sizable biological micro-/milliscale samples such as PDOs with effective nutrient/waste exchange via the dynamic liquid flow within the chip (109). Recent airway-on-a-chip microfluidic platforms, especially those with air–liquid interface feature (170–173), are particularly suitable and adapted for H&N cancer modeling given that the H&N squamous cell carcinomas are constantly exposed to air. However, most airway-on-a-chip devices need pumps to perfuse air and liquid through the air–liquid interface channels, respectively (171–174). This pump requirement presents a critical challenge for the adaption of HTS arrays. To date, non-microfluidic air–liquid interface platforms may incorporate up to 96 individual Transwell plates (175), whereas microfluidic-based air–liquid interface systems are able to integrate up to 64 individual chambers at most (176). None of these are truly considered as high throughput, in which HTS is commonly known as testing hundreds of samples on one array.

That said, one most recent microfluidic platform, developed by Bircsak et al. (177), allowed to house tumor organoids cultures up to 200 individual chambers. This device comprised the use of a multiplexer fluid control, a perfusion rocker platform, and culture chambers overlayed by the three-lane fluid channels. One of the analyses of this liver-on-a-chip platform was to study the drug metabolism of five drugs: phenacetin, coumarin, diclofenac, terfenadine, and phenolphthalein. Adopting such a microfluidic platform with air–liquid interface and pump-free features will present a great leap of advancing in in vitro H&N cancer modeling for high- throughput drug screening (Figure 8C). Accomplishing the combination of human multiorgan-on-chips (178) and high-throughput testing could benefit personalized anti-cancer therapy screening and discovery to boot (179).



Conclusion

Geometry, multicellularity, and constant irrigation are key features for developing H&N-specific in vitro models for drug screening and discovery. Organotypic multicellular spheroid and organoid cultures are highly applicable to approximate cancer-specific TME by mirroring desired geometry and cell–cell/–ECM interactions as presented in vivo tumor tissues. Organotypic models can be further combined with microfluidic devices to evaluate the crosstalk between cells and barriers to the mass transport of oxygen, nutrients, and drug therapeutics. Ultimate in vitro H&N models can be achieved by incorporating PDOs, air–liquid interface, and high-throughput readouts for de novo oncology drug discovery and evaluation. The adoption of such a tumor-on-a-chip platform is expected to minimize the need of animal models and reduce the chance of failures in clinical trials for translational research.
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Background

Tongue cancer is a common malignant tumor of the head and neck. Its treatment methods include surgery, radiotherapy, and chemotherapy. However, these treatments have serious side effects and poor cosmetic effect, so it is urgent to find new treatment methods. We pioneered the use of microwave ablation (MWA) in the treatment of early tongue cancer and achieved good results.



Case Presentation

A 67-year-old woman (Han nationality) was admitted to the hospital because of progressive aggravation of tongue pain. She had a history of tongue pain of more than 1 year. Pathological biopsy showed squamous cell carcinoma; following this, radical operation of the tongue cancer was planned.  The preoperative examination showed thyroid occupation in the upper mediastinum region compressing the airway; hence, the risk of general anesthesia was high. Consent was obtained from the patient and her family. Ultrasound-guided MWA was successfully performed under the lingual nerve block. The patient was followed for 1 year. She recovered well with no dysphagia and unclear articulation symptoms, and the cosmetic effect was excellent.



Conclusion

To our knowledge, this is the first case of using MWA for the treatment of early-stage tongue cancer (ESTC). Ultrasound-guided MWA may be used for ESTC that can completely ablate the tumor and retain the function of the tongue, further improving the quality of life of the patient. However, it is only a case report and needs more research to verify the use of MWA in ESTC.





Keywords: ultrasound, microwave ablation, early-stage, tongue cancer, treatment



Introduction

Oral cancer is considered one of the most common malignant tumors of the head and neck. Recent statistical data on oral cancer have shown it to be increasing year by year and accounting for about 4% (1); tongue cancer accounts for a large proportion of oral cancers. Surgery is considered one of the major treatments for tongue cancer, while patients with advanced stage need postoperative radiotherapy and chemotherapy. The major drawback of radical resection of tongue cancer is trauma, which in turn affects the patient’s daily life. This adversely affects vital functions of patients such as swallowing, chewing, and speaking. Treatments such as postoperative radiotherapy and chemotherapy will further aggravate these side effects. The 5-year survival rate of these patients is found to be 50%–60% (2), while there is no significant improvement of the survival rate in the past 10 years (3). It is urgent to find new treatments to improve the prognosis of patients with tongue cancers.

With the progress of modern imaging technology, microwave ablation (MWA) has been applied in the treatment of a variety of solid tumors, such as liver cancer, thyroid papillary carcinoma. MWA has been proven to be safe, effective, and minimally invasive (4–6). However, the use of MWA in the treatment of tongue cancer, especially in early-stage tongue cancer (ESTC), has not been reported elsewhere. Herein, we report a case of ultrasound-guided MWA in the treatment of ESTC.



Case presentation

A 67-year-old woman (Han nationality) was admitted to the hospital because of progressive aggravation of tongue pain. She had a history of tongue pain of more than 1 year. Pathological biopsy showed squamous cell carcinoma; following this, radical operation of the tongue cancer was planned. The preoperative examination showed thyroid occupation in the upper mediastinum region compressing the airway; hence, the risk of general anesthesia was high. The doctor convinced them of the issue and advised them to undergo MWA; as a result, consent was given by the patient and family members.


Preoperative examination

There was no abnormality in the blood routine, liver and kidney function, blood coagulation, and ECG. The Ultrasound was performed using Philips EPIQ 7 ultrasound system (10 MHz endocavitary transducer, Bothell, WA, USA) to discover the belly of the right tongue. The tongue was rough, and ulcerative changes of about 0.6 cm in diameter were also observed at about 1 cm from the root of the tongue; there was no obvious tenderness or bleeding by touch (Figure 1A).




Figure 1 | (A) A 67-year-old woman with progressive aggravation of tongue pain, and her lesion was confirmed in pathology as squamous cell carcinoma. (A, B) Tumor location and ultrasonic image. (C, D) Preoperative contrast-enhanced ultrasonography of the tumor. (E–G) The process of lingual nerve block guided by ultrasound. (H) Protection of the surrounding mucosa before ablation. (I, J) The process of ultrasound-guided microwave ablation. The double arrowhead: the ablation needle. (K, L) The area of ablation showed no enhancement in the arterial phase and venous phase after ablation. *The exact location of the tumor; #lingual nerve block area; long arrow: puncture needle; ##The area of ablation. Short arrow: Lingual artery; Long arrow: Puncture needle; The double arrowhead: The ablation needle.





Ablation process

The consent was obtained from the patient and her family; the ablation was performed on 20 April 2020. The operation procedure was performed by the doctor with 10 years of experience in interventional ultrasound. First of all, the puncture path was confirmed by traditional and contrast-enhanced ultrasound; this showed low enhancement in the arterial phase and venous phase of the lesion (Figures 1B–D). Further with appropriate sterilization, the patient was given local anesthesia via the lingual nerve block with a mixture of 2% lidocaine and ropivacaine (2 ml) (Figures 1E–G). Moreover, during the procedure, critical care has been taken to protect the oral mucosa and normal tongue tissue by ice physiological saline bag (normal saline, 50 ml) with soaked sterile gauze (Figure 1H). Then, the microwave antenna (22G) (model: KY-2450A-1, Kangyou Medical, Nanjing, China) was advanced to the predetermined position in the target hypoechoic nodule by ultrasound guidance. The ablation needle was inserted into the tongue, and the ablation was expanded from the base of the low echo mass to the shallow surface. The output power was 30 W during the procedure (Figures 1I, J), and the operation time lasted for about 10 min. Contrast-enhanced ultrasound showed no enhancement in the arterial phase and venous phase after ablation by injection of 2.4 ml sulfur hexafluoride (Figures 1K, L). After ablation, the gasification range exceeded the boundary of the mass by 1.5 cm. The score of numeric rating scale (NRS) intraoperatively was 0, and 8 h after ablation, the score was 3. Soon afterward, the patient reported to be relieved of pain after ice compress, and there was no symptom of fever or difficulty in chewing.



Postoperative follow-up

Four days after ablation, a scab was formed in the ablation area that was light brown in color (Figure 2A). One week later, the crust fell off with bleeding and hemostasis outside the hospital (Figure 2B). Three weeks later, the crust completely peeled off with mucous membrane growth (Figure 2C). Two months later, scars were formed in the ablation area, with no restriction of tongue movement and difficulty in chewing (Figure 2D). Further follow-up using contrast-enhanced ultrasound in the ablation area revealed slow and low enhancement in the arterial phase and equal enhancement in the venous phase (Figures 2E–G). In order to verify the complete ablation of the tumor, we used intraluminal ultrasound-guided puncture biopsy in different parts of the hypoechoic area (Figures 2H, I). Moreover, the pathological biopsy showed no cancer cells in the ablation area (Figure 2J). Six months (Figure 3A) and 1 year later (Figure 3B), the patient recovered well after ablation, with no restriction of tongue movement and chewing.




Figure 2 | (A–D) The changes in the ablation area after the operation at 4, 7, and 21 days and 2 months; (E–G) 2 months after the operation, ultrasound examination showed that the ablation area showed patchy low echo, clear boundary, irregular shape, and punctate blood flow signal. Contrast-enhanced ultrasound showed that the ablation area showed slow and low enhancement in the arterial phase and equal enhancement in the venous phase; (H, I) Puncture biopsy of different parts of hypoechoic area under the guidance of intracavitary ultrasound; (J) Pathological biopsy showed that no cancer cells were found in the ablation area. The arrow: Puncture biopsy needle; * and #The exact location of the lesions; ##The area of ablation.






Figure 3 | (A, B) The changes in the ablation area after the operation at 6 months (A) and 1 year (B). #The exact location of the lesions.






Discussion

Tongue cancer as a common oral malignant tumor, due to the lack of specific clinical symptoms in the early stage, is difficult to distinguish from oral benign diseases. Most of them are diagnosed in the advanced or late stage. It is also noted that the 5-year survival rate of these patients is always less than 60%. Therefore, it is urge to find a new treatment strategy to increase the efficiency in early diagnosis and improve survival time.

CT and MRI are common examination methods for oral diseases, especially tumors, but some early-stage cases and some oral metal foreign bodies cannot be diagnosed qualitatively (7). As a routine imaging examination, ultrasound imaging plays an important role in the staging and restaging of head and neck tumors (8, 9). However, ultrasound images are not much efficient to diagnose the deep position of the oropharynx and floor of the mouth by body surface scanning. In our previous research, the intraluminal probe (frequency 10 MHz) was used to display the tumor location, and puncture biopsy was carried out under the guidance of ultrasound, which improved the positive rate of tumor diagnosis (10). Hence, in this case, we had used intracavitary ultrasound probe, which can clearly show the tumor location and boundary, providing images for tumor ablation.

Surgery is considered the main treatment in tongue cancer patients, while patients with advanced stage undergo postoperative radiotherapy and chemotherapy (11, 12). Radical resection of tongue cancer causes great trauma to the patients and changes the normal anatomical structure and reduces the quality of life of the patients. Moreover, postoperative radiotherapy will further aggravate the patients’ speaking and chewing. As a minimally invasive treatment, MWA has the same survival time compared with surgery in hepatocellular carcinoma, especially with diameters less than 3 cm. MWA was also performed in thyroid papillary carcinoma, and the result showed a better therapeutic and cosmetic effect (13–15). In this patient, because of her thyroid occupation, general anesthesia could not be performed. In lingual soft tissue anesthesia, the most commonly used technique is inferior alveolar nerve block, which can induce potential complications such as nerve injury, occlusion, facial nerve paralysis. Some researchers have proven that lingual nerve block is better than inferior alveolar block in oral disease, which can reduce the incidence of abnormal sensation of the lingual nerve and difficulty in mouth opening (16). Therefore, in this case, we used lingual nerve block to anesthetize. After anesthesia, the ablation process was performed successfully and no obvious pain in the process of ablation.

Radical resection of the tongue cancer is the main treatment of tongue cancer, but after the operation, it will seriously affect the patients’ functions of speaking and chewing and significantly decrease the quality of life of the patients. At the same time, postoperative radiotherapy will further aggravate the patients’ speaking and swallowing function (17–19). As a minimally invasive treatment, MWA not only kills the tumor but also retains the integrity of organs and improve the cosmetic effect. In this case, moderate pain occurred within 8 h after the operation and relieved after ice compress. During the postoperative follow-up, we found that scab was formed gradually in the ablation area. One month later, a scar was formed in the ablation area, and there were no symptoms of dysphagia and unclear articulation. In early-stage liver cancer, MWA is carried out for those patients who cannot tolerate surgery. Studies have also shown that there is no difference in overall survival time in patients who have undergone MWA or radical surgery (20). However, patients undergoing ablation have a higher local recurrence rate (21), which may be related to the enhancement of invasiveness of residual tumor cells caused by incomplete ablation (22). Two months later, complete ablation was confirmed by puncture biopsy, and the curative effect was evaluated as complete remission (CR). Hence, this case implied that MWA may be safe and effective in the treatment of ESTC.

To our knowledge, this is the first case to explore the use of MWA in the treatment of ESTC. There are a few shortcomings: first, it is a case report; second, the patient’s follow-up time was short. In order to use MWA in the treatment of tongue cancer, multicenter large-sample studies are needed in order prove its efficacy and safety.



Conclusion

Ultrasound-guided MWA may be used for ESTC, which can completely ablate the tumor and retain the function of the tongue, further improving the quality of life of the patient. However, it is only a case report and needs more research to verify the use of MWA in ESTC.
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The worldwide incidence of head and neck cancer (HNC) exceeds half a million cases annually, and up to half of the patients with HNC present with advanced disease. Surgical resection remains the mainstay of treatment for many HNCs, although radiation therapy, chemotherapy, targeted therapy, and immunotherapy might contribute to individual patient’s treatment plan. Irrespective of which modality is chosen, disease prognosis remains suboptimal, especially for higher staging tumors. Cold atmospheric plasma (CAP) has recently demonstrated a substantial anti-tumor effect. After a thorough literature search, we provide a comprehensive review depicting the oncological potential of CAP in HNC treatment. We discovered that CAP applies to almost all categories of HNC, including upper aerodigestive tract cancers, head and neck glandular cancers and skin cancers. In addition, CAP is truly versatile, as it can be applied not only directly for superficial or luminal tumors but also indirectly for deep solid organ tumors. Most importantly, CAP can work collaboratively with existing clinical oncotherapies with synergistic effect. After our attempts to elaborate the conceivable molecular mechanism of CAP’s anti-neoplastic effect for HNC, we provide a brief synopsis of recent clinical and preclinical trials emphasizing CAP’s applicability in head and neck oncology. In conclusion, we have enunciated our vision of plasma oncology using CAP for near future HNC treatment.
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1 Introduction


1.1 Head and neck cancer and its treatment

Head and neck cancer (HNC) was the seventh most common cancer worldwide and comprise of tumors affecting the upper aerodigestive tract (1, 2). HNC encompasses three categories: the upper aerodigestive tract cancers (oral cavity, nasal cavity, paranasal sinuses, pharynx, and larynx), head and neck glandular cancers (thyroid gland and salivary gland), and head and neck skin cancers. Many head and neck cancers arise from mucosal epithelial cells in the oral cavity, pharynx, and larynx, and the most common histological type is squamous cell carcinoma (SCC) (3). The mainstay treatment paradigm for HNC includes surgery, radiotherapy, and chemotherapy including platinums, taxanes, antimetabolic agents, and DNA damaging agents (4–6) (Table 1). In addition, the immune checkpoint inhibitors, pembrolizumab and nivolumab, have been approved by the FDA for the treatment of cisplatin-refractory recurrent or metastatic head and neck squamous cell carcinoma (HNSCC) (15, 16). Despite receiving these therapies, more than 65% of patients with advanced HNSCC have recurrence or metastasis, and only half of the patients remain alive after five years (17). In addition, advanced HNC is often accompanied by complications and treatment side effects, such as severe infection and persistent tumor ulcers, which further reduce the patients’ quality of life. Therefore, there is a great need to explore more treatment modalities for controlling HNC.


Table 1 | Commonly used chemotherapeutic drugs for head and neck cancer.





1.2 Cold atmospheric plasma

Plasma, the fourth state of matter, has been widely used in industry in the past few decades. Cold atmospheric plasma (CAP) is a partially ionized gas that is generated under atmospheric pressure at room temperature (18). It has been adopted in the medical field because of its host-friendly low temperature. The cold atmospheric plasma can be generated by various technologies. Piezoelectric direct discharge (PDD) is a new technology which is based on the resonant piezoelectric transformer (RPT) principle (19). Compared to the traditional corona discharge (CD) and dielectric barrier discharge (DBD) technology, PDD is more versatile using different excitation structures. The Piezobrush® compact handheld plasma devices, PZ2 and PZ3, are based on PDD technology. In order to improve the potential of CAP, argon (Ar), helium (He), oxygen (O2), nitrogen (N2), air, and two or more of them can be utilized to generate CAP.



1.3 CAP’s anti-neoplastic effect

The potential contributors by which CAP inhibits cancer development include long-lived and short-lived reactive species, charged particles, pressure gradients, and changes in electromagnetic fields. CAP produces a large number of reactive oxygen species (ROS) and reactive nitrogen species (RNS), which impact tumor cells by increasing their oxidative stress. The RONS could be classified into interconverting long-lived and short-lived reactive species. The short-lived particles include singlet oxygen (1O2), hydroxyl radicals (•OH), superoxide anions (O2-), and peroxynitrite (ONOO-). The 1O2 is a highly active molecule that is involved in the apoptosis process and produces cytotoxic chemicals. The O2- is also highly reactive and can increase the oxidative stress that the tumor cells are exposed to. The hydroxyl radicals were extremely reactive oxidizing species, which contribute to the oxidation of lipid, nuclide and protein, resulting in cell death. On the other hand, the long-lived particles compromise hydrogen peroxide (H2O2), nitrite (HNO2/NO2-), and nitrate (HNO3/NO3-). The effect of the long-lived RONS generated by CAP has been described in the plasma-activated medium (PAM) treatment (Figure 1). The H2O2 entered tumor cells as a secondary messenger for triggering signaling cascades. The NO2- and NO3- enhance the anti-tumor effect of CAP by generating short-lived ONOO-. In addition, the oxidative stress caused by CAP also modifies the amino acids of proteins, contributing to structure distortion and dysfunction of these proteins (20).




Figure 1 | Examples of the direct and indirect applications of CAP in HNC plasma oncology. The portable Piezobrush CAP system is used for illustration. (A) Direct treatment of human tumor CDX model using CAP (the circle highlights the implanted tumor in an immunodeficient mouse). (B) Indirect treatment of HNC cell culture in various media. (CAP, cold atmospheric plasma; CDX, cell line-derived xenograft; HNC, head and neck cancer).



Physical factors are also essential components of CAP. One recent study suggested that magnetic field can induce the activation of cancer cells, rendering them more susceptible to ROS (21). In addition, other physical species produced by CAP include highly energetic photons in the ultraviolet. They can impact energy transport and break chemical bonds in cancer cells (22). During this process, some proteins and DNA of cells may absorb this energy and turn abnormal. These highly energetic photons can even induce photolysis in liquid, thus producing •OH radicals (23).



1.4 Potential of CAP in HNC treatment

Recently, the potential application of CAP in HNC treatment has increasingly raised attention. Unlike other applications of CAP, such as antimicrobial management and promoting wound healing (24), the applications of CAP in HNC treatment aim at microscopically killing the tumor cells and macroscopically alleviating the tumor-associated symptoms. In order to elucidate the underlying mechanism and demonstrate the therapeutic effect of CAP in HNC treatment, we designed this review with twofold implications, bridging the gap between plasma biotechnology (Table 2) and clinical oncology (Table 3). Horizontally, we discussed HNCs that apply to CAP treatment, based on their anatomical subsites. Vertically, we interpreted the molecular mechanisms of CAP therapy for each subtype of HNCs (Figure 2). Finally, we provided a summary of the latest examples of successful preclinical and clinical trials using adjuvant CAP therapy.


Table 2 | Overview of studies on CAP treatment in head and neck cancer.




Table 3 | Recent preclinical and clinical trials of CAP treatment in head and neck cancer.






Figure 2 | Schematics of CAP treatment of HNSCC cells and the potential underlying molecular mechanism. CAP demonstrates selectivity to cancer cells sparing adjacent healthy cells. In addition, CAP treatment induces a series of DNA damage and mitochondrial dysfunction in cancer cells. Moreover, CAP activates several tumor progression-associated signalling pathways, such as the p53 and MAPK signalling pathways. (CAP, cold atmospheric plasma; DSB, DNA double-stranded breakage; EGFR, epidermal growth factor receptor; ER, endoplasmic reticulum; FAK, focal adhesion kinase; MAPK, mitogen-activated protein kinases; MMP, matrix metalloproteinase; mtROS, mitochondrial reactive oxygen species; NO, nitric oxide; JNK, Jun N-terminal kinase; RONS, reactive oxygen and nitrogen species).






2 Methods


2.1 Literature review process

The PubMed database, Web of Science and Google Scholar were used to search the scientific literature for current researches related to CAP and HNC. The search terms included “head and neck neoplasm OR HNSCC OR HNC” and “cold atmospheric plasma”, “cold plasma”, “non-thermal atmospheric plasma”, “plasma medicine”. The final search included CAP-related articles published between 2011 and 2022. These include in vitro studies, preclinical studies, and clinical studies.




3 CAP’s treatment for head and neck upper aerodigestive tract cancers

The upper aerodigestive tract (ADT) consists of several subsites in the head and neck, serving respiratory and swallowing functions. These include the oral cavity, nasal cavity, paranasal sinuses, pharynx, and larynx. Ninety percent of the head and neck ADT malignant tumors are histologically squamous cell carcinoma (SCC) (54). The incidence of HNSCC is approximately 600,000 cases per year worldwide (55, 56).


3.1 CAP selectively eliminates cancer cells

The oncotherapy using CAP demonstrates selectivity to cancer cells over adjacent healthy cells. Yan et al. conducted a study comparing cancer cells with normal cells and found that CAP showed strong selectivity in most of the chosen cancer cell lines (57). There are multiple reasons for the selectivity of CAP treatment in HNSCC.


3.1.1 Cell cycle factor for CAP’s selectivity

CAP’s selectivity to HNSCC cells may be related to cell cycle manipulation. It is well known that tumor cells proliferate rapidly, meaning a faster progression of the cell cycle with a high proportion of cells in the S phase. This may render cancer cells more vulnerable to plasma treatment (58). Compared to tumor cells, normal cells at the end of differentiation are rarely in the phase of division. Although data suggested that CAP treatment affects all phases of the cell cycle, the response of cells to CAP treatment varies depending on the phase distribution of the cell cycle. Interestingly, tracer assay and γH2A.X expression study have shown that cells in the S phase were more sensitive to CAP treatment.



3.1.2 Cell membrane factor for CAP’s selectivity

There are many differences between tumor cells and normal cells in terms of cell membrane structure. The first difference in the cell membrane is the expression of aquaporin, a protein which is usually more abundant in tumor cells. These proteins function as a selective filter which could facilitate the transportation of small molecules, such as CO2, NO, and reactive oxygen species (ROS). Recent experiments have shown that increased expression of aquaporin could lead to increased concentration of intracellular ROS concentration, which contributes to the high level of oxidative stress (59). In addition, reduced cholesterol content in tumor cells renders the cell membrane incapable of providing a barrier against the entry of reactive species, such as H2O2 (60). Considering the high levels of preexisting ROS in cancer cells, additional ROS introduced by CAP could lead to a tipping of the balance with detrimental results.



3.1.3 Cellular receptor factor for CAP’s selectivity

The epidermal growth factor receptor (EGFR) plays a vital role in the upper ADT mucosal cells and regulates the cell cycle, cell proliferation, and transformation. It is well known that EGFR is overexpressed in HNSCC cells. Lee et al. reported that the selective killing effect of CAP in oral SCC is associated with NO-induced dysfunction of EGFR (26). Moreover, pretreatment using NO scavenger rescued the dysfunction of the EGFR and the following killing effect.

Irrespective of the contributing factors mentioned above, CAP application could still selectively damage HNSCC cell lines with little effect on normal oral cell lines, in a non-apoptosis-inducing way. Guerrero-preston et al. applied CAP treatment on four HNSCC cell lines (JHU-029, JHU-028, JHU-022, SCC25) and two normal oral mucosa epithelial cell lines (OKF6 and NOKsi) (25). Due to the short duration of CAP treatment, significant apoptosis was not observed in either type of cells. They revealed that CAP selectively impaired HNSCC cell viability in a dose-dependent manner by MTT assays, and the viability of normal cells remained virtually unchanged.




3.2 CAP affects major cellular processes during cancer progression

In general, CAP reduces cell viability, inhibits cell migration, and induces apoptosis in tumor cells (61). There are several underlying molecular mechanisms that may lead to the above changes in tumor cell behavior. These include DNA damage, mitochondrial dysfunction, and other processes.


3.2.1 DNA damage caused by CAP treatment

CAP causes a series of DNA damage in HNSCC cells. The main components of CAP are not only RONS but also charged particles, UV radiation, and electromagnetic fields (62). Previous studies have proven that all these components are associated with DNA damage (63–65). Chang et al. uncovered that the CAP treatment induced DNA double-strand breakage (DSB) and triggered sub-G1 arrest in oral SCC (OSCC) cells (30). Although the cell cycle can be arrested to allow for the repair of DNA damage, but if the damage is overwhelming and beyond repair, apoptosis will be induced. Large-scale image analysis has found that S phase-gathering cells were more susceptible to DNA damage than either G1 or G2 phase-gathering cells. Tumor cells happen to be mostly in the S phase due to their dividing nature. These results confirm that CAP induces DNA damage, particularly in cancer cells (32, 66).



3.2.2 Mitochondrial dysfunction caused by CAP treatment

HNSCC cells exhibit reduced mitochondrial function and elevated numbers of disrupted mitochondria after CAP treatment. Specifically, an RNA sequencing analysis revealed that the mitochondrial oxidative phosphorylation-related genes tended to be down-regulated after CAP irradiation (29). Further experiments not only confirmed the accumulation of mitochondrial reactive oxygen species (mtROS) but also revealed that this was associated with ATF4/CHOP regulation using transcriptomic analysis. In addition, an increased level of RONS induced by CAP triggered endoplasmic reticulum stress, leading to a calcium influx into mitochondria. As a result, the excess calcium overwhelms the oxidative phosphorylation of mitochondria, decreases mitochondrial membrane potential, and induces mitochondria-related apoptosis.




3.3 CAP activates various signaling pathways in cancer cells

Several tumor progression-associated signaling pathways are activated during CAP treatment. These include, but are not limited to, p53, mitogen-activated protein kinases (MAPK), and other signaling pathways, depending on the mode of plasma treatment.


3.3.1 The p53 signaling pathway is activated after CAP treatment

Under normal circumstances, p53 remains inactivated with a low expression level. When there is DNA damage, it could rapidly activate p53 through upregulation of the ATM gene (67). The activated p53 triggers its downstream effectors, which regulate cell cycle checkpoint and apoptosis (68). Similarly, the ATM/p53 signaling pathway plays an important role in the CAP-induced apoptosis in OSCC. After CAP treatment, the DNA damage triggered the activation of ATM, which led to the phosphorylation of p53. If the DNA damage is severe and cannot be repaired, the Ser 46 of p53 could be phosphorylated by ATM, and apoptosis ensued (30). In addition, indirect treatment using PAM also exerted similar anti-tumor effects to direct CAP treatment. Agene expression analysis showed that p53 pathway-related genes were also highly activated in OSCC cells treated by PAM (69).



3.3.2 The MAPK signaling pathway is activated after CAP treatment

The MAPK signaling pathway is involved in cancer cell proliferation, inflammation, differentiation, migration and apoptosis (70). The main branching nodes of MAPK signaling pathway comprise of extracellular signal-related kinases (ERK1/2), Jun amino-terminal kinases (JNK), and p38 (71). Previous studies suggested that activation of ERK promotes cell proliferation, whereas that of JNK and p38 facilitates cell apoptosis (72). In FaDu cells (from hypopharyngeal SCC), CAP induced increased level of mtROS and apoptosis via the MAPK signaling pathway (28). In this study, increased levels of p-p38 and p-JNK were detected after CAP treatment. Blocking the activation of JNK and p38 using inhibitors rescued CAP-induced apoptosis and reduced mitochondrial damage.



3.3.3 Other signaling pathways activated by CAP treatment

During direct CAP treatment of OSCC, tumor cell migration and invasion were inhibited through decreased focal adhesion kinase (FAK) expression and reduced matrix metalloproteinases (MMP2/9) activity (27). In comparison, indirect plasma treatment using PAM induced SCC cell detachment from multi-cellular tumor spheroids (MCTS) in a dose-dependent manner (73). After multiple treatments using PAM, inhibition of cell growth was observed in MCTS, and cell death in 2D cell cultures, respectively. Furthermore, PAM inhibited tumor progression by enhancing the expression of MUL1 and decreasing that of p-AKT in a xenograft tumor model (31).




3.4 CAP provides synergy with other oncotherapies

CAP, when combined with other oncotherapy, has the potential of manifesting synergistic effect. These trialed cancer treatments are mostly chemotherapy, targeted therapy, and immunotherapy.


3.4.1 CAP combined with chemotherapy

Chemotherapy has been used as an anti-HNC treatment for a long time, but its success is not without side effects. Lee et al. reported that the combination of CAP treatment and chemotherapy proved synergistic (34). Their study discovered that this combinatorial treatment could increase the anti-tumor efficacy while reducing the required dosage of chemotherapy medication. This treatment mode greatly reduced the chance of normal cells being mistakenly killed by chemotherapy drugs.



3.4.2 CAP combined with targeted therapy

As mentioned in section 3.1.3, EGFR is overexpressed or constitutively remains activated in HNC. Therefore, blocking EGFR has been regarded as one of the most promising targets for HNC treatment. CAP combined with EGFR antibody-conjugated gold nanoparticles (GNPs) showed high selectivity to tumor cells. It also amplified the anti-neoplastic effect about 18 times compared to plasma treatment in the absence of conjugates (33). Although EGFR has been one of the main molecular targets, only 10–20% of patients with HNSCC are sensitive to anti-EGFR therapy (74). Therefore, a strategy to overcome the resistance to EGFR treatment is clinically required. Cetuximab, a commonly used targeting agent, exerts its anti-tumor effect by competitively binding to EGFR. It is known that cetuximab with chemotherapy as a first-line treatment prolongs survival in HNCs. Interestingly, the combination of CAP and cetuximab showed inhibited invasion and migration in cetuximab-resistant OSCC cells (14). Further experiments revealed that this combination attenuated tumor invasion and migration via the NF-κB signaling pathway.



3.4.3 CAP combined with immunotherapy

Programmed cell death protein 1 (PD-1) is an immune-inhibitory receptor expressed by T cells, and is involved in various physiological responses, such as infection, cancer and immune homeostasis. PD-L1, the ligand for PD1, is highly expressed in many cancers, including HNCs. Thus, blocking the PD-1/PD-L1 interaction by antibodies could inhibit tumor progression (75). In Park’s latest innovative study, the combination of CAP and immunotherapy showed a synergistic effect (13). They collectively applied CAP and GNP- conjugated PD-L1 antibodies in OSCC cells. This combinatorial treatment significantly increased the number of apoptotic cells when compared to the monotherapy groups.





4 CAP’s treatment for head and neck glandular cancers


4.1 Thyroid gland cancers

Located near the base of the neck, the thyroid is a large endocrine gland that produces and releases thyroid hormone. Thyroid cancer is the fifth most common cancer in women in the USA (76). Histologically, there are five types of thyroid cancer: papillary, follicular, medullary, anaplastic thyroid cancer, and thyroid lymphoma. Some subtype of thyroid cancer, especially anaplastic thyroid cancer, has a very poor prognosis and high mortality rate. Despite conventional treatments, such as surgery and radioactive iodine therapy, there is an urgent need for novel adjunctive therapies in cases of surgically challenging thyroid cancer.


4.1.1 CAP’s selectivity for thyroid cancer cells

Just like CAP’s selectivity for SCC cells during HNC treatment (section 2.1), CAP is also selective for thyroid cancer cells. Kuashik et al. reported that the increased ROS in thyroid cancer cells, which were introduced by CAP, could contribute to cell apoptosis via alterations in GSH/GSSG ratio, NADP+/NADPH ratio, and total antioxidant activity (35). In addition, plasma decreased the metabolic viability and colony formation of thyroid cancer cells. These findings suggest a promising elimination of thyroid cancer cells by CAP irradiation while sparing normal healthy cells.



4.1.2 Potential molecular mechanism of CAP’s selectivity

Further studies elucidated the molecular mechanism underlying CAP’s therapeutic effect on thyroid cancer. Jung et al. advised that CAP treatment in the form of PAM upregulated the gene expression of early growth response 1 (EGR1), which in turn increased the level of DNA damage-inducible 45α (GADD45A) through direct binding to its promoter (37). In their xenograft mouse tumor model, PAM inhibited thyroid cancer progression also by elevating EGR1 levels. In a different study, CAP inhibited the invasion and metastasis of thyroid papillary cancer cells by decreasing the expression of MMP2/MMP9 and uPA (36). This inhibitory effect was also accomplished by rearranging the cytoskeleton, which was regulated by the FAK/Src complex (36). These findings revealed that CAP could be a novel approach for locally invasive and metastatic thyroid cancers.




4.2 Salivary gland cancers

Major salivary glands, such as the parotid gland and submandibular gland, are both located in the head and neck region. Salivary gland cancer constitutes only 3% of all HNCs, and most salivary gland tumors arise in the parotid gland (77). Recent studies have shown that parotid gland carcinoma cells were also sensitive to CAP treatment. Consistent with the findings in HNSCC cells, treatment using CAP resulted in increased apoptosis of HN9, which is a cell line established from an undifferentiated cancer of the parotid gland (28). However, no studies have been conducted to investigate the specific mechanism of the above results. It is interesting to see whether CAP’s anti-neoplastic effect on parotid tumor cells shares a similar mechanism as previously mentioned in CAP’s treatment in head and neck upper ADT SCC (section 2).




5 CAP’s treatment for head and neck skin cancers

Common head and neck skin cancers include basal cell carcinoma (BCC), SCC, and malignant melanoma, in decreasing order of disease prevalence (78). One way to explore CAP’s treatment for head and neck skin SCC might be to draw on the experience of successful application of CAP on upper ADT SCC (section 2), as they share histological commonalities. Between melanoma and BCC, the former attracts more attention than the latter.


5.1 Malignant melanoma

Melanoma is a malignant tumor that originates from skin melanocytes. Melanoma accounts for only 3% of the entire skin cancer but is responsible for 65% of the skin cancer-related deaths (79). This is mainly because melanoma is more likely to metastasize early with a higher tumor staging, compared to other types of skin cancers. In the advanced stage of melanomas, surgery and chemotherapy provide limited efficacy, leading to a poor five-year survival rate (80). In addition, resistance to chemotherapy is also a challenging problem in the clinical management of melanoma (81). Fortunately, CAP has proven a versatile tool in effectively treating melanoma.


5.1.1 CAP selectively kills melanoma cells

Previous studies have shown that different types of tumor cells have different sensitivity to RONS, leading to treatment sensitivity. Unlike pancreatic cancer cells, melanoma cell lines, such as SK-MEL-28, A375, MaMel86a, and 501-MEL, are sensitive to CAP treatment (82). Interestingly, the cystine-glutamate antiporter xCT (SLC7A11) gene is upregulated in melanoma cell lines which are resistant to CAP treatment. Therefore, we can use SLC7A11 as a screening marker before CAP treatment, aiming to evaluate whether the patient is suitable for CAP treatment.



5.1.2 Managing melanoma using direct CAP treatment

CAP’s versatility in melanoma treatment is manifested in three aspects: direct exposure, indirect treatment, and collaboration with other oncotherapies. The molecular mechanism of each mode will be discussed below. When CAP is applied directly, low doses of plasma could induce senescence in melanoma cells, whereas high doses lead to DNA damage in tumor cells, thus promoting the induction of the sub-G1 phase and increasing apoptosis (83). In another study, it found that cell surface receptor Fas, which is related to the extrinsic apoptosis pathway, participated in the CAP-induced apoptosis in melanoma cell lines (44). This process was triggered by Sestrin2 which was manipulated by CAP. The overexpression of Sestrin2 activated the MAPK signaling pathway, and subsequently increased the level of Fas and Fas ligand. In addition to cancer cell apoptosis, cell migration and adhesion in the melanoma cell lines can also be suppressed by CAP (45). Inhibition of tumor metastasis continues to be one of the main therapeutic objectives in oncology. In this study, CAP reduced tumor cell motility and colony formation without significantly affecting cell metabolism and cell cycle progression.

Further to the above in vitro results, CAP’s anti-neoplastic effect was validated in vivo. After melanoma was induced in nude mice, the tumor volume was significantly decreased in CAP-treated groups in a dose-dependent manner (84). Most previous cancer studies have focused on the role of ROS as the main physicochemical component of CAP. However, it is well known that CAP contains far more biologically active ingredients than ROS. A genome-wide analysis found that non-ROS constituents were also responsible for the inhibition of tumor cell growth by regulating PTGER3 and HSPA6 (85). Therefore, we suspect that the anti-melanoma effect of CAP is the collective result of various components of plasma.



5.1.3 Managing melanoma using indirect CAP treatment

In addition to direct CAP irradiation, indirect CAP treatment in the form of PAM also demonstrates comparable anti-tumor efficacy in melanoma cells. RONS are described as the primary components accounting for the anti-tumor effect of CAP, and rich and long-lived RONS have been found in PAM (86). On one hand, the modification of amino acids by RONS in PAM may lead to protein inactivation or activation, hence triggering anti-tumor signaling pathways (46). On the other hand, CAP could cause acidification of water and media. Meanwhile, the Ca2+ influx induced by CAP in melanoma cells was more prominent in acidic conditions than in physiological conditions. Moreover, CAP induced NO production which caused protein nitrification in melanoma cells under CAP-induced acidic condition (43). In summary, although direct CAP treatment is more efficient, especially for superficial cancer, PAM still has unique advantages. For example, PAM can eliminate deep space tumors and locoregional metastasis by injection, which are not normally accessible by direct CAP irradiation.



5.1.4 CAP combined with other oncotherapy for melanoma

Combining CAP with existing anti-cancer therapies is also a potential treatment option for melanoma. In Alimohammadi’s study, it was found that CAP induced higher lipid peroxidation and NO production in B16 melanoma cells than in normal cells. In addition, CAP combined with chemotherapy (dacarbazine) lead to improved tumor control in mice with melanoma (42). In a parallel study, Daeschlein et al. found that CAP treatment alone showed a significantly delayed tumor growth, although less effective than electrochemotherapy (ECT). But when CAP was combined with ECT, they improved the survival of mice while reducing the dosage of ECT (87). Therefore, this type of joint therapy offers an alternative for patients who cannot tolerate ECT alone.

As previously mentioned, synergy existed between CAP and nanomedicine in HNSCC treatment (section 2). This synergy also applies to melanoma treatment. In Adhikari’s study, CAP combined with silymarin nanoemulsion (SN) destroyed mitochondrial membrane integrity and reduced ATP production in melanoma cells (41). Moreover, the downregulation of the PI3K/AKT/mTOR survival pathway and RAS/MEK transcriptional pathway were also observed in the co-treatment group. These data confirmed that CAP and SN together could activate autophagy in melanoma cells. Further study by the same group discovered that CAP and SN synergistically inhibit human melanoma tumorigenesis by blocking the HGF/c-MET downstream pathway (40).




5.2 Basal cell carcinoma

BCC is a slow-growing, locally aggressive malignant epidermal skin tumor with a high incidence in Caucasians (88). Ultraviolet radiation exposure is generally considered to be the main cause of BCC. BCC occurs mainly in the body areas which are exposed to sunlight, most commonly in the head and neck (80% of all cases) (89). Unlike the large number of studies devoted to CAP treatment for melanoma, the number of experiments on BCC treatment using CAP is very limited. In one study by Yang et al., PAM was produced by CAP irradiation of Dulbecco’s modified eagle medium (DMEM) and phosphate-buffered saline (PBS) and used on BCC cells (47). The TE354T BCC cells were cultured with PAM and showed decreased viability and increased apoptosis. Further investigations identified changes in the MAPK and TNF signaling pathways which contributed to PAM-induced apoptosis in BCC cells.




6 Recent preclinical and clinical trials in CAP oncology

A series of clinical trials have revealed that CAP has tremendous therapeutic potential for HNCs. This is partially because of CAP’s distinct technical advantages. Some of the most common cancers, such as those arising from solid organs (lung and liver) and gastrointestinal tracts (colorectum and stomach), are anatomically deep. This poses real challenges for direct CAP treatment. In comparison, most cancers in the head and neck should be accessible by CAP, as they are either superficial (skin cancers), subcutaneous (thyroid and parotid glands), or reachable through upper ADT (oral cavity, pharynx, and larynx). Nowadays, surgery is still the mainstay treatment modality for many HNCs. Fortunately, CAP serves as a versatile tool throughout the entire peri-operative period. However, due to the diversity in tumor type, location, and stage, the optimal timing of CAP’s participation varies.


6.1 CAP is applied as a preoperative sensitizer

CAP can be used in HNC treatment before surgical resection. Preoperative CAP treatment can induce apoptosis of tumor cells, reduce tumor volume, and decrease the difficulty of surgery. Schuster et al. devised an ingenious experiment in which nine patients with advanced HNC were treated with CAP first, followed by radical surgical resection two weeks later (49). The pathological analysis showed that apoptotic cells appeared more frequently in CAP-treated tissue than in untreated areas. This is coupled with clinically visible tumor surface response. Another clinical study exposed human cutaneous melanoma tissue to CAP (53). The authors identified an increased level of apoptosis and alleviated inflammatory response after CAP treatment.



6.2 CAP is applied as an intraoperative assistant

CAP can potentially be used during surgical operations for HNCs as a future-proof standard. Surgeons could use plasma jet intuitively like a hand-held instrument, either in a stand-alone fashion or attached to any common surgical equipment, e.g., scalpel or monopolar diathermy. For surgically challenging tumors, such as cancer near vital structures, e.g., carotid artery, vagus nerve, skull bases and meninges, CAP can be applied intraoperatively owing to its non-thermal nature. This not only avoids damaging the above tissues but also induces cancer cell apoptosis. Hasse et al. treated tissue samples surgically obtained from patients with stage T4 HNC (52). CAP treatment of tumor tissue induced more apoptotic cells than in healthy tissues that were accompanied by elevated extracellular cytochrome C levels.



6.3 CAP is applied as a postoperative adjunct

CAP can be used after surgical resection of HNC. Cancer-related symptoms or treatment-associated complications can still be debilitating even after extensive management, especially in palliative HNC patients. CAP is bactericidal and can reduce microbial contamination in heavily infected tumor ulcers, which is often seen in patients with advanced HNC (49). In addition, CAP can promote microcirculation and further facilitate the healing of chronic cancer ulcers (50). Metelmann et al. noticed that most patients afflicted with advanced HNSCC reported a decreased need for analgesics, reduction of typical fetid odor, and wound healing of infected ulcerations after CAP treatment (48). Their subsequent cohort reported that CAP-treated patients with locally advanced (T4) HNC received not only the aforementioned benefits but also improved social function and positive emotional affect (51).




7 Limitations of CAP treatment

Although CAP has proven to be a promising head and neck treatment as discussed above, there are also limitations to its application due to its safety profile. Due to the complexity of CAP components, overtreatment with plasma is likely to cause undesired side effects.

For example, the formation of free radicals by plasma raises a concern regarding its potential side effects on HNC patients. In a retrospective analysis of 20 patients suffering from locally advanced HNC who received palliative CAP treatment, there were no severe side effects observed, certainly no life-threatening ones (90). The reported issues were mostly mild reactions, uneasiness, and discomfort, which were tolerated by most patients. These include bad taste, exhaustion, collateral edema, and minimal hemorrhage (51).

Technological limitation also hindered the application of CAP equipment in the clinical treatment of otolaryngology head and neck surgery. Although many portable CAP generators have been developed, they are still unable to be carried into the existing surgical instrument. Due to the special anatomical structure of the head and neck, CAP will have greater potential for clinical application if it can be combined with existing therapeutic instruments such as nasal endoscopy.



8 Conclusion

Plasma oncology using CAP has been gaining increasing attention in HNC treatment, owing to CAP’s several advantages. Firstly, CAP is a comprehensive therapy covering the entire disease spectrum of HNC, including upper ADT cancers, glandular cancers, and head and neck skin cancers. Secondly, CAP demonstrates excellent technical versatility, as it can be used either directly as superficial irradiation or indirectly in the form of PAM, each with distinct advantages. Thirdly, CAP serves as a multimodal treatment for HNCs, as it can not only work independently but also collaborate with other existing oncotherapies, such as chemotherapy, targeted therapy, and immunotherapy. Microscopically, CAP affects various cellular events, such as cell apoptosis and cell invasion, through several potential molecular mechanisms, such as the p53 and MAPK signaling pathways. Macroscopically, CAP has manifested great potential in recent clinical trials, which is best exemplified by its participation during the entire perioperative period and management of post-treatment cancer-related complications. Fortunately, CAP oncotherapy did not excel at the price of causing severe side effects to the HNC patients. It is still considered a safe and patient-friendly treatment modality. Overall, CAP oncotherapy has significantly strengthened the arsenal for fighting HNCs.
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This study aimed to compare the diagnostic performances of six commonly used ultrasound-based risk stratification systems for distinguishing follicular thyroid adenoma (FTA) from follicular thyroid carcinoma (FTC), including the American Thyroid Association Sonographic Pattern System (ATASPS), ultrasound classification systems proposed by American Association of Clinical Endocrinologists, American College of Endocrinology, and Associazione Medici Endocrinology (AACE/ACE/AME), Korean thyroid imaging reporting and data system (K-TIRADS), European Thyroid Association for the imaging reporting and data system (EU-TIRADS), American College of Radiology for the imaging reporting and data system (ACR-TIRADS), and 2020 Chinese Guidelines for Ultrasound Malignancy Risk Stratification of Thyroid Nodules (C-TIRADS). A total of 225 FTA or FTC patients were retrospectively analyzed, involving 251 thyroid nodules diagnosed by postoperative pathological examinations in three centers from January 2013 to October 2021. The diagnostic performances of six ultrasound-based risk stratification systems for distinguishing FTA from FTC were assessed by plotting the receiver operating characteristic (ROC) curves and compared at different cut-off values. A total of 205 (81.67%) cases of FTA and 46 (18.33%) cases of FTC were involved in the present study. Compared with those of FTA, FTC presented more typical ultrasound features of solid component, hypoechoic, irregular margin and sonographic halo (all P<0.001). There were no significant differences in ultrasound features of calcification, shape and comet-tail artifacts between cases of FTA and FTC. There was a significant difference in the category of thyroid nodules assessed by the six ultrasound-based risk stratification systems (P<0.001). The areas under the curve (AUCs) of ATASPS, AACE/ACE/AME, K-TIRADS, EU-TIRADS, ACR-TIRADS and C-TIRADS in distinguishing FTA from FTC were 0.645, 0.729, 0.766, 0.635, 0.783 and 0.798, respectively. Our study demonstrated that all the six ultrasound-based risk stratification systems present potential in the differential diagnosis of FTA and FTC. Specifically, C-TIRADS exerts the best diagnostic performance among the Chinese patients. ATASPS possesses a high sensitivity, while K-TIRADS possesses a high specificity in distinguishing FTA from FTC.




Keywords: Thyroid nodule, Follicular neoplasm, Thyroid Imaging Reporting and Data System, Follicular adenoma, Thyroid follicular carcinoma



Introduction

Follicular neoplasm (FN), a type of thyroid carcinoma of follicular epithelial origin that lacks the features of papillary thyroid carcinoma (PTC), has a pathology involving follicular thyroid adenoma (FTA), follicular thyroid carcinoma (FTC), follicular variant papillary thyroid carcinoma (FVPTC) and other follicular lesions (1). In addition to PTC, FTC is the most-common differentiated thyroid cancer, accounting for 10-15% of thyroid carcinomas (2). Pathological confirmation of tumor capsule invasion and/or vascular invasion in surgically resected specimen is the only diagnostic criterion for FTC. However, the fine needle aspiration cytology (FNAC) and core needle biopsy (CNB) cannot provide a panoramic view of the entire fibrous capsule and vascular invasion, thus restricting their application in the diagnosis of FN (3, 4). Preoperative differential diagnosis of benign and malignant FN remains challenging in clinical practice.

Thyroid ultrasound is a preferred tool for thyroid nodule examination. A growing number of thyroid nodules have been detected by ultrasonography. To standardize the evaluation of malignant thyroid nodules, various clinical societies have developed ultrasound-based systems to stratify malignant risks (5). Based on the Thyroid Imaging Reporting and Data System (TIRADS) proposed by Horvath et al. (6), several “pattern-based” systems and “score-based” systems have been established. The former includes the ATASPS (American Thyroid Association Sonographic Pattern System), K-TIRADS (Korean Society of Thyroid Radiology), AACE/ACE/AME (American College of Endocrinology, and Associazione Medici Endocrinologi Medical), K-TIRADS (Korean Society of Thyroid Radiology), and EU-TIRADS (European Thyroid Association). The latter is represented by ACR-TIRADS (American College of Radiology) and C-TIRADS (2020 Chinese Guidelines for Ultrasound Malignancy Risk Stratification of Thyroid Nodules). Meanwhile, contrast-enhanced ultrasound (CEUS) has been introduced to evaluate thyroid parenchyma, but it is debatable whether CEUS can improve the diagnostic accuracy of ultrasound imaging reporting systems at present (7). The accuracy of artificial intelligence tools in characterizing thyroid nodules and cancers remains controversial (8). Therefore, ultrasound risk stratification systems are still the main tool for thyroid nodule examination.

The ultrasound characteristics suspected by the abovementioned systems are related to PTC, including the solid component, hypoechoic appearance, irregular margin, microcalcification, and taller-than-wide (9). Ultrasound findings of hypoechoic appearance, punctate microcalcification, indistinct or irregular margin, taller-than-wide, and increased intranodular blood flow may help establish the diagnosis of FTC (10). However, ultrasound characteristics of FTC and FTA may substantially overlap, typically manifested as a solitary, smooth margin, homogeneously isechoic or hypoechoic nodule with a peripheral halo, parallel orientation to the skin surface, and no lymph node enlargement (1). In addition, there is a significant difference in the incidence between PTC and FTC. The Surveillance, Epidemiology, and Results Program (SEER) data from 1974 to 2013 revealed that the incidence of PTC and FTC increased by an average of 4.4% and 0.6% per year, respectively (11). Trimboli et al. (12) showed that the vast majority (88.9%-99.6%) of malignant tumor specimens reported by the ultrasound-based risk stratification system were diagnosed as PTC. Therefore, whether the existing ultrasound-based risk stratification systems are suitable for the diagnosis of FN remains controversial, and current clinical data on their diagnostic potential are inconsistent (13–15).

The present multi-center retrospective study aimed to compare the diagnostic performances of ATASPS, AACE/ACE/AME, K-TIRADS, EU-TIRADS, ACR-TIRADS and C-TIRADS in distinguishing FTA from FTC, thus providing references for preoperative diagnosis of FN.



Materials and methods


Subjects

A total of 225 FTA or FTC patients postoperatively diagnosed in the Affiliated Hospital of Integrated Traditional Chinese and Western Medicine of Nanjing University of Chinese Medicine (Nanjing, China), the First Affiliated Hospital of Xiamen University (Xiamen, China), and Suqian People’s Hospital (Suqian, China) from January 2013 to October 2021 were retrospectively analyzed, based on their clinical data, thyroid ultrasound reports and postoperative pathological data (Figure 1).




Figure 1 | Flowchart summarizing the patient inclusion process.



Exclusion criteria: (i) Clinical data were incomplete; ultrasound elasticity imaging data or postoperative pathological data were unable to be assessed by ATASPS, AACE/ACE/AME, K-TIRADS, EU-TIRADS, ACR-TIRADS and C-TIRADS; (ii) Pathological results were inconsistent with clinical data or ultrasound results.



Ultrasound examination

Ultrasonography examinations were performed by three sonographers in three centers equipped with using the Hi Vision Preirus ultrasound machine. All sonographers had more than 5 years of experience in superficial organ ultrasound diagnosis, and were specialized in differential diagnosis of thyroid diseases. Thyroid nodules were assessed based on the following ultrasound features: maximum diameter (cm); component (solid, mixed solid and cystic, or cystic); echogenicity (hyperechoic, isoechoic, hypoechoic, or markedly hypoechoic); margin (smooth, or irregular); calcification (absent, microcalcification, macrocalcification, or peripheral calcification); shape (wider-than-tall or taller-than-wide); presence of halo and comet-tail artifacts; suspected invasion of neck lymph nodes and extrathyroid invasion.

All thyroid nodules were retrospectively assessed by the ATASPS, AACE/ACE/AME, K-TIRADS, EU-TIRADS, ACR-TIRADS and C-TIRADS (5, 16–20). Based on the conventional assessment, the former four classified thyroid nodules into the following categories: benign, very low suspicion or low suspicion, intermediate suspicion and high suspicion (5, 16, 18, 20). ACR-TIRADS and C-TIRADS assessed thyroid nodules by grading the typical ultrasound characteristics and calculating the total scores (17, 19). Notably, a total of 13 cases of FTA and 9 cases of FTC, which were assessed by ATASPS, did not belong to any category.



Statistical analysis

Continuous measurement data that were normally distributed (e.g., age, diameter of thyroid nodules) were expressed as   s, and compared by the paired t-test. Enumeration data (e.g., sex, ultrasound characteristics, thyroid nodule category) were expressed as percentage, and compared by the Chi-square test. ROC curves were plotted with the sensitivity and specificity as the ordinate and abscissa, respectively, in which the postoperative pathology served as the gold standard. The AUC was calculated based on the binomial distribution of the category of thyroid nodules assessed by the six systems. Moreover, the Youden index, cut-off value, sensitivity, specificity, positive predictive value (PPV) and negative predictive value (NPV) were calculated. P<0.05 was considered as statistically significant.




Results


Baseline characteristics

A total of 225 patients (251 thyroid nodules) were included in the present study, including 179 FTA patients (205 nodules) and 46 FTC patients (46 nodules). There were 42 male and 137 female FTA patients, and 12 male and 34 female FTC patients. No significant differences in the age and the maximum diameter of thyroid nodules were detected between FTA and FTC patients (Table 1). The ratio of FTA or FTC in females was significantly higher than that in males.


Table 1 | Baseline characteristics of FTA and FTC patients.





Ultrasound characteristics and malignancy rates of thyroid nodules

Most of included thyroid nodules presented typical ultrasound characteristics of solid components (44.22%), hyperechoic/isoechoic appearance (80.88%), regular margin (83.67%), non-calcification (88.44%) and wider-than-tall (98.41%) (Table 2). The incidences of solid (34.14% vs. 89.13%, P<0.001), hypoechoic (16.10% vs. 30.44%, P=0.007), irregular margin (4.88% vs. 28.26%, P<0.001) and presence of halo (15.61% vs. 36.96%, P<0.001) in cases of FTA were significantly lower than those in cases of FTC (Figure 2). No significant differences in the incidences of calcification (P=0.936), shape of thyroid nodules (P=0.099) and the presence of comet-tail artifacts (P=0.915) were found between FTA and FTC.


Table 2 | Ultrasound characteristics of FTA and FTC, and the malignancy rate.






Figure 2 | Preoperative ultrasound images for follicular thyroid adenoma and follicular thyroid carcinoma. (A) Preoperative ultrasound image of nodule with regular margin diagnosed as follicular thyroid adenoma; (B) Mixed nodule that postoperative pathological diagnosis was follicular thyroid adenoma; (C) Preoperative ultrasound image of isoechoic nodule diagnosed as follicular thyroid adenoma; (D) Preoperative ultrasound image of nodule with irregular margin diagnosed as follicular thyroid carcinoma; (E) Purely solid nodule that postoperative pathological diagnosis was follicular thyroid carcinoma; (F) Preoperative ultrasound image of hypoechoic nodule diagnosed as follicular thyroid carcinoma.



The malignancy rate of all solid thyroid nodules (36.94%) was significantly higher than that of predominately solid (7.01%) or predominately cystic ones (1.75%), and that of markedly hypoechoic (100%) or hypoechoic thyroid nodules (29.78%) was significantly higher than that of hyperechoic/isoechoic nodules (15.27%). Thyroid nodules with irregular margins showed a significantly high malignancy rate than those with regular margins (76.74% vs. 6.25%). The malignancy rate of thyroid nodules with tall-than-wider shape was significantly higher than that of the remaining (50.00% vs. 17.81%). Moreover, a significantly higher malignancy rate was detected in thyroid nodules with halos than in those lacking halos (34.69% vs. 14.36%).



Malignancy rates of thyroid nodules categorized by ultrasound-based risk stratification systems

There was a significant difference in the category of thyroid nodules assessed by the six ultrasound-based risk stratification systems (all P<0.001, Table 3). In detail, 40.49%, 42.44%, 43.90%, 79.20%, 56.59% and 49.27% of FTA were considered as benign, moderately suspicious, K-TR3, EU-TR3, ACR-TR2 and C-TR3 assessed by ATASPS, AACE/ACE/AME, K-TIRADS, EU-TIRADS, ACR-TIRADS and C-TIRADS, respectively. Among them, the highest malignancy rate was detected in thyroid nodules with K-TR5 (66.67%), followed by C-TR4C (55.56%).


Table 3 | Malignancy rate of thyroid nodules assessed by the six ultrasound-based risk stratification systems.





Diagnostic performances of six ultrasound-based risk stratification systems in distinguishing FTA from FTC

The diagnostic performances of six ultrasound-based risk stratification systems for distinguishing FTA from FTC were assessed by plotting the ROC curves. The AUCs of ATASPS, AACE/ACE/AME, K-TIRADS, EU-TIRADS, ACR-TIRADS and C-TIRADS in distinguishing FTA from FTC were 0.645, 0.729, 0.766, 0.635, 0.783 and 0.798, respectively (Figure 3, all P<0.05). Based on the Youden index, the optimal cut-off of ATASPS, AACE/ACE/AME, K-TIRADS, EU-TIRADS, ACR-TIRADS and C-TIRADS in distinguishing FTA from FTC was low suspicion, intermediate-risk, K-TR4, EU-TR5, ACR-TR3 and C-TR4A, respectively. In particular, the largest AUC was detected in C-TIRADS (0.798; 95%CI, 0.743-0.862), with sensitivity, specificity, PPV and NPV of 94.59% (95%CI, 81.85-99.34), 52.62% (95%CI, 45.38-59.81), 27.86% (95%CI, 24.59-31.36) and 98.17% (95%CI, 92.24-99.57), respectively. No significant difference in AUC was detected among the six ultrasound-based risk stratification systems. The highest sensitivity and specificity were achieved by the ATASPS (97.30%; 95%CI, 85.89-99.98) and K-TIRADS (97.92%; 95%CI, 94.81-99.48), respectively (Table 4).




Figure 3 | ROC curves of the six ultrasound-based risk stratification systems for distinguishing FTA from FTC. ROC, receiver operating characteristic; FTA, follicular thyroid adenoma; FTC, follicular thyroid carcinoma; ATASPS, The American Thyroid Association Sonographic Pattern System; AACE/ACE/AME, American Association of Clinical Endocrinologists, American College of Endocrinology, and Associazione Medici Endocrinology; K-TIRADS, Korean thyroid imaging reporting and data system; EU-TIRADS, European Thyroid Association for the imaging reporting and data system; ACR-TIRADS, American College of Radiology for the imaging reporting and data system; C-TIRADS, 2020 Chinese Guidelines for Ultrasound Malignancy Risk Stratification of Thyroid Nodules.




Table 4 | The diagnostic performance of 2015 ATA, AACE/ACE/AME, K-TIRADS, EU-TIRADS, ACR-TIRADS and C-TIRADS.






Discussion

The diagnosis of FTC depends upon pathological confirmation of tumor capsular invasion and/or vascular invasion. Nevertheless, conventional tools for assessing thyroid nodules like ultrasonography, FNAC and CNB are unable to visualize these invasions, thereby discounting their diagnostic potential (21). Therefore, preoperative differential diagnosis of benign and malignant FN remains challenging. It is reported that the incidences of FTC and Hürthle cell carcinoma (HHC) from 1974 to 2013 remained stable (0.5-0.6% and 1.1-1.6%, respectively) in males and females, or even presented a decreasing trend (22). Englum et al. (23) have demonstrated that the male gender, black people, tumor size increase and distant metastasis are predictive factors for the diagnosis of FTC. In addition, as patients’ age increased from 45 years, patients were more likely to be diagnosed with FTC. In the present study, there were no significant differences in the sex, mean age and thyroid nodule size between FTC and FTA patients. Therefore, the potential of age and sex in predicting benign or malignant FN remains to be further analyzed.

High-resolution ultrasonography of thyroid nodules is of great significance in the screening, diagnosis, preoperative evaluation, and postoperative follow-up (24, 25). In the present study, we compared the ultrasound characteristics of FTA and FTC patients, involving 251 thyroid nodules. Only 5 FTC were mixed cystic and solid thyroid nodules, and most of the rest only were solid nodules; 34.13% and 40.49% cases of FTA were solid and cystic, respectively, and the remaining were mixed solid and cystic; 30.73% of FTA cases were postoperatively diagnosed as follicular adenoma with cystic lesions or hemorrhage. Mixed cystic and solid thyroid nodules are mainly caused by the degeneration of benign thyroid nodules, including cystic degeneration, hemorrhage, necrosis, etc. Only a small number of thyroid nodules contain epithelial tissues, and the malignancy rate of mixed cystic and solid thyroid nodules ranges 5.4-11.1% (26, 27). FTC is solid in most cases, closely linked with the angiogenesis during the process of tumor cell formation and growth. It is reported that the vascular endothelial growth factor-2 (VEGFR2) signaling pathway acts to promote the pathological angiogenesis during tumor cell generation and hyperplasia (28). Asghar et al. (29) have revealed that stromal interaction molecule 1 (STIM1) is significantly upregulated in thyroid tumor tissues than in normal thyroid tissues, the expression level of which is higher in FTC than in PTC. Moreover, knockdown of STIM1 results in the downregulation of VEGFR2 in FTC cells in vitro.

Compared with FTA, FTC mainly manifested the following ultrasound characteristics, including solid component, hypoechoic appearance, irregular margin and the presence of halo. Sillery et al. (30) have demonstrated that the sonographic features of FTA are similar to those of FTC, but larger lesion size, lack of a sonographic halo, hypoechoic, and absence of cystic change are conducive to the diagnosis of FTC. The EU-TIRADS proposes that interrupted peripheral macrocalcifications, a thick halo, or lack of a halo would increase the malignancy risk, while a thin halo indicates a benign thyroid nodule (18). Li et al. (31) have suggested that an intermittent or uninterrupted irregular halo, hypoechoic or markedly hypoechoic, and solid component are independent risk factors for FTC. In the present study, there were 30 and 2 cases of FTA with a thin and a thick halo, respectively, while 14 and 3 cases of FTC presented a thin and a thick halo, respectively. No significant difference in the incidence of thin/thick halo was detected between FTA and FTC patients (P=0.326). Collectively, ultrasound characteristics of FTC were mainly characterized as solid component, hypoechoic appearance, and irregular margin. Moreover, the ultrasound characteristics of a sonographic halo should be further analyzed.

Microcalcification used to be considered as a classical sign of malignant thyroid tumors, while coarse calcification or macrocalcification is more commonly detected in benign nodules. Kuo et al. (32) have suggested that calcification on the ultrasound image is an independent factor for predicting FTC. Therefore, it is believed that calcification contributes to distinguishing FTC from FTA. Our study showed that the malignancy rate of thyroid nodules with microcalcification was slightly higher than those with macrocalcification (21.43% vs. 18.01%), while no significant difference in the calcification type was detected between FTA and FTC. A total of 11 cases of cystic or mixed solid and cystic FTA presented microcalcification, and among them, 8 cases represented the comet-tail artifacts. However, comet-tail artifacts were not detected in 3 cases of FTC with solid nodules. Hyperechoic along with comet-tail artifacts in thyroid nodules with cystic components are highly suggestive of benignity (5, 33). In addition to the calcification, echogenic foci also suggest the concentrated colloid, which is the manifestation of benign cystic thyroid nodules. Notably, echogenic foci with comet-tail artifacts are not the absolute predictor of benign thyroid nodules. Wu et al. (34) have argued that echogenic foci with comet-tail artifacts in cystic components are the predictor of benign thyroid nodules, while those in solid components are not an absolute predictor of benign thyroid nodules. Therefore, punctate echogenic foci with comet-tail artifacts contribute to distinguishing benign thyroid nodules from malignant ones. The diagnostic potential of microcalcification in FTC, however, remains unclear.

Based on the Youden index, the optimal cut-off values of ATASPS, AACE/ACE/AME, K-TIRADS, EU-TIRADS, ACR-TIRADS and C-TIRADS in distinguishing FTA from FTC were low suspicion pattern, moderately suspicious, K-TR4, EU-TR5, ACR-TR3 and C-TR4A, respectively. Castellana et al. (14) have categorized 45 cases of FTC using 7 ultrasound-based risk stratification systems. When they were classified in 7 US RSSs, the prevalent classes were intermediate risk by AACE/ACE/AME (53%), TR4 by ACR-TIRADS (60%), U4 by BTA (50%), K-TIRADS 4 by K-TIRADS (53%) and TIRADS 4A by TIRADS (75%). Moreover, AACE/ACE/AME, ACR-TIRADS, ATA, EU-TIRADS and TIRADS missed 1 case of FTC (16%) and K-TIRADS did not miss any case based on the cut-off value of moderate suspicion. Our data showed that the specificity of K-TIRADS in diagnosing FTC was remarkably higher than that of other systems.

Existing data on the evaluation of FN using different ultrasound-based risk stratification systems are inconsistent. Here, the AUCs of diagnosing FTC by the six ultrasound-based risk stratification systems ranged from 0.635 to 0.798 (P<0.05). Lin et al. (15) have reported that the AUC of K-TIRADS, EU-TIRADS, ACR-TIRADS, C-TIRADS, ACEE and ATA in diagnosing FTC based on the cut-off value of moderate or highly suspicion is disappointing (AUC=0.511-0.611, P<0.05). Liu et al. (35) have revealed the acceptable performance of ATA (AUC=0.744, P<0.001) and ACR-TIRADS (AUC=0.744, P<0.001) in distinguishing benign FN from malignant ones. Hamour et al. (36) have shown that the standardized use of TI-RADS and educational initiatives increases the clinical value of TI-RADS. Notably, most cases of FTC can be preoperatively identified by current ultrasound-based risk stratification systems and subjected to FNAC, because the lesion size is considered as the indicator for FNAC (14). Given that some cases of FTC are non-highly suspicious and difficult to be identified by cytological evaluation, follow-up ultrasonography is recommended for thyroid nodules with uncertain cytological findings.

Several limitations in this study should be noted. First of all, it was a retrospective study involving surgically treated patients after thyroid lobectomy or total thyroidectomy, which may result in the selection bias and increased malignancy rate of thyroid nodules. Second, it was a multi-center study that may cause differences related to investigators at different institutions. Prospective studies with a larger sample size are needed to analyze other suspicious factors for diagnosing malignant thyroid nodules in the future.

Taken together, all the six ultrasound-based risk stratification systems display favorable diagnostic potential for FN. Among them, C-TIRAD presents the best diagnostic performance, followed by ACR-TIRADS, K-TIRADS, AACE/ACE/AME and ATASPS. In addition, ATASPS and K-TIRADS pose the highest sensitivity and specificity in distinguishing FTA from FTC, respectively.
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Objectives

This study aimed to differentially diagnose thyroid nodules (TNs) of Thyroid Imaging Reporting and Data System (TI-RADS) 3–5 categories using a deep learning (DL) model based on multimodal ultrasound (US) images and explore its auxiliary role for radiologists with varying degrees of experience.



Methods

Preoperative multimodal US images of 1,138 TNs of TI-RADS 3–5 categories were randomly divided into a training set (n = 728), a validation set (n = 182), and a test set (n = 228) in a 4:1:1.25 ratio. Grayscale US (GSU), color Doppler flow imaging (CDFI), strain elastography (SE), and region of interest mask (Mask) images were acquired in both transverse and longitudinal sections, all of which were confirmed by pathology. In this study, fivefold cross-validation was used to evaluate the performance of the proposed DL model. The diagnostic performance of the mature DL model and radiologists in the test set was compared, and whether DL could assist radiologists in improving diagnostic performance was verified. Specificity, sensitivity, accuracy, positive predictive value, negative predictive value, and area under the receiver operating characteristics curves (AUC) were obtained.



Results

The AUCs of DL in the differentiation of TNs were 0.858 based on (GSU + SE), 0.909 based on (GSU + CDFI), 0.906 based on (GSU + CDFI + SE), and 0.881 based (GSU + Mask), which were superior to that of 0.825-based single GSU (p = 0.014, p< 0.001, p< 0.001, and p = 0.002, respectively). The highest AUC of 0.928 was achieved by DL based on (G + C + E + M)US, the highest specificity of 89.5% was achieved by (G + C + E)US, and the highest accuracy of 86.2% and sensitivity of 86.9% were achieved by DL based on (G + C + M)US. With DL assistance, the AUC of junior radiologists increased from 0.720 to 0.796 (p< 0.001), which was slightly higher than that of senior radiologists without DL assistance (0.796 vs. 0.794, p > 0.05). Senior radiologists with DL assistance exhibited higher accuracy and comparable AUC than that of DL based on GSU (83.4% vs. 78.9%, p = 0.041; 0.822 vs. 0.825, p = 0.512). However, the AUC of DL based on multimodal US images was significantly higher than that based on visual diagnosis by radiologists (p< 0.05).



Conclusion

The DL models based on multimodal US images showed exceptional performance in the differential diagnosis of suspicious TNs, effectively increased the diagnostic efficacy of TN evaluations by junior radiologists, and provided an objective assessment for the clinical and surgical management phases that follow.





Keywords: thyroid nodule, deep learning, multimodal, ultrasound, diagnosis



1 Introduction

Thyroid cancer has become the most common endocrine malignancy, with an increasing incidence of approximately 7%–15% annually (1, 2). Ultrasound (US) is widely used as a first-line screening tool for the clinical examination of thyroid lesions, with the advantages of no exposure to radiation, real-time dynamic imaging, and simplicity of procedure (1, 3). Multiple versions of the Thyroid Imaging Reporting and Data System (TI-RADS) have been proposed for US imaging to standardize and improve the diagnostic consistency and accuracy of thyroid lesions, and each risk stratification system has its advantages (1, 3–6).

Nevertheless, US diagnosis of thyroid nodules (TNs) is subjective to a certain extent. Various diagnostic results of US evaluation of TNs were obtained from different observers, especially less-experienced radiologists, who showed relatively lower accuracy. In previous studies, moderate variability in the interobserver agreement was found among different TI-RADS scores (7). There was fair agreement in margin, echotexture, and echogenicity (k = 0.34, 0.26, and 0.34, respectively) for interobserver variability (8–10). Clinically, there is a wide range of malignant risks (approximately 2%–90%) and some overlapping US features for the TNs of TI-RADS 3–5 categories; therefore, it was difficult for radiologists to accurately differentiate between benign and malignant TNs (11–13), resulting in overdiagnosis or misdiagnosis.

Fine-needle aspiration (FNA) is a relatively effective method for the preoperative diagnosis of TNs (14). The radiologists assess the malignant probability of TNs and then recommend patients for FNA or US follow-up according to TI-RADS. However, FNA is an invasive procedure with some possible complications, such as bleeding, and FNA results are also dependent on the size, composition of TNs, and skills of radiologists. Moreover, approximately 20% of the FNA results were rendered inconclusive, which led to uncertainty in the next course of clinical treatment (15–17). The development of artificial intelligence (AI) technology has shown great potential in reducing the influence of subjectivity and improving the consistency of diagnosis.

In the past two decades, machine-learning methods have been used in TN characterization, which is usually known as “radiomics” (18, 19). Radiomics can automatically extract features in the region of interest (ROI), which tends to be difficult to discern with the naked eye. It should be noted that high-throughput features extracted by radiomics from the ROI are easily affected by the segmentation strategy and imaging parameters. Deep learning (DL) is a machine-learning concept that has shown strong capability in medical image characterization and outperforms traditional machine-learning methods. With the help of artificial neural networks, DL has been widely applied to differentiate breast, thyroid, and liver lesions with good performance (20–22). However, radiologists cannot be completely replaced with AI technology. It is crucial to integrate DL methods into clinical practice; therefore, they can aid radiologists in diagnosis, evaluation, and decision-making (23). In this study, the diagnostic performances of junior and senior radiologists with and without a DL assistant were compared.

Most previous studies using DL for the diagnosis of TNs have concentrated on grayscale US (GSU) imaging. However, beyond conventional GSU, some new US technologies such as color Doppler flow imaging (CDFI), elastography, and contrast-enhanced ultrasonography are commonly used to assist in the diagnosis of GSU for TNs, which have been proven to improve the diagnostic accuracy in the clinical evaluation (13, 24, 25). This indicated that the features of blood flow and hardness also played an important role in thyroid US diagnosis. Therefore, in our study, new DL models based on multimodal US imaging were proposed to explore their application value in improving the diagnostic accuracy of suspicious thyroid lesions and the role of auxiliary diagnosis for radiologists.



2 Materials and methods


2.1 Patients

This retrospective study was approved by the Ethics Committee of The Second Affiliated Hospital of Harbin Medical University, and the requirement for informed consent was waived (approval number KY2021-152). Consecutive patients who had undergone thyroid surgery at The Second Affiliated Hospital of Harbin Medical University between September 9, 2020, and June 6, 2021, were enrolled. The inclusion criteria of the enrolled patients were as follows: lesions with (1) complete or high-quality transverse and longitudinal section images (2), complete surgical records and pathological results (3), no preoperative operation such as FNA and ablation or surgical treatment of TNs, and (4) US examination in our hospital within 1 week before surgery. Finally, 1,138 TNs of TI-RADS 3–5 categories from 781 patients were included in the study. The postoperative pathological results were used as the gold standard. The mean diagnostic age of patients was 47.74 ± 10.60 years (range, 21–79 years). According to the pathological results, there were 550 (48.33%) malignant and 588 (51.67%) benign TNs. The workflow of the selection is shown in Figure 1.




Figure 1 | Flowchart of enrolling patients with thyroid nodules.





2.2 Ultrasound image acquisition and analysis

Preoperative thyroid US examinations were performed by two radiologists with 10 years of experience (Q.D. and H.K.) using a US device (Hitachi HI VISION Avius, Hitachi Medical Corporation, Tokyo, Japan) equipped with a 5- to 13-MHz linear probe. According to the Chinese TI-RADS (C-TIRADS) issued by the Chinese Society of Ultrasound in Medicine in 2020, thyroid scanning and imaging parameter adjustments were guided and completed (6). The GSU, CDFI, and strain elastography (SE) images of the TNs were acquired in transverse and longitudinal sections, which showed obvious characteristics and were saved in BMP format.

The ultrasonographic features were evaluated for all 1,138 TNs in our study. To maintain consistency, the images were independently analyzed by two experienced radiologists (L.Z. and W.Y.) in a double-blind manner, and results were obtained through consultation by consensus when discrepancies arose. GSU features, including the maximum diameter, position, echotexture, echogenicity, composition, orientation, margin, punctate echogenic foci, halo, and posterior features, were evaluated visually according to the C-TIRADS. CDFI could indicate tumor blood flow characteristics using the vascular distribution pattern and Adler grade (0–3) standards (26). Tumor tissue hardness was evaluated on a scale of 1–4 according to the Asteria standard by SE (27).



2.3 Construction of deep learning


2.3.1 Pretreatment of multimodal and double-view ultrasound images

Four modalities of TN images were included in our research: GSU, CDFI, SE, and ROI mask (Mask) images. Each modal image was captured from both horizontal and vertical perspectives. The multimodal and double-view US images of a TN in the right lobe of a 65-year-old female patient with pathologically proven papillary carcinoma are illustrated in Figure 2. The Masks of the TNs were manually segmented using ImageJ (version 1.48, National Institutes of Health, USA) by two radiologists (Q.D. and Y.T.). The total data set was separated into training, validation, and test data sets, with a ratio of 4:1:1.25.




Figure 2 | Multimodal ultrasound images of a thyroid nodule in the right lobe of a 65-year-old female patient with a pathologically proven papillary carcinoma. (A) GSU, (B) CDFI, (C) SE, and (D) Mask ultrasound images in transverse section. (E) GSU, (F) CDFI, (G) SE, and (H) Mask ultrasound images in longitudinal section. GSU, grayscale ultrasound; CDFI, color Doppler flow imaging; SE, strain elastography; Mask, region of interest mask.





2.3.2 Deep residual learning with attention block

Deep networks can extract more abstract information from low-level feature maps, which enables them to perform better than shallow networks. The residue strategy provides a skip connection to solve the degradation problem, making it possible to train a very deep network. To make full use of the multimodal image features, ResNet-50 (28) was used as the backbone for feature extraction in our method. In the ResNet-50, there is one convolutional layer and 16 residual blocks. For the essential composition of ResNet-50, a residual block is defined as follows:



where x and y denote the input and output feature maps of the residual block, respectively. F refers to the residual function, which is learned by stacked convolutional layers with different kernel sizes in the residual block. The right side of the equation is obtained by feedforward neural networks with skip connections, which allow gradients to propagate through the networks.

All available multimodal images were preprocessed to a size of 224 × 224 × 3 pixels, where 224 denotes the width and height and 3 denotes the channels of images. The training and validation data sets were randomly divided into five parts for fivefold cross-validation. Multimodal US images of the same patient were sent to the training, validation, or testing data set as one sample. During the training process, the parameters of the modal were optimized by forward and backward propagation computing until the prediction reached a high accuracy related to the ground truth. The feedforward process can be mathematically expressed as follows:



where l denotes the number of layers. hl represents the output feature map of the l layer with hl−1 as the input. W and b denote the weights and biases of the convolutional filter bank, respectively. R is a rectified linear activation (ReLU) function. In back propagation, the parameters of the network are updated by optimizing the following binary cross-entropy loss.

Because of the low contrast and small area of TNs in thyroid US images, it is necessary to obtain effective feature information. However, the key channels and spatial position of the lesion cannot be identified because the information obtained by the convolution operation with the kernel in ResNet is local and may fail to capture effective features from the global image. To solve this problem, we combined the convolutional bottleneck attention module (29) and ResNet-50 to learn the weights for our feature maps (Figure 3). Two attention units were inserted before the first and after the last residual block to obtain abstract features from both the higher and lower layers, as shown in Figure 3A. There are two types of attention mechanisms in the attention unit: spatial attention and channel attention, as shown in Figure 3B. Channel-wise attention was used to select features that could calculate the strongest channel-wise activation values. Spatial attention performs average pooling and max pooling along the channel axis on the feature map to obtain the activated feature map with a local receptive field in the spatial dimension. To complement channel attention, spatial attention was applied to find the informative region for the input feature map in the spatial dimension.




Figure 3 | The overall network architecture. (A) Architecture of the backbone network ResNet-50 with two attention units. (B) The attention unit.





2.3.3 Implementation

To establish the DL model, we used 588 benign and 550 malignant TNs with multimodal and double-view images as the data set. Furthermore, fivefold cross-validation was applied to the data sets.

To evaluate the performance of the four types of sonography in thyroid cancer diagnosis, we performed experiments with multimodal inputs (i.e., GSU, CDFI, SE, and Mask). The four streams in Figure 4 correspond to the four modalities. All four modalities (Figure 4), as well as one or multiple modalities of the same patient, were taken as the inputs. Popular ResNet-50 was used as the feature extraction backbone (Figure 3A). The features obtained by multiple network streams from the different modalities and views were averaged and then applied to fully connected layers to predict the classification result. In our experiments, each network stream had its own independent parameters.




Figure 4 | The illustration of multimodality inputs and feature fusion.



The framework was implemented on a Dell-T7920 workstation equipped with an NVIDIA GeForce RTX3090 GPU and 64 GB of memory. The Adam optimization algorithm for minibatch gradient descent was used for training with a batch size of 32. The learning rate was initially set to 0.00001 and reduced by 0.1 every 30 epochs. A pretrained model was used for parameter initialization. The models with the smallest loss values within 100 training epochs were selected as the final models to generate classification results. We set the same epochs for training every modal, including the double- and single-view modes.




2.4 Comparing the diagnosis of the deep learning model and radiologists

In this section, we investigate the diagnostic performance of the DL models and radiologists using 228 cases from the test set. According to a survey, the diagnostic accuracy of radiologists increased when they classified the final category into either dichotomous prediction or malignant risk (9). In our study, radiologists diagnosed TNs of the test set based on multimodal US images, and the results were compared with those of the DL method. Five senior radiologists with 5–10 years of experience and five junior radiologists with 1–3 years of experience independently evaluated the TNs and were blinded the diagnosis to the postoperative pathological results. The radiologist then performed a second diagnosis based on the results of the DL and arrived at the final diagnosis. The diagnostic performance of the radiologist alone and in combination with DL assistance was compared.



2.5 Statistical analysis

R software (version 1.8) and MedCalc (version 11.2, Ostend, Belgium) were used to analyze the data. The data set was randomly divided into five non-overlapping groups, whereas there was no data intersection for the same subject for each group. After fivefold cross-validation, the accuracy, sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and area under the receiver operating characteristics curves (AUC) were obtained to evaluate the performance of the presented DL model in the test set. The Delong test results in terms of the AUC for the test data set were introduced to evaluate the statistical difference between DL based on different combined US images and radiologists with variable levels. A 95% confidence interval was used to estimate the range of these evaluation values; p-values of less than 0.05 (two-tailed) were considered statistically significant.




3 Results


3.1 General and ultrasonic characteristic analysis

Among the 781 patients, 135 (17.29%) were men and 646 (82.71%) were women. The mean diagnostic age of the patients was 45.92 ± 10.18 years (range, 22–67 years) for men and 48.11 ± 10.66 years (range, 21–79 years) for women. The average size of malignant TNs (12.5 ± 7.40 mm) was significantly larger than that of benign TNs (9.70 ± 6.40 mm) (p< 0.001) (Table 1).


Table 1 | Comparing the characteristics of benign and malignant thyroid nodules.



The US characteristics of the 1,138 TNs were statistically analyzed, and the results are listed in Table 1. Except for echotexture (p = 0.649), the risk features of GSU were significantly different between malignant and benign nodules (p< 0.05). We found some significantly different US features in the vascular distribution pattern, Adler grading, and Asteria standard in this study (p< 0.05).



3.2 Diagnostic performance of deep learning models

The performances of the various DL models for differentiating TNs are summarized in Table 2 and Figure 5. In our study, a total of eight DL models were established based on multimodal US imaging. We found that the feature fusion of images from both transverse and longitudinal sections could achieve better performance than that from a single section (Supplementary Text S1).


Table 2 | Comparing the deep learning diagnostic performance based on multimodal ultrasound images.






Figure 5 | The ROC curves of DL-based single GSU and multimodality. ROC, receiver operating characteristics; DL, deep learning; GSU, gray-scale ultrasound.



The AUCs of DL using multimodal US imaging (0.909 based on [G + C]US, 0.858 based on [G + E]US, and 0.906 based on [G + C + E]US) outperformed those of GSU imaging alone (0.825) (p = 0.014, p< 0.001, and p< 0.001, respectively). There was a statistically significant difference in the diagnosis between the (G + C)US and (G + E)US images (0.909 vs. 0.858, p = 0.001). However, the AUC of the DL model based on (G + C + E)US exhibited an excellent performance similar to that based on (G + C)US (0.906 vs. 0.909, p = 0.294), which were both markedly better than DL based on (G + E)US (0.906 vs. 0.858, p = 0.002; 0.909 vs. 0.858, p = 0.001, respectively). In addition, the accuracy, specificity, PPV, and NPV of DL based on (G + C + E)US were better than those of (G + C)US; however, only the PPV was statistically significant (87.8% vs. 85.2%, p = 0.045; Supplementary Text S2).

Furthermore, after adding the Mask feature, the diagnostic performance was obviously better than that of GSU alone (0.881 vs. 0.825, p = 0.002), and the AUCs of (G + C)US, (G + E)US, and (G + C + E)US were also increased (0.918 vs. 0.909, 0.889 vs. 0.858, 0.928 vs. 0.906), but without statistical differences (p = 0.57, p = 0.22, and p = 0.28; Table 2). The highest accuracy of 86.2%, sensitivity of 86.9%, and PPV of 87.8 were achieved by the DL model based on (G + C + M)US, and the highest specificity of 89.5% and NPV of 87.7% were achieved based on (G + C + E)US. The DL model using (G + C + E + M)US images achieved the best performance (AUC of 0.928), with an increase of 10.3% compared with that using a single GSU (p< 0.001).



3.3 Deep learning performance compared with radiologists

The diagnostic performance of radiologists with different levels of experience in differentiating malignant from benign TNs is shown in Table 3 and Figure 6. When independently evaluating the TNs without DL assistance, the diagnosis of senior radiologists showed higher accuracy, specificity, and AUC than that of juniors (80.6% vs. 72.7%, p = 0.008; 81.7% vs. 72.0%, p = 0.018; 0.794 vs. 0.720, p = 0.002, respectively). The sensitivity (79.5%) of US diagnosis by senior radiologists was also better than that (73.5%) of junior radiologists (p = 0.079).


Table 3 | The diagnostic performance of deep learning (DL), radiologists alone, and DL-assisted radiologists.






Figure 6 | The ROC curves of DL and radiologists with different degrees of experience. ROC, receiver operating characteristics; DL, deep learning.



When the DL method was added for the second diagnosis in the test set, the diagnostic performance of junior radiologists significantly increased from 0.720 to 0.796 (p< 0.001). The AUC of the junior radiologists in the second diagnosis was similar to that of the first diagnosis by senior radiologists (0.796 vs. 0.794) but was considered inferior (0.796 vs. 0.822), and the differences were not statistically significant (p > 0.05). Moreover, the DL model also had a certain auxiliary diagnostic effect and could slightly improve the diagnostic performance of senior radiologists in terms of accuracy (from 80.6% to 83.4%), which was higher than that of DL based on GSU (83.4% vs. 78.9%, p = 0.041). However, the AUC of senior radiologists with DL assistance was only comparable to that of DL based on a single GSU (0.822 vs. 0.825, p = 0.512) and significantly less than that of DL based on multimodal US images (0.822 vs. 0.858–0.928, p< 0.05).




4 Discussion

Thyroid cancer has recently become one of the most common malignancies in Chinese women (2). US was the first choice for the examination of thyroid lesions, and TNs were diagnosed on US imaging by radiologists according to TI-RADS. Each guideline has its strengths and weaknesses; for example, the American Thyroid Association 2015 guideline showed better diagnostic efficiency in evaluating TNs >1 cm, the TIRADS issued by the American College of Radiology in 2017 had more advantages in reducing unnecessary biopsy operations, and TNs were well diagnosed by radiologists according to C-TIRADS, achieving a higher performance (6–8). However, the diagnostic results were susceptible to operator dependency, probe, and US equipment variability. FNA is a comparatively accurate method for differentiating TNs preoperatively, but it was reported that approximately 20% of FNA samples obtained had ambiguous results (15–17). AI not only solves the complex problem of the US risk stratification system but also reduces intra- and interobserver variability in US diagnosis (23, 30).

Nevertheless, most applications of DL in the diagnosis of TNs have been conducted based on single GSU imaging or single-view sections, limiting access to image information to a certain extent (21, 31–33). In addition to GSU, radiologists also referred to CDFI and elastography for obtaining the blood flow and hardness information of TNs to assist the GSU diagnosis clinically and make a diagnosis after a comprehensive analysis. In terms of the statistical analysis in our study, a higher elastic score was markedly correlated with malignant TNs, confirming that malignant TNs tend to be hard. The differences in vascular distribution pattern and Adler grade were statistically significant in TNs, and malignant TNs tended to be less or lacked blood flow. In addition, many studies have verified the effectiveness of combined or multimodal US imaging in the differentiation of TNs visually (11, 13, 24, 25). Therefore, based on multimodal US images of TNs obtained from transverse and longitudinal sections, new DL models were used to distinguish benign from malignant TNs in our study.

In our study, the diagnostic performance of GSU (0.825) was comparable to that of previous studies (AUC of 0.788 and 0.829) (32, 33). However, the DL models using combined or multimodal US images achieved a better performance (0.858–0.928) than those using GSU alone (0.825) (p< 0.05). Notably, the AUC of the DL model based on GSU alone was also greatly improved after adding CDFI (0.825 vs. 0.909, p< 0.001). In a related study, Baig et al. quantified the regional blood flow indices of TNs, and the diagnostic accuracy of GSU features was increased from 58.6% to 79.3% when combined with CDFI (p< 0.05) (34). The DL models in our study provided consistent and repeatable results and outperformed conventional machine learning-based methods with a specificity of 86.9%, a PPV of 85.2%, and an accuracy of 83.8%. As for the improvement in diagnostic efficiency after adding CDFI, we found that it may be due to the attention mechanism algorithm applied in this study, which could obtain richer and more objective features that were previously unrecognized visually by learning the information of CDFI images autonomously. We also demonstrated that SE imaging helped improve the diagnosis of DL based on GSU (0.825 vs. 0.858, p< 0.05). However, the AUC of the DL model based on (G + E)US was markedly less than that based on (G + C)US (0.858 vs. 0.909, p = 0.001). Additionally, there were no significant differences between (G + C + E)US and (G + C)US (0.906 vs. 0.909, p = 0.294). Therefore, our study confirmed that CDFI played a more substantial role in distinguishing TNs than SE in our study, and the less obvious advantages of SE may be associated with the subjectivity of the collecting process of SE images.

Adding a Mask containing the contour information of the TNs was found to help improve the diagnostic performance of DL models based on GSU (from 0.825 to 0.881), (G + C)US (from 0.909 to 0.918), (G + E)US (from 0.858 to 0.889), and (G + C + E)US (from 0.906 to 0.928), indicating that effective delineation of the nodular boundaries in US images played an important role in characterizing TNs. The best AUC of 0.928 was achieved by DL using (G + C + E + M)US. The highest specificity (89.5%) and PPV (87.8%) were achieved by DL based on (G + C + E)US, which could play a primary role in avoiding overdiagnosis and helping reduce unnecessary biopsies for the diagnosis of TNs, whereas the highest sensitivity (86.9%) and NPV (87.7%) of great clinical significance for screening out malignant TNs and avoiding misdiagnosis were achieved by DL based on (G + C + M)US. In summary, the performance of DL models based on multimodal US imaging was superior to that based on a single GSU, which supports our assumption that multimodal US could provide more comprehensive and effective information for TN diagnosis.

In clinical practice, US diagnosis by radiologists cannot be completely replaced by AI technology, and a final diagnosis should be made by radiologists. Therefore, we compared the performance of the DL method for differentiating TNs with that of visual diagnosis by radiologists and further explored the auxiliary role of DL for radiologists’ diagnosis. Compared with the first diagnosis of TNs visually by junior radiologists, there was a significant improvement in the second diagnosis with DL assistance (0.720 vs. 0.796, p< 0.001), which could be comparable to that of the seniors in the first diagnosis (0.796 vs. 0.794, p > 0.05). Moreover, the DL method could also provide an auxiliary diagnosis for senior radiologists in terms of accuracy (from 80.6% to 83.4%), which was superior to DL based on GSU alone (83.4% vs. 78.9%, p = 0.041). It has been proven that DL can assist clinical radiologists in improving diagnostic ability and increasing confidence, especially for juniors with less experience. In a study by Peng et al. (35), the DL-assisted method also improved the AUC of radiologists in diagnosing TNs from 0.837 to 0.875 (p< 0.001).

Nevertheless, there were no significant diagnostic differences with and without DL assistance for senior radiologists (0.794 vs. 0.822, p = 0.141). It seems that DL-aided diagnosis was less effective for senior than junior radiologists, which may be related to the fact that senior radiologists were more likely to rely on their own clinical experience. Our analysis may also be due to the fact that, by using DL models, we sacrificed interpretability for robust and complex imaging features with greater generalizability. Furthermore, DL technology obtained results based on features that were learned and extracted independently rather than on predefined handcrafted features, where the process was abstract and incomprehensible, leading to distrust by the radiologists. To resolve the visualization of DL learning and decision processes, Kim et al. (36) applied Grad-CAM to generate output images overlaid with heat maps to achieve visual interpretability. Meanwhile, Zhou et al. (20) found that the adjacent parenchyma of TNs is critical for classification by visual interpretability of DL.

By comparing the radiologists’ and DL’s diagnostic efficacy, we found that senior radiologists with DL assistance only had a diagnosis comparable to the DL model based on GSU in terms of AUC (0.822 vs. 0.825, p = 0.512), which could not be compared with the diagnosis based on multimodal US imaging (0.822 vs. 0.858–0.928, p< 0.05), effectively demonstrating the excellent clinical value of the DL method, especially for multimodal US imaging, with potential for further development and application. Radiologists may be affected by fatigue and other factors in daily work, whereas AI can run on its own and has the characteristics of indefatigability with stable and high diagnostic efficiency.

Our study has several advantages. To our knowledge, this is the first study in which the attention mechanism-guided residual network was used to construct a variety of DL models based on different US imaging combinations. The objects in our study were TNs of the C-TIRADS 3–5 categories, which are more suitable for clinical diagnosis difficulties and extend the scope of clinical application. We have verified that DL models based on multimodal US can assist radiologists in improving diagnostic performance, especially for those with less experience, and postoperative pathological results were used as the gold standard for statistical analysis in this study, which was more objective than the studies using cytological pathological results (20, 31). Our case set included relatively more samples and achieved a balance between benign and malignant TNs, which could effectively reduce the diagnostic bias compared with a previous study (18).

This study had some limitations. First, the main limitation of our study was that the data were retrospectively derived from a single center, and additional external validation or multicenter studies are needed to refine our study. Second, the images in this study were static images stored in a compressed format, which may have led to some potential image features not being mined. Therefore, dynamic images or raw radiofrequency signals should be included in future studies. Third, the visualization of the DL proposed in this study was not achieved. Visualization of the DL process could be conducted to make the results more reliable in subsequent studies. More technologies could be included, such as shear wave elastography, superb microvascular imaging, and contrast-enhanced US.

In conclusion, the DL model based on multimodal US images can achieve a high diagnostic value in the differential diagnosis of benign and malignant TNs of C-TIRADS 3–5 categories, aid second-opinion provision, and improve the diagnostic ability for radiologists, which is of great significance for clinical decision-making.
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Purpose

To explore the difference in the effectiveness of gallium-68 fibroblast activation protein inhibitor (68Ga-FAPI-04) PET/CT and fluorine-18 fluorodeoxyglucose (18F-FDG) PET/CT for the initial staging of patients with nasopharyngeal carcinoma (NPC).



Methods

The Affiliated Hospital of Southwest Medical University hosted this single-center prospective investigation (Clinical Trials registration No.ChiCTR2100044131) between March 2020 and September 2021. Within a week, all subjects underwent MR scans, 68Ga-FAPI-04 PET/CT, and 18F-FDG PET/CT in order. The effectiveness of medical staging employing 68Ga-FAPI-04 and 18F-FDG PET/CT was compared.



Results

Twenty-eight patients with primary NPC were evaluated (mean age53 ± 11 years). 68Ga-FAPI-04 PET/CT indicated an elevated recognition rate for diagnosing primary tumors (28/28 [100%] vs. 27/28 [96%]) and lymph node metastases (263/285 [92%] vs. 228/285 [80%]), but a lower detection rate for distant metastases (5/7 [71%] vs. 7/7 [100%]) compared with 18F-FDG PET/CT. A significant association between the maximum standard uptake value (SUVmax) of 18F-FDG PET and 68Ga-FAPI-04 PET was found in the primary cancers (r = 0.691, p < 0.001). In comparison to 18F-FDG PET/CT, 68Ga-FAPI-04 PET/CT upstaged the T stage in five patients while downstaging the N stage in seven patients. 68Ga-FAPI-04 PET/CT corrected the overall staging of five patients on18F-FDG PET/CT.



Conclusion

68Ga-FAPI-04 PET/CT is preferable to 18F-FDG PET/CT for NPC staging in terms of the detection efficiency for primary tumors and lymph node metastasis. This is especially true when evaluating the primary cancer and any spread to contiguous tissues. It is possible to improve the staging assessment of NPC by using 68Ga-FAPI-04 PET/CT in conjunction with 18F-FDG PET/CT.





Keywords: 18F-FDG, 68Ga-FAPI-04, PET/CT, nasopharyngeal carcinoma, tumor staging



Introduction

Nasopharyngeal carcinoma (NPC) is a prevalent epithelial malignancy; its incidence is related to ethnicity and regional distribution. People in East and Southeast Asia, especially in Fujian and Guangdong areas of China, have a high incidence of NPC (1). In 2020, a survey of 185 countries determined that NPC was newly diagnosed in 133,354 patients and resulted in almost 80,000 fatalities (2). NPC tends to infiltrate locally early and typically involves regional nodes (3). Patients with terminal disease often develop distant metastases (4); thus, early and correct staging of NPC is critical for enhancing the individuals’ quality of life and treatment outcomes (5).

As the first-choice imaging method for NPC, MR is excellent for showing adjacent soft tissue infiltration, skull base bone and intracranial invasion, and retropharyngeal lymph node involvement (6). The National Comprehensive Cancer Network currently recommends fluorine-18 fluorodeoxyglucose (18F-FDG) PET/CT as a well-proven imaging strategy for NPC management (7), with elevated accuracy and sensitivity for identifying lymph nodes and distant metastases (8, 9). 18F-FDG reveals the glucose metabolism of abnormalities. Owing to the high physiological glucose utilization in healthy brain tissues and the lesser soft tissue resolution of PET/CT compared to that of MR, the precision of 18F-FDG PET/CT for the T staging of NPC is insufficient, mainly for the description of the skull base and intracranial invasion (10, 11).

Gallium-68-labeled fibroblast activation protein inhibitor (68Ga-FAPI) is a recently developed cancer tracer. It indicates the degree of fibroblast activation protein (FAP) expression (12–14). Cancer-associated fibroblasts overexpress FAP in most epithelial cancers, including NPC, whereas its expression is modest in most healthy tissues and organs. PET/CT using 68Ga-FAPI-04 reveals tumors and metastases in various malignant tumors, such as head and neck cancers, with strong tracer uptake in lesions (13–15). 68Ga-FAPI has a greater target to background ratio than 18F-FDG (16). Furthermore, prior research have demonstrated that 68Ga-FAPI-04 PET/CT is an effective investigative approach for NPC, especially for the assessment of the primary cancer and any spread to contiguous tissues (17, 18).

Therefore, we carried out a prospective investigation to explore the difference in the effectiveness of 18F-FDG PET/CT and 68Ga-FAPI-04 PET/CT in discovering primary tumor, nodal, and distant metastases in patients with NPC.



Materials and methods


Participants

Between March 2020 and September 2021, the affiliated hospital of Southwest Medical University provided access to this prospective medical trial. The research protocol was approved by both the China Clinical Trials Registry and the Clinical Research Ethics Committee at the previously mentioned hospital (Clinical Trials registration No.ChiCTR2100044131; Ethics Committee approval No.2020035). All individuals gave their written permission after being fully informed. Within seven days, all individuals completed MR scans, 68Ga-FAPI-04 PET/CT, and 18F-FDG PET/CT in order. The acquisition interval between 68Ga-FAPI-04 PET/CT and 18F-FDG PET/CT was at least one day. The criteria for inclusion were: (a) individuals with de novo histopathologically given a diagnosis NPC; (b) subjects participated who had not received antitumor therapy before the evaluation; (c) individuals with cancer who chose to undergo paired 18F-FDG along with 68Ga-FAPI-04 PET/CT tests to stage their disease; and (d) subjects who agreed to follow the protocol procedures, gave their written informed consent, and gave their signatures. The following is a list of the conditions for exclusion: (a) individuals with contraindications for the exams, (b) people with additional primary cancers at the time of the testing, and (c) individuals who began therapy prior to the completion of the three tests.



18F-FDG and 68Ga-FAPI-04 preparation

18F-FDG was formed utilizing normal procedures and a coincident 18F-FDG synthesizing form (FDG-N, PET Science & Technology). DOTA-FAPI-04 was acquired from MedChemExpress LLC. As previously mentioned (19), radiolabeling and purifying of 68Ga-FAPI-04 were conducted. The radiochemical purity of 68Ga-FAPI-04 and 18F-FDG exceeded 95%, and the finished radiopharmaceuticals were sterile and devoid of pyrogens.



Imaging acquisition

Before undergoing the 18F-FDG PET/CT evaluation, the subjects abstained from food and drink for at least six hours to ensure that their blood glucose levels were within the accepted values (3.9–6.1 mmol/L). However, there was no need to make any preparations in order to take the 68Ga-FAPI-04 PET/CT test. The doses of 68Ga-FAPI-04 and 18F-FDG that were administered via intravenous injection were 3.7 and 1.85 MBq/kg, respectively (19, 20). Following a tracer injection, participants got a PET/CT scan (uMI780, United Imaging Healthcare) 40–60 mins later. All scans were conducted in accordance with a previously outlined technique (21, 22), and the resulting data were provided to a post-processing workstation (Version R002, uWS-MI, United Imaging Healthcare). The PET data were recreated with the help of an algorithm called sorted subset anticipation maximization (two iterations and 20 subsets). Evaluations of the nasopharynx and the cervical area employing contrast-enhanced (CE) MR were carried out using head and neck coils on 1.5-T MR scanners (Achieva 1.5T, Philips, Amsterdam, the Netherlands). We acquired the MR images, containing axial T1-weighted fast spin-echo images immediately before injection of contrast. (repetition time [TR] = 450 ms; echo time [TE] = 15 ms, flip angle = 90°, field of view [FOV] =232 mm × 232 mm, slice thickness = 5 mm, spacing between slices = 1 mm), axial T2-weighted fast spin-echo images (TR = 3,575 ms, TE = 80 ms, flip angle = 90°, FOV =232 mm × 232 mm, slice thickness = 5 mm, spacing between slices = 1 mm), and axial and coronal T2-weighted fat-suppressed spin-echo images (TR = 1,927 ms, TE = 55 ms, flip angle = 90°, FOV =250 mm × 250 mm, slice thickness = 5 mm, spacing between slices = 1 mm). At a rate of 1.5 mL/s, intravenous doses of 0.1 mmol/kg gadopentetate dimeglumine were delivered. Using the exact parameters as the axial T1-weighted fast spin-echo images, the axial T1-weighted fast spin-echo sequence was obtained.



Imaging analysis

Two board-certified nuclear medicine specialists investigated all PET/CT sets of data. To avoid bias, cohort 1 (L.C. and Y.C.) assessed all 18F-FDG PET/CT pictures, while cohort 2 (Y.Z. and L.Q.) reviewed all 68Ga-FAPI-04 PET/CT images. Two board-certified radiologists (D.C. and J.S.) who were blinded to the PET/CT outcomes analyzed the MRI. Investigating any non-physiological uptake employing 18F-FDG or 68Ga-FAPI-04 PET that was higher than the activities of the background blood pool or the activities of the background of the neighboring healthy tissue was the primary focus of the study. On transverse PET scans, regions of interest were outlined for semi-quantitative analysis. The SUVmax was automatically computed to estimate the uptake of 18F-FDG or 68Ga-FAPI-04 in primary cancers, associated lymph nodes, and distant metastases. Clinical staging is based on three different types of images in accordance with the American Joint Committee on Cancer staging system version 8th (23).


Primary lesion evaluation

On PET images, the SUVmax of every primary lesion was recorded. By comparing the radioactivity of the lesion border to that of the nearby healthy tissue, the boundaries were visually evaluated. The border and extent of the invasion were identified if the radioactivity at the border of the injury was significantly greater than that of the nearby healthy tissue. Corresponding CT image was employed to help recognize morphology and localization of the lesions. The extent and border of every lesion were evaluated, and any variation between the three imaging techniques were noted.



Lymph node evaluation

Patients’ lymph nodes were categorized into four sections: the retropharyngeal region, the right and left sides of the neck located above the cricoid cartilage inferior edge, and the region below the cricoid cartilage inferior boundary. Employing 18F-FDG and 68Ga-FAPI-04 PET/CT, the quantity of lesions and SUVmax with the greatest pathological tracer buildup were measured for every lymph node area, and the techniques were compared. According radiographic criteria, the MR identification of metastatic lymph nodes located in the cervical region must meet at least one of the following (9): (a) there was extracapsular expansion or necrosis, (b) in the retropharyngeal region, the lowest axial diameter was 5 mm, and in other locations, it was ≥ 10 mm, and (c) there were ≥ 3 lymph nodes of borderline size.



Distant metastasis evaluation

Except for the primary tumor and nodal metastases, any non-physiological uptake above the activities of the background blood pool or the activities of the background of the neighboring healthy tissue on PET/CT, with or without morphological abnormalities, was classified as a possible distant metastasis. Distant metastases were also considered as positive if the signal is different from that of adjacent background tissues on MRI. Lesions with aberrant tracer uptake and MR signals were counted and localized. The SUVmax of each metastatic lesion was also recorded.




Reference standard

Histopathological analysis of the biopsied or resected samples served as the basis for the definitive diagnosis. In accordance with the criteria of the National Comprehensive Cancer Network (7), CE-MR is the gold standard for assessing the cancer and its invasion of neighboring tissues. Due to technological and ethical constraints, histological verification of all lymph nodes and distant metastases was not achievable. Therefore, the tumor was classified as malignancy based on the confirmation of typical malignant characteristics by multimodal imaging. The duration of the follow-up was over three months. During follow-up following anti-cancer therapies, including chemotherapy, radiation, and/or targeted therapy, a considerable decrease in lesion size was determined to be malignant.



Statistical analyses

All statistical analyses were done by employing SPSS (version 22.0; SPSS Inc.). Categorical data are represented numerically and as a percentage. The expression for continuous variables is the mean standard deviation. Using Spearman’s correlation analysis, the relationship between the kind of pathology and the degree of tracer uptake was found. Employing the paired samples t-test, the SUVmax values of the primary and metastatic lesions were compared between 18F-FDG and 68Ga-FAPI-04 PET/CT. The 18F-FDG SUVmax was compared between metastatic and non-metastatic lymph nodes using a t-test for independent samples. Two-tailed p-values of < 0.05 were regarded as statistically significant.




Results


Participant characteristics

This investigation comprised twenty-eight individuals (5 women and 23 men) aged 33–75 years (mean = 53 ± 10 years). 68Ga-FAPI-04 and 18F-FDG PET/CT were well tolerated by all subjects, and no 68Ga-FAPI-04-related side effects were identified. All individuals were newly diagnosed with nasopharyngeal carcinoma, in which two instances were keratinizing squamous cell carcinoma (WHO Type I), eleven patients were non-keratinizing differentiated carcinoma (WHO Type II), and fifteen patients were non-keratinizing undifferentiated carcinoma (WHO Type III). The clinical data is displayed in Table 1.


Table 1 | Summary of patient basic characteristics.





Diagnostic effectiveness of 68Ga-FAPI-04 and 18F-FDG PET/CT for primary tumors

The PET/CT scan utilizing 68Ga-FAPI-04 identified all 28 primary cancers with a detection rate of one hundred percent. 18F-FDG PET/CT revealed 27 of the 28 primary cancers, which is a 96% detection rate. There was no indication of a greater SUVmax value for 68Ga-FAPI-04 PET in the primary malignancies comparing with 18F-FDG PET (12.1 ± 4.9 vs. 11.7 ± 4.6; p = 0.543) (Table 2). Additional comparison of the connection between the uptake of the two tracers revealed a substantial relation between the SUVmax values of 68Ga-FAPI-04 and 18F-FDG (r = 0.69, p < 0.001). Furthermore, there was no relation among the different histopathological kinds and the SUVmax of the two tracers (p > 0.05). A visual assessment of the primary lesion invasion was performed using the two tracers (Table 3).


Table 2 | The SUVmax comparison between 18F-FDG and 68Ga-FAPI-04 PET/CT in primary tumor, nodal, and distant metastasis.




Table 3 | Visual evaluation of tumor invasion using the 3 modalities.




Nasopharyngeal invasion

Both modalities clearly delineated the boundary and extent of tumor invasion, except in one case (Figure 1) of nonkeratinizing differentiated carcinoma that was not detected by 18F-FDG PET. Visual evaluation of nasopharyngeal invasion was similar for the two tracers in 27 participants, but of which two cases were found to be inferior to MR.




Figure 1 | A 49-year-old man with nonkeratinizing differentiated carcinoma. 68Ga-FAPI-04 PET/CT showed intensive 68Ga-FAPI-04 uptake in the posterior nasopharyngeal wall (A, dotted arrow, SUVmax 3.8), 18F-FDG PET/CT showed no abnormal 18F-FDG uptake in the primary tumor (B, dotted arrow). Moreover, 68Ga-FAPI-04 PET/CT reveals higher tracer uptake than 18F-FDG PET/CT in the left supraclavicular lymph node (A, thick arrow, SUVmax 9.4 vs. B, thick arrow, SUVmax 3.8), but the tracer uptake of left cervical (level III) lymph nodes was lower than that of 18F-FDG PET/CT (A, thin arrow, SUVmax, 4.5–11.0 vs. B, thin arrow, SUVmax, 17.7–19.4).





Parapharyngeal space invasion

Eighteen participants had parapharyngeal space invasion. The extent of lesions on 68Ga-FAPI-04 PET/CT was larger than that on MR in one of the 18 participants, while there were two cases with a smaller extent and one case with a larger extent on 18F-FDG PET/CT compared with MR. There were 2 and 16, respectively, patients with 68Ga-FAPI-04 who were dominant and equal to 18F-FDG.



Skull base bone invasion

Typically, 11 participants had invasion of the skull base bone. 68Ga-FAPI-04 PET/CT had a 100% (11/11) positive detection rate and showed a tumor extent and border delineation similar to that of MR. The 11 patients discovered by 18F-FDG PET/CT included one false-positive case, while one person with skull base invasion went undetected. In 4 of the 11 participants, 68Ga-FAPI-04 PET/CT showed a greater degree of skull base bone invasion compared to 18F-FDG PET/CT (Figure 2).




Figure 2 | A 45-year-old man with nonkeratinizing differentiated carcinoma. Intense 68Ga-FAPI-04 uptake was observed in the left temporal lobe (A, dotted arrow), suggesting intracranial invasion, but 18F-FDG PET/CT (B) showed no abnormal intracranial 18F-FDG uptake. Moreover, intense 68Ga-FAPI-04 uptake was observed in the occipital and right temporal bone (A, solid arrow), while 18F-FDG PET/CT only showed low tracer uptake in the right temporal bone (B, solid arrow), which was confirmed by MRI (C, solid arrow). 68Ga-FAPI-04 PET/CT revealed more extensive lesions on intracranial and skull base invasion than 18F-FDG PET/CT.





Intracranial invasion

Typically, 4 participants had an intracranial invasion. The positive detection rates for 68Ga-FAPI-04 PET/CT along with 18F-FDG PET/CT were, respectively, 100% (4/4) and 25% (1/4) (Figure 2). Owing to the physiological high uptake of 18F-FDG in the brain, both 68Ga-FAPI-04 PET/CT and MR revealed a more precise border of intracranial invasion than 18F-FDG PET/CT.




Diagnostic effectiveness of 68Ga-FAPI-04 and 18F-FDG PET/CT for nodal metastasis

Twenty-seven of the 28 participants (285 lymph nodes) were suspected to have lymph node metastases. For 25/285 lymph nodes, histopathological analysis acted as a reference standard, and for the remaining lymph nodes, morphological analysis and/or follow-up imaging were used. Of the 285 suspected lymph nodes, 234 lymph nodes in 24 participants were considered malignant and 51 lymph nodes were lastly verified as inflammatory. From a total of 285 lymph nodes, 68Ga-FAPI-04 PET/CT recognized 263 (false-positive uptake in 2 lymph nodes and false-negative uptake in 20 lymph nodes). By comparison, 228 lymph nodes were successfully detected by 18F-FDG PET/CT (false-positive uptake in 51 lymph nodes and false-negative uptake in six lymph nodes, Figure 3). MR accurately diagnosed 262 lymph nodes, with two false-positive and twenty-one false-negative lymph nodes, respectively. Only one of the 203 lymph nodes with positive 68Ga-FAPI-04 and 18F-FDG uptake was confirmed to be a false positive. The SUVmax of metastatic lymph nodes was somewhat greater in 18F-FDG than in 68Ga-FAPI-04 (13.6 ± 5.5 vs. 11.7 ± 5.0), but the variation was not substantially significant (p = 0.133. Table 2). Significantly greater 18F-FDG uptake was seen in the metastatic lymph nodes compared to the non-metastatic reactive lymph nodes (13.6 ± 5.5 vs. 3.2 ± 0.7; p < 0.001).




Figure 3 | A 57-year-old man with nonkeratinizing undifferentiated carcinoma. An increase 18F-FDG uptake was observed in the bilateral cervical (level II) lymph nodes (B, arrow, SUVmax 3.3–4.2). However, no abnormal 68Ga-FAPI-04 uptake was observed in the cervical lymph nodes (A, arrow). Ultrasound-guided biopsy of the right level II lymph node revealed proliferating lymphoid cells with no signs of metastatic disease. Finally, it was confirmed by follow-up that all the suspected metastatic lymph nodes were reactive.





Diagnostic effectiveness of 68Ga-FAPI-04 and 18F-FDG PET/CT for distant metastasis

Among the 28 participants, seven distant metastases were found in four participants (including three pulmonary and four bone metastases). All distant metastases were detected by 18F-FDG PET/CT, whereas 68Ga-FAPI-04 uptake was negative in two pulmonary metastases (Figure 4). One individual had concurrent bone and lung metastases. Across all evaluations of distant metastases, the SUVmax of 68Ga-FAPI-04 did not vary significantly from that of 18F-FDG (6.6 ± 4.0 vs. 8.3± 5.9; p = 0.450. Table 2).




Figure 4 | A 48-year-old man with nonkeratinizing undifferentiated carcinoma.68Ga-FAPI-04 (A) and 18F-FDG PET/CT (B) revealed an abnormal nodule in the left lower lobe (A, red arrow, SUVmax 4.9 vs. B, red arrow, SUVmax 8.2). However, the nodule in the left upper lobe showed abnormal uptake on 18F-FDG PET/CT (B, blue arrow), but not on 68Ga-FAPI-04 PET/CT (A, blue arrow). In addition, both 68Ga-FAPI-04 (A, green arrow) and 18F-FDG PET/CT (B, green arrow) revealed abnormal activity in the right femur. Follow-up CT after two cycles of induction chemotherapy showed a reduction in the volume of pulmonary metastases (C, red and blue arrow). Meanwhile, the bone metastasis of the right femur revealed a repair response after treatment, showing osteosclerotic nodule on follow-up CT (C, green arrow).





Variations in tumor staging

The outcomes of the 68Ga-FAPI-04 PET/CT, 18F-FDG PET/CT, and MR imaging were compiled in Table 4, which provides a summary of the cancer staging for each of the 28 subjects. 68Ga-FAPI-04 PET/CT underestimated the number of participants in the N staging and M staging by 1. In contrast, 18F-FDG PET/CT undervalued the T staging in five participants and overestimated the N staging in seven participants. For the overall staging, although 68Ga-FAPI-04 PET/CT underestimated the medical stage of two participants, it correctly upgraded the medical staging of 18F-FDG PET/CT in two participants (from III to IVA) and downgraded the medical staging of 18F-FDG PET/CT in three participants (two from III to I and one from III to II).


Table 4 | Comparison of MR, 18F-FDG, and 68Ga-FAPI-04 PET/CT-based tumor staging (n = 28).






Discussion

Accurate staging is vital for NPC management. In our investigation, 68Ga-FAPI-04 PET/CT revealed more recognition efficiency in diagnosing primary cancers (28/28 [100%] vs. 27/28 [96%]) and lymph node metastases (263/285 [92%] vs. 228/285 [80%]) than18F-FDG PET/CT. However, in comparison to the efficacy of 18F-FDG PET/CT in identifying distant metastases, the effectiveness of 68Ga-FAPI-04 PET/CT in this regard was lower (5/7, or 71%), coming in at (7/7, or 100%). The combination of 18F-FDG along with 68Ga-FAPI-04 PET/CT led to consistent staging in 21 of the 28 participants, with a concordance rate of 75% for overall staging. Despite the fact that 68Ga-FAPI-04 PET/CT underestimated the clinical staging in 2/28 subjects, it corrected the staging of 18F-FDG PET/CT in 5/28 participants. As a consequence of this, we believe that 68Ga-FAPI-04 PET/CT is valuable for NPC diagnosis and staging.

Between the primary tumors’ 18F-FDG as well as 68Ga-FAPI-04 uptake, there was no substantial variations. Interestingly, although the imaging principles of the two tracers were different, our study revealed a significant relation between the primary tumor uptake of 68Ga-FAPI-04 and 18F-FDG, which differed from previous reports (17, 18). Raised 68Ga-FAPI-04 uptake in tumors is accompanied by higher glucose metabolism, which is positively correlated with cancer aggressiveness (24, 25). This demonstrates that NPC invasiveness may be predicted employing 68Ga-FAPI-04 imaging. Previous studies have shown that 68Ga-FAPI-04 PET/CT may increase the recognition rate of primary tumors in FDG-negative head and neck tumor (17, 26). In our investigation, 18F-FDG could not detect the primary lesion in one patient with squamous cell carcinoma confirmed by biopsy, whereas 68Ga-FAPI-04 successfully recognized the primary site in the posterior nasopharyngeal wall. This may be due to the superior tumor-to-background ratio of 68Ga-FAPI-04 PET/CT comparing with 18F-FDG, which may enhance the recognition rate of occult NPC.

A high physiological uptake of 18F-FDG in normal brain tissue may lead to an underestimation of the presence or extent of tumor invasion on PET/CT (3, 17, 18). Due to the extra benefit of a low brain background, our results confirmed that 68Ga-FAPI-04 dominates 18F-FDG PET/CT in determining malignancy invasion of the parapharyngeal space, skull base bone, and intracranial areas. At present MR is the standard approach for T staging in NPC (7). However, two participants in our study showed a smaller extent of nasopharyngeal invasion on 68Ga-FAPI-04 PET/CT than on MR, which may be edema and inflammation rather than tumor invasion, resulting in a positive result on MR (27). Therefore, 68Ga-FAPI-04 PET/CT indicated a greater recognition efficiency than 18F-FDG PET/CT for precise T staging, and it was able to detect the target extent for radiotherapy with a greater degree of precision (17, 18).

Staging of the nodes is essential for the management and prognostication of NPC cases. Because of the high prevalence of inflammatory and reactive hyperplasia in cervical lymph nodes, 18F-FDG PET/CT has been mentioned to have a greater incidence of producing false-positive outcomes when diagnosing lymph node metastasis (28, 29). In our investigation, the quantity of false-positive lymph nodes on 18F-FDG PET/CT was substantially more than that on 68Ga-FAPI-04 PET/CT and MR (18F-FDG, 51/279 vs. 68Ga-FAPI, 2/216 vs. MR, 2/215), which is consistent with the outcomes of prior investigations (28, 29). Utilising 68Ga-FAPI-04 PET/CT, the N staging of the 7 participants was downstaged in comparison to 18F-FDG PET/CT. However, 68Ga-FAPI-04 PET/CT revealed more metastatic lymph nodes without positive tracer uptake than 18F-FDG PET/CT (20/285 [7%] vs. 6/285 [2%]). Moreover, only one was diagnosed as a false positive out of all 203 lymph nodes with double-positive 18F-FDG and 68Ga-FAPI-04 uptake. Previous research has discovered significant correlations between the uptake of 18F-FDG and 68Ga-FAPI-04 in pairs of double-positive lymph nodes (18). Therefore, in assessing lymph node status in NPC patients prior to treatment, it’s possible that the specificity of 68Ga-FAPI-04 PET/CT is greater than that of 18F-FDG PET/CT. When used in conjunction with one another, 68Ga-FAPI-04 and 18F-FDG PET/CT imaging have the potential to increase diagnostic precision for lymph node metastasis in NPC cases.

NPC is prone to distant metastasis (4). Prior investigations have shown that 68Ga-FAPI-04 PET/CT has greater sensitivity than 18F-FDG in identifying visceral and bone metastases of various malignant tumors, including NPC, and metastatic lesions showed higher tracer uptake on 68Ga-FAPI-04 PET/CT (15, 17, 18, 21). However, in our investigation, 68Ga-FAPI-04 PET/CT did not have a greater detection efficiency compared to 18F-FDG for distant metastatic lesions in NPC. There were no substantial variations in the uptake of 68Ga-FAPI and 18F-FDG by metastatic lesions. This is likely due to the small amount of metastatic lesions that were studied (n = 7). In addition to this, the 68Ga-FAPI-04 PET missed both of the patient’s pulmonary metastases. Therefore, it is essential to consider false-negative status in pulmonary metastases for M staging when conducting 68Ga-FAPI-04 PET/CT.

Our investigation has some limitations. First, the sample size (n = 28) was small, and the number of distant metastatic lesions was particularly low. Consequently, prospective studies with greater cohorts are necessary, especially for the detection of distant metastasis. The morphologic and/or follow-up imaging data also served as the evaluation criterion in our examination because histological verification was not probable for totally nodal and distant metastases owing to ethical and technical considerations. Potential false-negative lesions were not sufficiently assessed, as imaging evaluation was also employed as a reference for cancer staging,

In summary, our preliminary findings suggest that 68Ga-FAPI-04 has a positive impact on the clinical stage of NPC. Since 68Ga-FAPI-04 PET/CT had better tumor-to-background contrast than 18F-FDG and less false-positive uptake in inflammatory and reactive proliferative lymph nodes, it improved the capability to recognize primary cancer and lymph node metastases, mainly for the assessment of the skull base and intracranial invasion. Nevertheless, when it comes to the detection of distant metastases, 68Ga-FAPI-04 PET/CT does not have an advantage over 18F-FDG PET/CT. The staging assessment of NPC may be improved utilizing 68Ga-FAPI-04 PET/CT in conjunction with 18F-FDG PET/CT.
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Objective

To evaluate the safety effect, and controversy on the treatment outcomes of radiofrequency ablation (RFA) for T1N0M0 papillary thyroid carcinoma (PTC).



Materials and methods

This study is assessed the medical records of 142 patients with primary T1N0M0 PTC tumors after RFA between 2014 and 2022. 4 patients underwent delayed surgery (DS) after RFA and 411 T1N0M0 patients underwent DS were recorded. Outcomes were compared between RFA and DS groups after propensity score matching (PSM).



Results

The maximal diameter (MD) and volume (V) increased in months 1 (P < 0.01) and reduced after the 6-month follow-up (all P < 0.01). The disappearance and disease progression rates were 53.5% and 2.1%, respectively. The complication and disease progression rates had no significant difference between RFA and DS (P>0.05). In some cases, the tumors were not fully inactivated after RFA, and the central compartment lymph node (CCLN) were metastasis. The CCLN metastasis rate was 13.4%. MD, V and clustered calcifications were independent risk factors for CCLN metastasis by univariate analysis.



Conclusions

RFA is an effective and safe treatment option in selected patients with solitary T1N0M0 PTC. There are the risks of tumor incompletely ablated and CCLN metastasis.
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Introduction

Papillary thyroid carcinoma (PTC) is the most common thyroid malignancy with an ever-increasing yearly incidence rate (1, 2). With the development of high-frequency ultrasound (US) and biopsy techniques, more cases of papillary thyroid microcarcinoma (PTMC) are being identified (3, 4). Although there are many controversies regarding the treatment strategy of PTMC without lymph node metastasis (LNM), traditional or endoscopic thyroidectomy remains the primary treatment strategy (5).

The American Thyroid Association guidelines introduced active surveillance (AS), instead of surgery, due to the surgical complications and low risk of metastasis associated with PTC (6–8). Radiofrequency ablation (RFA) has been rapidly promoted as the first-line approach for treating benign thyroid tumors or as a palliative treatment for metastatic lymph nodes in patients with thyroid cancer. RFA provides a new option for these patients because it is minimally invasive, has no impact on aesthetic appearance, and results in less trauma and scanty complications for the patient.

RFA was conceived initially as a way to treat benign thyroid nodules (BTNs) (9, 10) and is more frequently used in treating primary thyroid malignancies (11–13). In 2017, the Korean Radiofrequency Ablation Association published guidelines that proposed thermal ablation as a treatment method for thyroid cancer with LNM and PTMC and provided a basis for using RFA in PTMC (14). The Chinese Medical Doctors’ Association and European Thyroid Association successively produced guidelines for the thermal ablation of thyroid tumors (15, 16). Many studies have confirmed that RFA is effective and safe for treating BTNs (17–19) which the incidence of RFA-associated complications, such as dysphonia, hypocalcemia and bleeding, is very low (20–22). Recent several studies have shown that RFA is effective for treating PTMC (23–25). However, studies on the prognosis, safety, and efficacy of RFA in treating T1N0M0 PTC are still insufficient. In addition, current studies mostly explore the efficacy and safety of thermal ablation. However, some potential risks are disregarded, including inadequate tumor inactivation, missed central compartment lymph node (CCLN) metastasis.

Therefore, this study aimed to explore the prognosis, safety, and efficacy of RFA in treating T1N0M0 PTC moreover to analyze risk factors of postoperative recurrence. Some cases underwent delayed surgery (DS) after RFA to evaluate tumor inactivation. Thus, the patients with T1N0M0 disease which is performed DS were selected to assess the proportion and related factors of missed CCLN metastasis. This was done as the results might provide a more impartial evaluation of RFA in patients with T1N0M0 PTC possible can be benefit to patients when they select between RFA and DS.



Materials and methods

This retrospective study was approved by the ethics committee at our respective institutes (Reference No. 2022-KY-0844-001) and the requirement for informed consent was waived. Informed consent was obtained from all patients for the treatment delivered.

The inclusion criteria were (a) maximum diameter (MD) less than 20 mm, (b) puncture biopsy indicating PTC with no invasion and rupture of the thyroid capsule on the preoperative US, (c) no invasion of surrounding tissues or regional lymph nodes, or distant metastasis, (d) ineligibility for or refusal to undergo surgery, and (e) at least 6-month duration of follow-up. Exclusion criteria were (a) multiple PTCs, (b) tumor located in the isthmus of the thyroid, (c) age younger than 18 years or pregnancy, and (d) unavailability of complete follow-up data.

Pre- and postoperative US examinations were performed by expert doctors (more than 5 years of experience) at our hospital’s Ultrasound Department. US imaging provided data on tumor location, size (three meridians), and US characteristics of the tumor. The volume was calculated using:

	

(where V is the volume, A is the MD, and B and C are the other two vertical diameters). The pathology results of preoperative fine-needle aspiration (FNA) indicated PTC presence, while BRAFV600E gene detection was used for auxiliary judgment when necessary. Computed tomography imaging of the neck and chest was performed to detect lymph node and distant metastasis.

The VIVA RF Generator (STARmed, Gyeonggi-do, South Korea) was used in this study. An 18-gauge, modified, monopolar, and internally cooled RFA antenna with a 1-cm active tip and a 7-cm shaft length was used; this was specifically modified for the ablation of thyroid nodules. The patients were asked to remain the supine position, and the shoulder and neck were padded and hyperextended to expose the neck fully. Routine disinfection and towel laying were performed. Lidocaine (2%) was used as the local anesthetic. Under US guidance, an electrode was inserted along the local anesthesia track into the nodule. Fixed ablation was used for small nodules, and multipoint or mobile ablation (moving-shot technique) was used for large nodules with multiple expected movements of the applicator into the target thyroid nodule. The treatment was considered complete when the strong echo range exceeded the original tumor margin by 5 mm (minimum 2 mm). The liquid isolated the recurrent laryngeal nerve (RLN), internal jugular vein, and common carotid artery. The average ablation time was 4.15 ± 1.48min, and compression was applied for 20–30 min postoperatively. Elevations of blood pressure, dysphonia, bleeding, and other complications were monitored.

All patients returned for follow-up US examinations at 1, 3, 6, and 12 months postoperatively, and every 6 months after that. Follow-up data were mainly based on thyroid US. The important indicators were as follows: 1. the size and volume of the lesion, and the percentage of reduction in the volume of the lesion after RFA, 2. the presence of recurrence and metastasis based on puncture biopsy results, when necessary, 3. the scope and morphology of necrosis in the ablation area, and 4.tumor disappearance and complication rate (the standard for image-guided thyroid ablation) (26).

Data analysis was performed using the SPSS software (SPSS for windows 21.0, SPSS, Chicago, IL). Descriptive statistics that are normally distributed are expressed as mean ± standard deviation, and categorical variables are given as frequency and percentage. Propensity score matching (PSM) was performed using the Stata 15.The paired t-test was used to assess differences between pretreatment and posttreatment, and the chi-squared test was used for comparing groups. Univariate analysis and log-rank test were separately used to analyze the factors of CCLN metastasis not identified on US. A value of P < 0.05 was considered to define statistically significant differences.



Results


Patient demographic and tumor characteristics

Since August 2014 to October 2022, the total numbers of patients (142) which is included 36 males 106 females respectively, aged 19–81 (mean age, 46.40 ± 14.30 years) underwent US-guided FNA or core-needle biopsy (CNB), and the pathology results were PTC (Figure 1). T1N0M0 PTC refers to a single thyroid nodule with a diameter of less than 2 cm, clear pathological indication, and no LNM. These 142 patients further underwent US-guided RFA. In addition, 411 patients who underwent DS and prophylactic CCLN dissection and whose preoperative US showed T1N0M0 PTC in the same period were selected. 142 cases were selected to compare after propensity score matching (PSM) (Table 1). Some exceptional cases were collected, including 4 patients who underwent DS after RFA.




Figure 1 | Research flowchart. RFA, radiofrequerncy, ablation, PTC, papillary thyroid carcinoma.




Table 1 | Demographic characteristics of the study population.





The curative effects

Postoperative contrast-enhanced (CE) US imaging was performed to ensure that all tumors were completely enhanced by different degrees at the end of ablation. The filling defect at the ablation site of the CE US was an anechoic area, suggesting that the lesion was completely ablated. The ablation range was 2-3 mm larger than the lesion range. The ablation power and range were appropriately reduced at the upper and lower poles, especially for the lesions near important tissues such as RLN, esophagus, blood vessel etc.

The mean MD of the nodules before ablation was 6.37 ± 3.14 mm, and the mean V was 156.65 ± 251.26 mm3. The MD and V of the ablation low echo area were larger than those of the original tumor at the evaluations performed during months 1 after ablation (P < 0.001); this is due to the ablation range having been 2-3 mm larger than the lesion range. The MD and V of the ablation low echo area were less than those of the original tumor at the 6-month and longer follow-up examinations after ablation (P < 0.001 for all). The changes are shown in Table 2. The MD and V were significantly reduced at the 6–24-month follow-up, while the reduction was minimal after 24 months, which has shown in Figure 2. The tumor disappearance rate was 53.5% (76/142).


Table 2 | The changes of mean maximal diameter and volume after ablation over 1 year.






Figure 2 | The MD, V, MDRR and VRR of the nodules. (A) MD of the nodules (B) V of the nodules (C) MDRR of the nodules (D) VRR of the nodules. MD, maximum diameter; V, volume; MDRR, maximal diameter reduction ratio; VRR, volume reduction ratio.



The American Joint Committee classifies the T1 PTC into T1a (tumor ≤ 1 cm) and T1b (tumor > 1 cm but ≤ 2 cm). The follow-up data for T1a and T1b PTC are shown in Table 3. The MD and V of T1a of the ablation zone at the 12-month follow-up were less than those for the original tumor (P < 0.001 for both). The changes of MD and V in T1b PTC at the 12-month follow-up were significant (P = 0.003 and P = 0.004, respectively).


Table 3 | The comparison of T1a and T1b PTC.





The safety and treatment efficacy

The complication rate at the most recent follow-up was 2.8% (4/142), with hematoma and dysphonia. There was no significant difference in the complication rate between RFA and DS in the short term (P = 0.518, Table 4). The disease progression rate after RFA was 2.1% (3/142) in the present study. The disease progression rate after DS was 1.4% (2/142). There was no significant difference in disease progression rate between RFA and DS in the short term (P =0.652, Table 4).


Table 4 | The complications and disease progression of RFA and DS.



The four cases that underwent DS after RFA were assessed to understand whether the tumor was completely ablated. All RFA were performed by doctors who had more than 100 procedures. The first patient underwent DS due to enlargement of thyroid nodules 4 years after RFA; the postoperative pathology showed that the ablation region had a new tumor (PTC, MD was 3 mm). The second patient underwent DS because CCLN metastasis was observed 3 months after RFA; the postoperative pathology showed the tumor was not ablated, and there was CCLN metastasis (metastasis/all was 7/9). The remaining 2 patients underwent concomitant RFA and FNA followed by DS as the puncture biopsy results indicated PTC. The pathology suggested that the tumor was completely ablated in one case but not in the other. The US and pathology images are shown in Figure 3.




Figure 3 | The preoperative ultrasound (US) and postoperative pathology (×100). (A) The ablation region had a new PTC four years after radiofrequency ablation (RFA). (B) The lymph nodes were metastasis (positive/all was 7/9) 3 months after RFA. (C) The PTC was not completely ablated 3 months after RFA. (D) The PTC was completely ablated 1 months after RFA.



To calculate the characteristics of CCLN metastasis in T1N0M0 PTC, the data of 142 patients were analyzed who underwent DS and CCLN dissection. The postoperative pathology revealed that the rate of LNM was 13.4% (19/142). The results of the chi-squared test and t-test showed that the independent risk factors for CCLN metastasis were MD, V and clustered calcifications as shown in Table 5.


Table 5 | Univariate analysis of CCLN metastasis in T1N0M0 PTC.






Discussion

There is still no clear consensus on the optimal management strategy for PTC. The controversy surrounding management approaches includes the choice among open surgery, thermal ablation, and AS. RFA has been rapidly promoted as the first approach for treating benign thyroid tumors or even for the palliative treatment of metastatic lymph nodes in patients with thyroid cancer because it is minimally invasive and has no impact on aesthetic appearance (27). Multiple studies have reported that using RFA for patients with PTMC was safe, effective, and reliable (28, 29). Our study confirmed the safety, efficacy, and reliability of RFA in treating T1N0M0 PTC.

In this study, the tumor disappearance, disease progression, and complication rates of tumors after RFA were 53.5%, 2.1% and 2.8%, respectively. Moreover, our study showed that the tumor disappearance rate of T1N0M0 PTC was lower than the results of a meta-analysis of data from 12 studies (combined n = 1187) that showed the complete disappearance rate of PTMC was 76.2% (30). The reason may be it is required greater range and power when RFA in treat of T1N0M0 PTC. The tumors showed reduction in 12 month both at T1a and T1b groups. RFA is a feasible and effective treatment option in selected patients with T1a and T1b PTC.

The complication rate of this study is similar to result which has shown in studies of PTMC and BTNs. In the terms of RFA complications, dysphonia was the most common and occurred secondary to recurrent thermal injury of the RLN. As RLN edema subsided, the dysphonia was resolved within 6 months. In some previous studies, the dysphonia incidence rate due to DS was 3-4% (31–33), which was insignificantly different to the result in this study (2.8%). Wei et al. (34) reported that there was no difference regarding disease progression and complications between microwave ablation and DS. In this study, the complication rates following RFA were the same as DS (P = 0.518). There were no differences in disease progression between RFA and DS (P = 0.652). To reduce the incidence of thermal injury of the RLN, the surgeon should employ hydro-dissection and accurate puncturing, as well as the ablation time and subsequent release of energy should be reduced. This study observed that the safety and efficacy of RFA in T1N0M0 PTC were favorable when compared with DS.

During the 24-month follow-up examination, we found that RFA was reliable regarding the tumor gradually reduced or disappeared. This study showed favorable results in the medium- and short-term follow-up examinations. Although PTC progresses slowly, several controversial issues cannot be ignored until the long-term follow-up examination results are available or until further research is conducted. However, while there are several studies on the effectiveness of RFA, only a few investigate its limitations, which may mislead doctors or patients into overconfidence about RFA. The most controversial issues of RFA are whether the tumor is entirely necrotic and LNM. Four cases that underwent DS after RFA were analyzed to investigate tumor necrosis, and the results proved that tumor is not removed completely and LNM existed. Sun et al. (35) reported that of 21 patients who underwent surgery after RFA, 33.3% had bilateral cancer and 47.6% had CCLN; similar results (66.7%, 8/12) were reported by Ma et al. (36).Due to the lack of cases, the extent of these situations is unknown.

To explore LNM, we collected clinical data from T1N0M0 PTC patients who had performed DS and CCLN dissection, the same inclusion criteria as RFA. The requirement of RFA make the inclusion criteria different from traditional T1N0M0 PTC. The tumors should be single and located in some distance from the boundary of envelope, trachea, esophagus, recurrent laryngeal nerve. The patients should have no family history, no radiation history. After using PSM to reduce the dimension of the data, the CCLN metastasis rate was 13.4% which significantly lower than traditional T1N0M0 PTC (37, 38). The univariate analysis showed that MD, V, and clustered calcifications correlated significantly with CCLN metastasis. Compared with hypoechoic nodules, clustered calcifications were strongly correlated with CCLN metastasis. In some studies, CCLN metastasis was associated with PTC recurrence rates (39–41). As the risk for recurrence of LNM remains, our study found that patients with smaller-diameter and no cluster calcificationare are more suitable for RFA.

This study found that appropriately expanding the scope of operation, prolonging the operation time, and performing postoperative CE US to ensure complete ablation of lesions can prevent recurrence. RFA should be performed from top to bottom and deep to shallow regions to ensure no omissions. Few patients with CCLN metastasis bear a high risk of recurrence, often undergoing DS after RFA. Doctors should adhere strictly to the indications of RFA and fully inform patients when discussing RFA as an option with PTC patients, as undergoing DS after RFA increases the financial burden of patients and may lead to disease progression. A significant advantage was that DS performed after RFA was reasonably straightforward based on clinical experience; only slight tissue adhesions were found intraoperatively. In addition, our study found that most patients receiving minimally invasive treatments were females aged 18-30 years and patients with jobs that required a high aesthetic appearance. These patients refused to undergo open surgery; thus, RFA may be the appropriate alternative treatment. Open surgery should be considered the primary treatment option for patients who prefer radical treatment over aesthetic appearance and minimally invasive surgery.

This study confirmed the safety and reliability of RFA in treating T1N0M0 PTC. Nonetheless, patient subsets that can and cannot undergo RFA are still not known. Further studies are required to fully predict which groups of patients with thyroid cancer are suitable for RFA and to detect LNM that cannot be detected by color Doppler ultrasound. Furthermore, future studies should answer whether RFA is better than AS and whether it provides the same results and outlook of open surgery, as well as determine which options are available for any remaining residual tumor post-RFA.

Our research had some limitations. First, this was a single-center study. Second, the mean follow-up period in this study was short based on the progression of PTC. Third, this study lacks data regarding the pathology diagnosis of RFA. Lastly, the CCLN metastasis ratio was inferred by pathological results obtained during DS, rather than after RFA.



Conclusions

In conclusion, RFA is a safe and effective treatment for T1N0M0 PTC but is associated with a higher recurrence risk than DS. We found that RFA was associated with fewer postoperative complications and less trauma to the patients, had no impact on aesthetic appearance, and required only local anesthesia. Moreover, RFA is more suitable for females aged 18-30 years, elderly patients or patients with serious other illnesses. However, the incomplete tumor inactivation and LNM make RFA unsuitable to replace open surgery as the primary treatment option. Therefore, the indications of RFA should be carefully considered, and the patients should be fully informed.
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Background

To explore the metabolic differences of follicular thyroid carcinoma (FTC) by metabonomics, to find potential biomarkers for the diagnosis of FTC, and to explore the pathogenesis and diagnosis and treatment strategies of FTC.



Method

The metabonomics of 15 patients with FTC and 15 patients with follicular thyroid nodules(FTN) treated in Henan Cancer Hospital were analyzed by liquid chromatography-mass spectrometry (LC-MS).



Results

The analysis showed that the metabolite profiles of FTC tissues could be well distinguished from those of control tissues, and 6 kinds of lipids were identified respectively, including lysophosphatidic acid(LysoPA) [LysoPA(0:0/18:0),LysoPA(0:0/18:2(9Z,12Z)],LysoPA[20:4(8Z,11Z,14Z,17Z)/0:0)]; phosphatidic acid(PA) [PA(20:3(8Z,11Z,14Z)/0:0),PA(20:4(5Z,8Z,11Z,14Z)/0:0),PA(20:5(5Z,8Z,11Z,14Z,17Z)/0:0)]; lysophosphatidylcholine(LPC) [LPC(18:1),LPC(16:0),LPC[16:1(9Z)/0:0],LPC(17:0),LPC[22:4(7Z,10Z,13Z,16Z),LPC(20:2(11Z,14Z); phosphatidylcholine(PC)(PC(14:0/0:0),PC(16:0/0:0); sphingomyelin(SM) (d18:0/12:0); fatty acid(FA)(18:1(OH3)]. There are 2 kinds of amino acids, including L-glutamate,L-glutamine.There are 3 other metabolites, including retinol,flavin adenine dinucleotide,androsterone glucuronide.Lipid metabolites are the main metabolites in these metabolites.The metabolic pathways related to FTC were analyzed by KEGG and HMDB, and 9 metabolic pathways were found, including 4 amino acid related metabolic pathways, 1 lipid metabolic pathways and 4 other related pathways.



Conclusion

There are significant differences in many metabonomic characteristics between FTC and FTN, suggesting that these metabolites can be used as potential biomarkers. Further study found that LysoPA and its analogues can be used as biomarkers in the early diagnosis of FTC.It may be related to the abnormal metabolism of phospholipase D (PLD), the key enzyme of LysoPA synthesis caused by RAS pathway. At the same time, it was found that the metabolic pathway of amino acids and lipids was the main metabolic pathway of FTC. The abnormality of LysoPA may be the cause of follicular tumor carcinogenesis caused by lipid metabolic pathway.





Keywords: follicular thyroid carcinoma, metabonomics, lipid metabolites, RAS, LysoPA



1 Introduction

Follicular thyroid tumor mainly include FTC, atypical follicular thyroid adenoma and follicular thyroid adenoma(FTA). FTC is one of the highly differentiated malignant tumors, and its incidence is second only to papillary thyroid carcinoma (PTC). The main reason for its occurrence is the abnormal differentiation of thyroid follicular epithelial cells (1). In 2017, WHO divided FTC into three types: slightly invasive type (only invading the capsule), intracapsular vascular infiltrating type and extensive infiltrating type. Lymph node metastasis in FTC was less common than that in PTC, but distant tissue or organ metastasis was easy to occur (2). At present, there are few studies on the pathogenesis of FTC, and the clinical diagnosis and treatment of FTC are mainly focused on imaging examination, fine needle aspiration cytology and so on.Fine needle aspiration cytology(FNAC) is currently the most accurate method to evaluate the benign and malignant thyroid nodules, but there are still 20% to 30% follicular tumors that cannot be determined by FNAC, and FTC is easily confused with FTA in clinical diagnosis, resulting in misdiagnosis (3). Clinically, there is an urgent need for a highly sensitive, specific, efficient, non-invasive and widely used objective index for the diagnosis of thyroid nodules. Therefore, it is necessary to find a stable and reliable tumor molecular marker to assist the diagnosis of FTC.

Metabolomics is a subject of qualitative and quantitative analysis of low molecular weight metabolites in an organism or cell to monitor the changes of chemical products in living cells. It has significant advantages in the early screening of tumor markers (4). The most commonly used analytical methods in metabonomics are nuclear magnetic resonance and liquid or gas chromatography-tandem mass spectrometry(LC/GC-MS) (5). At present, the application of metabonomics in tumor diagnosis is mainly focused on gastric cancer (6), liver cancer (7), lung cancer (8), breast cancer (9), prostate cancer (10) and so on. Metabonomic studies related to thyroid cancer are mainly focused on thyroid papillary carcinoma.Skorupa (11) analyzed 38 cases of PTC, 32 benign thyroid nodules (BTNs) and 112 non-tumor tissue samples by high-resolution magic angle rotation nuclear magnetic resonance technique. It was found that the levels of alanine and lysine in PTC tissue samples were higher than those in non-tumor lesions, while sphingositol content increased in BTNs. In addition, Aboosb R (12) analyzed thyroid nodule patients (including 19 patients with PTC and 16 patients with nodular goiter) and 20 healthy controls by GC-MS. It was found that there were differences in amino acid metabolism, tricarboxylic acid cycle, fatty acid, purine and pyrimidine metabolism between the two groups. At present, few papers on metabonomics related to FTC have been published. In this study, Liquid chromatography-tandem mass spectrometry (LC-MS) metabonomics was used to detect FTC and FTN tissue samples, to screen differential metabolites, to find abnormal metabolic pathways, to explore the potential biomarkers and pathogenesis of FTC, and to provide basis for early diagnosis and treatment of FTC.



2 Materials and methods


2.1 Study subjects

The subjects were from the patients treated in Henan Cancer Hospital. All the patients in the experimental group were confirmed to be FTC by operation and pathological examination.The experimental group will meet the following items: a). It was confirmed by pathology as FTC;b). No history of other cancers; c). Age ≥ 18 years old; d). No history of blood transfusion; e). No history of taking immunosuppressive drugs. The control group was matched with case frequency according to age and sex. The study was carried out with the informed consent of the subjects.



2.2 Sample preparation

Take 50mg solid sample or 100 μl liquid sample into 1.5ml centrifuge tube, add 400 μ l extract (acetonitrile: methanol = 1:1), after vortex mixing for 30s, extract 30min (5 °C, 40KHz) by low temperature ultrasonic extraction, place the sample at-20°C, 30 min, 4°C, 13000g centrifugal 15min, remove the supernatant, dry with nitrogen, re-dissolve 120 μ l complex solution (acetonitrile: water = 1:1), and extract 5min (5 °C,40KHz), 4°C, 13000g centrifugal 5min, the supernatant was removed to the injection vial with internal intubation for analysis.



2.3 QC samples LC-MS analysis

All the sample metabolites of the same volume were mixed into quality control samples (QC). In the process of instrumental analysis, one QC sample was inserted into every 10 samples to investigate the repeatability of the whole analysis process.



2.4 LC-MS analysis

The instrument platform of this LC-MS analysis is AB SCIEX’s UPLC-TripleTOF system of ultra high performance liquid chromatography tandem time of flight mass spectrometry. Chromatographic conditions: 10ul samples were separated by BEH C18 column (100mm × 2.1 mm I.D., 1.8 μ m) and then detected by mass spectrometry. Mobile phase A: water (containing 0.1% formic acid), mobile phase B: acetonitrile/isopropanol (1pm 1) (containing 0.1% formic acid). Separation gradient: 0-3 min, mobile phase A from linear 95% to 80%, mobile phase B from linear 5% to 20% min, mobile phase A from linear 80% to 5%, mobile phase B linear from 20% to 95% min, mobile phase A linear to 5%, mobile phase B linear to 95%. 13.0-13.1 min, the linearity of mobile phase An increases from 5% to 95%, the linearity of mobile phase B decreases from 95% to 5%, the linearity of mobile phase A maintains 95%, and the linearity of mobile phase B maintains 5%. The flow rate is 0.40 mL/min and the column temperature is 40 °C. Mass spectrometry conditions: the sample mass spectrometry signal was collected in positive and negative ion scanning mode, and the mass scanning range (m/z) was 50-1000. Ion spray voltage, positive ion voltage 5000V, negative ion voltage 4000V, de-cluster voltage 80V, fog 50psi, auxiliary heater 50psi, air curtain gas 30psi, ion source heating temperature 500°C, 20-60V cycle collision energy.



2.5 Data preprocessing and database search

After the completion of the computer, the LC-MS raw data are imported into the metabonomics processing software Progenesis QI (Waters Corporation, Milford, USA) for baseline filtering, peak identification, integration, retention time correction and peak alignment, and finally a data matrix of retention time, mass-to-charge ratio and peak intensity is obtained. The data matrix uses the 80% rule to remove the missing values, that is, to retain at least one group of samples with non-zero values of more than 80%. Then fill the vacancy value (the minimum value in the original matrix). In order to reduce the error caused by sample preparation and instrument instability, the response intensity of the essential spectrum peak of the sample is normalized by the sum normalization method, and the normalized data matrix is obtained.At the same time, the variables with relative standard deviation (RSD) > 30% of QC samples are deleted and logarithmized by log10 to get the final data matrix for follow-up analyses. At the same time, the metabolite information was obtained by matching the mass spectrometry information of MS and MSMS with the metabolic public database HMDB (http://www.hmdb.ca/) and Metlin (https://metlin.scripps.edu/) database. Metabolite identifications were accepted if they could be established on a basis of at least one unique metabolite identified with a high confidence (FDR < 1%). Metabolite abundances were calculated using intensity of all precursors. For each case, normalized abundance by SEQUEST searches for the metabolite. The metabonomics data of a specimen was determined by the metabolite with the largest normalized abundance.



2.6 Analysis of differential metabolites

The preprocessed data is uploaded to Meiji biological cloud platform (https://cloud.majorbio.com) for data analysis. The R software package ropls (Version1.6.2) carries out orthogonal least square discriminant analysis (OPLS-DA), and uses 7 cycles of interactive verification to evaluate the stability of the model. In addition, student’s t test and multiple of difference analysis were performed. The selection of significant differential metabolites was based on the variable weight value (VIP) obtained by OPLS-DA model and the p value of student’s t test. The metabolites with VIP > 1 and p <0.05 (student’s t test) were significant differential metabolites. A total of 11 differential metabolites were screened.



2.7 Bioinformatics analysis

Notes for KEGG access: the metabolic pathways were annotated by KEGG database (https://www.kegg.jp/kegg/pathway.html) to obtain the pathways involved by differential metabolites. KEGG enrichment analysis: the pathway enrichment analysis was carried out by Python software package scipy.stats, and the biological pathway most related to the experimental treatment was obtained by Fisher accurate test. HMDB compound classification: the differential identified metabolites were classified by HMDB compound classification database. IPath metabolic pathway analysis: iPath3.0 (http://pathways.embl.de) was used to visually analyze the metabolic pathways involved in metabolic sets to view the metabolic pathway information of the whole biological system.




3 Results


3.1 Metabolism of FTC and FTN

In this study, LC-MS was used to analyze FTC tissue and FTN tissue control group. A total of 140 metabolites, including lipids, amino acids, carbohydrates, organic acids and esters, were identified and quantified. Cluster heat map analysis of differential metabolites between FTC and control groups showed the differences of 140 metabolites between FTC and FTN groups, and the relative changes of metabolites concentration in different groups (Figure 1). According to the ROC curve (Figure 2), the metabolic spectrum of thyroid tissue shows representative metabolites: lipids, amino acids. A total of 11 metabolites were identified, including 6 kinds of lipids, 2 kinds of amino acids and 3 kinds of other metabolites (Table 1). The expression of each metabolite is shown in the box diagram (Figure 3).




Figure 1 | FTC and FTN tissue metabolites clustering heat map and VIP diagram. (A) FTC and FTN tissue metabolites clustering heat map. (B) Metabolite expression profile and VIP diagram. Each column in the Figure represents a sample and each row represents a metabolite. The color in the Figure indicates the relative expression of the metabolite in this group of samples.There is a tree of metabolites clustering on the left and the names of metabolites on the right. The closer the two metabolites branch to each other, the closer their expression is.The tree view of the sample clustering at the top and the name of the sample at the bottom. In the VIP diagram,on the right side is the metabolite VIP bar chart, the bar length represents the contribution of the metabolite to the difference between the two groups, the default is not less than 1, the higher the value, the greater the difference between the two groups.The bar color indicates that there is a significant difference in metabolites between the two groups, that is, the smaller the P_value, the larger the-log10 (P-value) and the darker the color. On the right, **P < 0.01, and ***represents P < 0.001.






Figure 2 | The results of ROC analysis showed that the four metabolites had significant diagnostic value for FTC. (A) Result of ROC analysis of LysoPA(0:0/18:0). AUC: 0.8622 (95%CI: 0.731-0.9935). (B) Result of ROC analysis of LysoPA(20:4(8Z,11Z,14Z,17Z)/0:0)). AUC: 0.8267 (95%CI: 0.6809-0.9724). (C) Result of ROC analysis of L-glutamine. AUC: 0.7733 (95%CI: 0.5909-0.9557). (D) Result of ROC analysis of L-glutamate. AUC: 0.7778 (95%CI: 0.5987-0.9569). The X axis in the picture is 1-Specificity; Y axis is Sensitivity;The AUC marked in the Figure is the area under the corresponding curve;AUC values are usually between 0.5 and 1.0;When AUC > 0.5, the closer the AUC is to 1, the better the diagnostic effect is;The accuracy of AUC is lower at 0.5-0.7, that of AUC is higher when 0.7-0.9, and that of AUC above 0.9 is extremely high.




Table 1 | Differences of characteristic metabolites between experimental group and control group.






Figure 3 | Box diagram of medium metabolite distribution for each group of samples. (A-L) Box diagrams of LysoPA(0:0/18:0), LPC(17:0), (LPC(18:1), PA(20:5(5Z,8Z,11Z,14Z,17Z)/0:0), FA(18:1(OH3)), PC(14:0/0:0), SM(d18:0/12:0), L-glutamine, L-glutamate, androsterone glucuronide, retinol, flavin adenine dinucleotide distributions in FTC and FTN groups, respectively. The line in the middle of the box represents the median relative abundance of metabolites.The upper and lower bottom of the box are the upper quartile (Q3) and the lower quartile (Q1) of the relative strength of metabolites, respectively.The height of the box reflects the degree of fluctuation of the data to some extent.The upper and lower edges represent the maximum and minimum values of the set of data.The data outside the box can be understood as “outliers” in the data.* represents P < 0.05,** represents P < 0.01, and *** represents P < 0.001.





3.2 Comparison of metabolites between FTC and FTN


3.2.1 Orthogonal partial least-squares discriminant analysisis used to distinguish between FTC and FTN

In addition, OPLS-DA is carried out, and the OPLS-DA score map filters out the information that has nothing to do with the grouping through orthogonal rotation, so as to better distinguish the differences between groups and improve the efficiency of the model. In the anion mode: the OPLS-DA score map (Figure 4A) shows that there are significant differences in metabolites between the control group and the experimental group, which can be well distinguished. OPLS-DA permutation test (Figure 4A) (R2Y=0.976 and Q2 = 0.863) shows that these models are reliable. In the cation mode: the OPLS-DA score chart (Figure 4B) shows that there are significant differences in metabolites between the control group and the experimental group, which can also be well distinguished.OPLS-DA permutation test (R2Y=0.991 and Q2 = 0.923) shows that these models are reliable (Figure 4B).




Figure 4 | OPLS-DA results showed the efficient discriminant of the model. (A) OPLS-DA score chart and permutation test(anion mode); (B) OPLS-DA score chart and permutation test(cationic mode). The OPLS-DA score chart is often used to directly show the classification effect of the model. In OPLS-DA score chart, the abscissa is the interpretation degree of Comp1’s first predicted principal component, and the ordinate is the interpretation degree of orthogonal Comp1’s first orthogonal component.In OPLS-DA permutation test, Abscissa represents the permutation retention of permutation test, ordinate indicates the value of R2 (red dot) and Q2 (blue triangle) permutation test, and the two dotted lines represent the regression lines of R2 and Q2 respectively.





3.1.2 VIP diagram analysis is used to distinguish between FTC and FTN

Predictive variable importance (VIP) scores based on the OPLS-DA model indicate the potential metabolites as biomarkers (Figure 1B). Variables with VIP scores greater than 1.5 are considered important to the classification model. The VIP scores of various metabolites were more than 1.5, including LysoPA, PA and so on.



3.1.3 Volcanogram analysis is used to distinguish FTC from FTN

The point on the right side of the volcano chart indicates that the metabolite is up-regulated and the point on the left side indicates that the metabolite is down-regulated. In the anion model of metabolites, most of the differential metabolites in FTC and FTN groups showed an up-regulation trend, while a few metabolites showed a down-regulation trend (Figure 5A). In the metabolite cation model, most of the differential metabolites in FTC and FTN groups showed an up-regulation trend, while some metabolites showed a down-regulation trend (Figure 5B).




Figure 5 | Volcano diagram of metabolite in FTC and FTN. (A) Volcano diagram of metabolites identified between FTC and FTN in anion mode. (B) Volcano diagram of metabolites identified between FTC and FTN in cation mode. Abscissa is the multiple change value of metabolite expression difference between the two groups, namely log2FC, ordinate is the statistical test value of metabolite expression difference, namely-log10 (p_value) value, the higher the value is, the more significant the difference is, and the values of horizontal and vertical coordinates are logarithmized. Each point in the Figure represents a specific metabolite, and the size of the point represents the VIP value. The point on the left is the metabolite of differential down-regulation, and the point on the right is the metabolite of differential up-regulation. The more close to the left and right side and the above point, the more significant the expression difference.






3.3 Metabolic pathways affecting FTC

The metabolic pathways related to FTC and reliable results were analyzed by Kyoto Encyclopedia of Genes and Genomes(KEGG) and human metabolome database(HMDB), and the KEGG metabolic pathways could be divided into six categories (Figure 6A): metabolism, genetic information processing,environmental information processing,cellular processes,organismal systems and human diseases. The results of pathway analysis are shown in Table 2 and Figure 6B, and seven meaningful pathways have been found, including D-glutamine and D-glutamate metabolism, alanine, aspartate and glutamate metabolism, arginine biosynthesis, glycerophospholipid metabolism, glyoxylate and dicarboxylate metabolism, aminoacyl-tRNA biosynthesis and steroid hormone biosynthesis, which were significantly correlated with FTC. In addition, in order to expand the understanding of the metabolic pathways related to FTC, the enrichment analysis module of the metabolic analysis system (Figure 6C) was used to find a number of pathways significantly related to FTC, including two metabolic pathways, including linoleic acid metabolism and glutathione metabolism.




Figure 6 | Metabolic pathways involved in FTC. (A) KEGG pathway analysis shows that abnormal lipid metabolism pathway plays a key role in the formation of FTC. The ordinate is the secondary classification of the KEGG metabolic pathway, and the Abscissa is the number of metabolites annotated to the pathway. KEGG metabolic pathways can be divided into seven categories: Metabolism,Genetic Information Processing,Environmental Information Processing,Cellular Processes,Organismal Systems,Human Disease and Drug Development. (B) KEGG Topology Analysis Bubble Diagram. Note: each bubble in the Figure represents a KEGG Pathway pathway; the horizontal axis represents the relative importance of metabolites in the pathway Impact Value; the vertical axis represents the significant enrichment significance of metabolites in the pathway-log10 (Pvalue); the bubble size represents the Impact Value value; the larger the bubble, the greater the importance of the pathway. (C) KEGG enrichment analysis(FTC_vs_FTN). Note: Abscissa denotes pathway name, and ordinate denotes enrichment rate, indicating the ratio of the metabolite number enriched in the pathway to the number of background number to pathway. The higher the ratio, the greater the degree of enrichment.The color gradient of the column indicates the significance of enrichment. The darker the default color, the more significant the enrichment of the KEGG term. Pvalue or FDR < 0.001 is marked as ***, Pvalue or FDR < 0.01 is marked as **, Pvalue or FDR < 0.05 is marked as *.




Table 2 | Pathway analysis of metabolic changes in FTC.






4 Discussion

Thyroid cancer(TC) is one of the malignant tumors with the fastest increasing incidence in the world in recent years (13). With the improvement of living standards, routine physical examination is becoming more and more popular. About 1/5 of adults find thyroid nodules in the physical examination (14). At present, FNAB is the gold standard for the diagnosis of thyroid cancer, but due to insufficient sampling and the difficulty in determining the nature of follicular thyroid tumors, 20% to 30% of thyroid nodules cannot be identified clinically.Of the thyroid nodules of uncertain nature, 10% to 30% were diagnosed as malignant after operation (15, 16). Therefore, it is necessary to have a highly sensitive, specific, efficient, non-invasive and widely used objective index for the diagnosis of thyroid nodules. Metabonomics is a discipline that comprehensively and systematically describes all small molecular metabolites in biological samples. It has obvious advantages in disease diagnosis and research (17, 18).

The main methods of metabolic research include nuclear magnetic resonance (NMR) spectroscopy and mass spectrometry (MS), gas chromatography (GC) and liquid chromatography (LC) and other separation techniques. Nuclear magnetic resonance technology has the advantages of non-selective and non-destructive analysis of samples, low sample consumption, simple sample pretreatment, non-invasive and other advantages, and can be used for the analysis of various body fluids (19). However, its sensitivity and resolution need to be improved, and the required sample concentration is high, so it is impossible to analyze the components with large concentration difference at the same time. Mass spectrometry has wide adaptability, high specificity and sensitivity, but its disadvantage lies in low selectivity and poor ability to identify a large number of spectral peaks. The chromatographic technology has strong separation ability and accurate quantitative analysis, but the ability of qualitative analysis is weak. Liquid chromatography-mass spectrometry can make up for their shortcomings, with good repeatability, high sensitivity, strong qualitative and quantitative ability, and can detect most of the organic molecules in biological samples (20). In this study, 15 cases of FTC and 15 cases of FTN were analyzed by liquid chromatography-mass spectrometry (LC-MS). It was found that there were significant differences in lipids and amino acids between FTC and control tissues. It can be used in the diagnosis of FTC.

The development of thyroid cancer requires the existence of specific conditions under which cell metabolism is reprogrammed to meet its bioenergy and biosynthesis needs and to allow cells to proliferate uncontrolled. Therefore, the low molecular weight metabolites of cancer tissues are significantly different from those of other tissues. Metabonomics technology can accurately detect the differences between these metabolites and find the relative relationship between these metabolites and physiological and pathological changes to diagnose diseases and monitor health. As an important metabolite, lipids participate in the self-assembly of phospholipids to form biofilms and participate in cell differentiation and signal transduction as second messengers. Previous studies (21) have found that the occurrence and development of tumors are closely related to the changes of lipid levels. In this study, our experimental results showed that the level of PA, SM in FTC was significantly increased, and the AUG value was more than 0.7. This may be the capsular infiltration or vascular infiltration of FTC, and the tumor tissue penetrates the capsule, resulting in changes in the composition of the cell membrane. It causes abnormal levels of phospholipids and metabolites related to cell membrane synthesis in the body.

Guo (22) studied the lipid changes of TC and BTN tissue and blood by tissue mass spectrometry and serum lipid spectrum analysis. It was found that the biomarker group composed of phosphatidic acid (PA) (36:3) and sphingomyelin (SM) (34:1) could distinguish between benign and malignant tumors, with an AUC value of 0.961, a sensitivity of 87.8% and a specificity of 92.9%, which was similar to our results. In addition, our study also found that the level of FA, PC is higher than that of FTN, which may be related to the increase of thyrotropin and the corresponding increase of thyroxine synthesis in patients with FTC, resulting in abnormal plasma lipid levels.On the other hand, there are great differences in lipid metabolism between benign and malignant nodules. Circulating free fatty acids are important for energy replenishment, especially when glucose is insufficient. Excessive proliferation of malignant tumor cells, insufficient energy supply of glucose oxidation, energy supply by fat oxidation, which also indirectly leads to abnormal lipids. Guo (23) performed lipid imaging and analysis on tissue samples from six different types of cancer, including 124 cases of TC and 122 controls (healthy subjects and BTN samples). The results showed that the levels of 10 lipids in TC serum changed, including 3 phosphatidylcholines, 6 phosphatidic acids and 1 sphingomyelin, which indicated that there were differences in lipid metabolism between TC and other thyroid tissues.

Interestingly, we found that a variety of lysophosphatidic acid (LysoPA) levels are generally increased in FTC, and LysoPA is produced under physiological and pathophysiological conditions of cells and extracellular fluid. It mediates a variety of cellular responses and activities, including cell proliferation, migration, invasion, cytokine production, reactive oxygen species (ROS) production and cancer cell progression (24). The latest study (25) found that LysoPA can act on specific G protein-coupled receptors and regulate many metabolic processes, such as vascular development, immunity and carcinogenesis. In addition, LysoPA has been found to induce the characteristics of many cancers, including cellular processes such as proliferation, survival, migration, invasion and neovascularization. So far, LysoPA has been detected in many human body fluids, including plasma (26), serum, cerebrospinal fluid (27), pleural effusion (28) and so on.

LysoPA has two main biosynthetic pathways. First, phosphatidic acid (PA) is formed by the decomposition of phospholipids by phospholipase D (PLD), and then converted by phospholipase A1 or A2 (PLA1 and PLA2) to LysoPA. Second, lysophospholipids are produced by the corresponding phospholipids through PLA1 or PLA2. They are then cut into LysoPA by the action of lysophospholipase D (also known as autophagotoxin (ATX)) (25). Related studies have found that abnormal LysoPA levels are associated with a variety of diseases, including breast cancer (29), ovarian cancer (30) and so on. At present, the source and mechanism of the increase of LysoPA in FTC are not clear. We guess: 1. LysoPA can recognize two kinds of G protein coupled receptors: LysoPA1-3 receptor and LysoPA4-6 receptor, which belong to endothelial gene (EDG) family and non-endothelial gene family respectively.Some studies (31) found that the expression of EDG4 receptor mRNA in FTC increased by 3 times, and had a high affinity for LysoPA, which led to the increase of LysoPA. 2.RAS pathway is the key pathway of FTC (32), and phospholipase D (PLD) is the key enzyme to produce LysoPA. We speculate that the metabolism of RAS protein in RAS pathway is abnormal during follicular thyroid tumor carcinogenesis. It has been found that Ras protein is a key element in the regulation of phospholipase D (PLD) (33). Therefore, the increase of LysoPA in FTC may be due to the abnormal metabolism of Ras protein, which leads to the increase of phospholipase D synthesis and further leads to the increase of LysoPA.3. Lysophospholipids are produced by the corresponding phospholipids through PLA1 or PLA2, and then cut into LysoPA by lysophospholipase D (also known as autophagy toxin (ATX)). The resulting LysoPA is dephosphorylated by phospholipid phosphatase (LPP) and degraded to monoacylglycerol (MAG), or converted to PA by acyltransferase. The increase of LysoPA in FTC may be the result of ATX-LysoPA-LPP axis misalignment. 4. FTC can be diagnosed when follicular thyroid tumor invades blood vessels, capsule and surrounding tissue.LysoPA acts on tissues to produce endothelin and angiogenic factors (vascular endothelial growth factor (VEGF), interleukin (IL)-6, etc.), which can be used as paracrine growth factors of malignant cells. The increase of LysoPA in FTC may be caused by tumor invasion of surrounding blood vessels and tissues. These results suggest that the different expression of LysoPA in different tissues may provide a non-invasive, simple and accurate method for the diagnosis of FTC.

The characteristics of low molecular weight metabolites in tumor tissues are significantly different from those in other tissues. These metabolite characteristics can be expressed in two ways:1. The concentration of low molecular weight metabolites is constantly changing at each stage of tumor tissue progression, and these differential metabolites can be detected by metabonomics to diagnose diseases. 2. There are also many changes in metabolic pathways involved in each stage of tumor tissue progression. After annotating KEGG and HMDB and analyzing their pathways and enrichment, we found that important metabolic pathways are related to FTC. The changes of amino acids in FTC mainly include L-glutamate and L-glutamine. The KEGG pathways involved in L-glutamate and L-glutamine include D-glutamine and D-glutamate metabolism, alanine, aspartic acid and glutamate metabolism, arginine biosynthesis, glutathione metabolism and so on. Recently, Gu (34) studied 33 patients with TC and 137 healthy controls by amino acid analyzer. It was found that the levels of threonine and arginine in TC samples were higher, while those of aspartic acid, glutamic acid and proline were lower. Shen (35) and other researchers identified 31 metabolites by comparing the sera of 37 patients with distant metastasis of TC with those of 40 patients with BTN. They are related to glucose, amino acids, lipids, vitamins metabolism and diet/intestinal microbiota interaction. Pathway analysis shows that alanine, aspartic acid and glutamate metabolism and inositol phosphate metabolism are the most related pathways. These findings all support our results. Therefore, the increase of L-glutamate and L-glutamine in thyroid tissue should be noticed, as they may be new tumor markers of FTC. At present, the mechanism of changes in amino acid metabolic pathways related to FTC is still unclear, but it has been found that there are many related metabolic pathways, with the deepening of research, more amino acid metabolic pathways may be found. Another type of KEGG pathway we found is related to lipids, which is glycerol phospholipid metabolic pathway, which involves metabolites such as PC, PA, SM, FA, LysoPA and so on. Miccoli (36) analyzed 28 cases of thyroid papillary carcinoma, 40 cases of thyroid follicular lesions and 4 cases of benign nodules by high resolution magic angle rotation NMR. It was found that benign and malignant tumors could be distinguished by metabonomics. Choline and lipid metabolism were abnormal in malignant samples (thyroid papillary carcinoma and FTC). This is similar to our findings, and we speculate that abnormal LysoPA may be the cause of follicular tumor carcinogenesis caused by lipid metabolic pathway. In addition, KEGG pathways involved in FTC also include Glyoxylate and dicarboxylate metabolism, Aminoacyl-tRNA biosynthesis, Steroid hormone biosynthesis,Linoleic acid metabolism. There are few studies on these pathways related to thyroid cancer, and a large number of sample studies are still needed to confirm their exact relationship.



Conclusion

In short, there are significant differences in a variety of metabonomic characteristics between FTC and FTN, suggesting that these metabolites can be used as potential biomarkers. At the same time, our study found that LysoPA has a very strong diagnostic ability for FTC, which may be related to the abnormal metabolism of phospholipase D (PLD), the key enzyme of LysoPA synthesis caused by RAS pathway. In addition, LysoPA can be detected in a variety of human body fluids, which has the potential to be used in clinic, but it still needs a large number of experiments to confirm. We also found that Amino acid metabolic pathway and lipid-related metabolic pathway may be the key pathways of follicular tumor carcinogenesis, which need to be further studied to explore its potential mechanism and its role in the development of FTC.This study provides new insights into the diagnosis of FTC by studying the differences of related metabolites and abnormal metabolic pathways of FTC, and explores the potential biomarkers of FTC, which has great potential in the diagnosis and treatment of FTC.
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Background

Head and neck squamous cell carcinoma (HNSCC) is among the most lethal and most prevalent malignant tumors. Glycolysis affects tumor growth, invasion, chemotherapy resistance, and the tumor microenvironment. Therefore, we aimed at identifying a glycolysis-related prognostic model for HNSCC and to analyze its relationship with tumor immune cell infiltrations.



Methods

The mRNA and clinical data were obtained from The Cancer Genome Atlas (TCGA), while glycolysis-related genes were obtained from the Molecular Signature Database (MSigDB). Bioinformatics analysis included Univariate cox and least absolute shrinkage and selection operator (LASSO) analyses to select optimal prognosis-related genes for constructing glycolysis-related gene prognostic index(GRGPI), as well as a nomogram for overall survival (OS) evaluation. GRGPI was validated using the Gene Expression Omnibus (GEO) database. A predictive nomogram was established based on the stepwise multivariate regression model. The immune status of GRGPI-defined subgroups was analyzed, and high and low immune groups were characterized. Prognostic effects of immune checkpoint inhibitor (ICI) treatment and chemotherapy were investigated by Tumor Immune Dysfunction and Exclusion (TIDE) scores and half inhibitory concentration (IC50) value. Reverse transcription-quantitative PCR (RT-qPCR) was utilized to validate the model by analyzing the mRNA expression levels of the prognostic glycolysis-related genes in HNSCC tissues and adjacent non-tumorous tissues.



Results

Five glycolysis-related genes were used to construct GRGPI. The GRGPI and the nomogram model exhibited robust validity in prognostic prediction. Clinical correlation analysis revealed positive correlations between the risk score used to construct the GRGPI model and the clinical stage. Immune checkpoint analysis revealed that the risk model was associated with immune checkpoint-related biomarkers. Immune microenvironment and immune status analysis exhibited a strong correlation between risk score and infiltrating immune cells. Gene set enrichment analysis (GSEA) pathway enrichment analysis showed typical immune pathways. Furthermore, the GRGPIdel showed excellent predictive performance in ICI treatment and drug sensitivity analysis. RT-qPCR showed that compared with adjacent non-tumorous tissues, the expressions of five genes were significantly up-regulated in HNSCC tissues.



Conclusion

The model we constructed can not only be used as an important indicator for predicting the prognosis of patients but also had an important guiding role for clinical treatment.






Keywords: prediction, glycolysis prognosis model, head and neck squamos cell carcinoma, immune microenviroment, chemothearapeutic responses




1 Introduction

HNSCC is a heterogeneous epithelial tumor that includes nasopharyngeal, oropharyngeal, hypopharyngeal, and laryngeal cancers. The risk factors for HNSCC include long-term alcohol exposure, smoking, betel nut chewing, chronic oral trauma, and HPV infections (1). The complexity of its etiology is a major contributor to HNSCC heterogeneity. Surgical, radiotherapy-chemotherapy, targeted therapy and immunotherapy approaches have been developed to treat HNSCC patients. However, HNSCC is associated with poor prognostic outcomes, and its 5-year OS rate is 50% (2). Therefore, there is a need to establish viable markers for the clinical prophetic prediction of HNSCC.

Recent studies have evaluated metabolic changes in tumor cells. The Warburg effect, the most prevalent and widely studied metabolic change in cancer cells, explains that under aerobic conditions, tumor tissues metabolize approximately tenfold more glucose to lactate in a given time than normal tissues, enhanced glucose uptake by tumor cells, and inhibited glucose oxidation in adjacent tissues (3). During glycolysis, glucose is converted to lactate, and cancer cells gain maximum energy. Molecular imaging revealed markedly increased glycolysis levels in HNSCC (4–6), a metabolic phenotype typical of aggressive tumor growth. This metabolic change increases glucose uptake and lactate production, affecting cell growth, proliferation, angiogenesis, and invasion (7). Overall, the oncogenic regulation of glycolysis emphasizes the biological significance of tumor glycolysis in HNSCC patients, demonstrating that targeting glycolysis remains potentially effective for clinical relevance and therapeutic intervention (8, 9). In addition, researchers have suggested that glycolysis in HNSCC is associated with alterations in oncogenes and tumor suppressor genes (10). Akt, the serine/threonine kinase, an oncogene that boosts cancer growth (11), has been proven to activate aerobic glycolysis significantly, leading to cancer cells dependent on glycolysis for survival (12). Notably, screening and identification of biological markers predicting prognosis in HNSCC by using broad glycolysis-related gene expression profiles have enormous potentially clinical relevance in targeting glycolysis for cancer therapy.

Premalignant cells frequently metastasize but are spontaneously eliminated by the immune system before developing aggressive tumors, thereby preventing tumor transformation. Thus, there is an interaction between the cancerous tissue and the immune suppressive network within the tumor microenvironment (TME). Changes in peripheral blood immune cell pool and activity are also associated with tumors (13, 14). The immune system plays a key role in carcinogenesis, development, and progression of HNSCC, where immune cell infiltration is diverse and heterogeneous. The immune system is controlled by immune checkpoint pathways that typically remain self-tolerant and limit collateral tissue damage during inflammation. Upregulated TIM-3 (15), OX40 (16), and IDO1 expressions in tumor-infiltrating lymphocytes suggest a rationale for the therapeutic targeting of these molecules. Targeting these checkpoints has led to breakthroughs in cancer immunotherapy. Immunotherapy, which activates the host’s natural defense system to identify and eliminate tumor cells, has emerged as a practical therapeutic approach. We analyzed tumor-infiltrating immune cells, immune checkpoints, and immune pathways. Our findings have clinical implications for developing personalized immunotherapeutic strategies to improve treatment outcomes for HNSCC patients.



2 Method and materials


2.1 Gene set enrichment analysis

GSEA was performed using the GSEA software (version 4.2.3) (https://www.gsea-msigdb.org/gsea/downloads.jsp) with the MSigDB glycolysis-related pathway gene sets, which contain 1320 gene sets. Pathways with p < 0.05 and FDR < 0.05 were considered significantly enriched.



2.2 Data collection and acquisition of glycolysis-related genes

The HNSCC gene expression data (RNA-Seq) and the corresponding clinical data (including age, gender, stage, grade, smoking, alcohol, HPV, survival time, and survival status) were downloaded from the TCGA database (https://portal.gdc.cancer.gov) and GEO dataset (https://www.ncbi.nlm.nih.gov/geo/). Used as a training cohort, the inclusion criteria for TCGA-HNSCC were: HNSCC samples with complete somatic mutation data and clinical information (457 retrieved HNSCC samples with single nucleotide polymorphism(SNP) data were analyzed), with 462 HNSCC samples and 32 adjacent non-tumor tissue samples included. The glycolysis-related gene dataset was downloaded from MSigDB. Expression characteristics of glycolysis-related genes were obtained from the MSigDB (https://www.gsea-msigdb.org/gsea/msigdb/index.jsp).



2.3 Identification of differential glycolysis-related genes

Using |log FC| > 1 and p < 0.05 as thresholds, differentially expressed genes between HNSCC samples and adjacent non-tumor tissue samples were evaluated using the Wilcoxon test in the limma package. Then, differentially expressed glycolysis-related genes were selected from all differentially expressed genes (DEGs) and displayed on a Venn diagram.



2.4 Identification and validation of a glycolysis-related gene signature

Survival-associated differentially expressed glycolytic genes were identified via univariate Cox regression and Lasso regression analyses, after which a polygenic prognostic risk model was constructed. Based on the median risk score of the TCGA training set as the cutoff, HNSCC patients were assigned into high- and low-risk groups. Clustering effects of Principal Component Analysis (PCA) dimensionality reduction revealed significant differences between the groups. Kaplan-Meier survival curves, time-dependent receiver operating characteristic (ROC) curves, and risk score distributions for OS prediction were evaluated to verify the prognostic significance of risk scores. Similar to the training set approach, the GEO cohort was used as an independent validation set to assess the generality and reliability of the prognostic risk model.



2.5 Construction of the nomogram

Independent prognostic factors in HNSCC patients were determined by univariate and multivariate Cox regression analysis. Both TCGA training set and GEO validation set were used to construct a nomogram for predicting the 1-year, 3-year, and 5-year survival outcomes of HNSCC patients. Consistency between actual survival rates and nomogram-predicted rates was tested via a calibration curve. In addition, decision curves were used to assess the reliability of risk scores and clinical stage.



2.6 Analysis of tumor immune microenvironment

The “Cell Type Identification by Estimating Relative Subsets of RNA Transcripts (CIBERSORT)”was used to assess immune cell infiltrations. The immune, stromal, and ESTIMATE (Estimation of STromal and Immune cells in MAlignant Tumors using Expression data) scores for each sample were calculated using the ESTIMATE algorithm. Correlations between the GRGPI score and those scores were determined by Spearman correlation analysis.



2.7 Assessment of tumor mutation burden

The tumor mutation data was obtained from the cBioPortal database. The tumor mutation burden (TMB) for all samples was calculated using “maftools” in R. Based on median TMB values, HNSCC samples were assigned into high TMB and low TMB groups. A total of 16360 genes involved in developing SNP in 457 samples were obtained by MusigCV (running under the linux system), and the top ten were screened using q<0.05 as the cut-off. Correlations between the prognosis for HNSCC patients with GRGPI and TMB were determined by Kaplan-Meier survival curves in R.



2.8 Analysis of drug sensitivity

To assess the clinical applicability of the established model, pRRophetic was used to calculate the IC50 of HNSCC chemotherapeutic drugs.



2.9 Statistical analysis

The R software (version 4.1.1) was used for statistical analyses. Differentially expressed genes between tumor and adjacent normal tissues were compared by the Wilcoxon test. Survival-associated differentially expressed glycolytic genes were identified by univariate Cox and Lasso regression analyses. Then, Kaplan-Meier survival curves were plotted. Univariate COX and multivariate COX regression analyses were performed to determine the independent prognostic factors for OS. The predictive ability of the model was assessed by KM survival curves and ROC curves. Correlation tests were conducted by Spearman correlation analyses. Categorical data were compared by the chi-square test. p ≤ 0.05 was the threshold for statistical significance. The flow chart of our study is shown in 
Figure 1
.




Figure 1 | 
Flow chart of the study process.






2.10 Reverse transcription-quantitative PCR

All HNSCC and adjacent non-tumorous tissue samples were collected from 10 patients in the Shanxi Province Cancer Hospital. Extraction of total RNA from HNSCC tissues and adjacent non-tumor tissues was performed by the TRIzol reagent (Invitrogen, CA, USA). cDNA synthesis from the extracted RNA was performed by PrimeScriptTM RT Master Mix (RR036B, Takara). We use Quantitative PCR to analyze the mRNA expression levels of the prognostic glycolysis-related genes by GoTaq® qPCR Master Mix (Promega, A6001). The RT-qPCR was utilized in the ABI Vii7 Sequence detection system (ABI, USA). The PCR reaction system and conditions were according to the manufacturer’s instructions. Gene expression levels of STC1, STC2, AURKA, P4HA1, and PLOD2 were calculated using the 2-ΔΔCT method.




3 Results


3.1 GSEA

Based on KEGG, REACTOME and HALLMARK gene sets, GSEA was performed to reveal potential differences between HNSCC and control groups. These pathways are associated with glycolysis, implying that glycolysis plays an essential role in HNSCC (
Supplementary Figures 1A–C
).



3.2 Identification of glycolysis-related DEGs

A total of 1695 differentially expressed genes (DEGs) (149 upregulated and 119 downregulated genes) in the TCGA training cohort were identified by Wilcoxon signed-rank test and visualized using volcano plots (
Figure 2A
) and heatmaps (
Figure 2B
). Then, 49 glycolysis-related genes were extracted from the DEGs (
Figure 2C
).




Figure 2 | 
Identification of the HNSC-related DEGS in TCGA. (A, B) The volcano and heatmap plot showed differentially expressed genes between tumor and adjacent normal tissue. (C) Venn diagram showed glycolysis-relate differentially expressed genes between tumor and adjacent normal tissue.






3.3 Construction of glycolysis-related gene signature for predicting patient outcomes

Through univariate Cox regression analysis, 15 prognosis glycolytic genes were established to be closely associated with survival outcomes of HNSCC patients (
Figure 3A
). The 15 OS-related genes may be collinear rather than independent. LASSO Cox regression analysis was performed to determine the real OS-affecting factors, and finally, a prognostic panel consisting of five glycolysis-related genes was established. The risk score was calculated as: Riskscore=0.021*AURKA+0.099*P4HA1+0.015*PLOD2+0.031*STC1+0.163*STC2. (
Figure 3B, C
). Based on this gene signature, all patients were assigned to high (n=231) and low-risk (n=231) subgroups using the risk score median as the threshold. Risk scores, survival scores, and heatmap of prognostic glycolytic gene expressions among the low-risk and high-risk patients are presented in 
Figure 3D
. Based on expressions of these five hub genes, dimensionality reduction was performed in all patients and presented with methods of t-distributed stochastic neighbor embedding (t-SNE), suggesting that different risk subgroups show significant discrete tendencies directly in the two-dimensional plane (
Figure 3E
). Kaplan-Meier survival curves revealed that high-risk score patients had significantly worse OS outcomes than low-risk score patients. The area under the curve (AUC) analysis for HNSCC patients at 1-year, 3-year, and 5-year revealed respective OS rates of 0.622, 0.649, and 0.614, demonstrating the optimal predictive performance of GRGPI (
Figures 3F, G
). Finally, the year with the largest AUC value is shown in the RMST plot (
Figure 3H
).




Figure 3 | 
The Glycolysis-Related Gene Signature on the training cohort was constructed to predict patient outcomes. (A) Univariate Cox regression analysis yielded 15 prognosis-associated differentially expressed glycolysis-related genes. (B, C) LASSO regression analysis identified the five prognostic genes. (D) The TCGA risk score, survival time, survival status, and expression of the five-gene signature. (E) t-SNE cluster showed groups with high and low-risk scores. (F) Kaplan-Meier survival curve analysis for HNSCC patients divided into high-risk and low-risk groups. (G) Time-independent ROC curve of a risk score for prediction of 1-year, 3-year, and 5-year overall survival outcomes. (H) RMST plot for the TCGA training set.






3.4 Verification of the five gene signature using the validation cohort

Given that the predictive potential of GRGPI in different datasets is misty into account, GSE65858 was used as the independent validation set. Based on the above risk scores, patients were assigned to low-risk (n=140) and high-risk (n=130) groups (
Figure 4A
). Findings from t-SNE and KM survival analyses of the GEO validation set were consistent with the results of the TCGA training cohort (
Figures 4B, C
). The AUC values for ROC curves accurately revealed the predictive performance of the prognostic risk model, with the largest AUC value year shown as an RMST plot (
Figures 4D, E
).




Figure 4 | 
Verification of the five-gene signature in the validation cohort (GSE65858). (A) Risk map of patients based on risk score heatmap of survival status and risk gene expression profiles of individual HNSCC patients. (B) t-SNE grouping cluster. (C) Kaplan–Meier curves according to the five-gene signature. Log-rank tests were performed to determine the p values. (D) ROC curve and AUC values of five-gene feature classification in GEO. (E) RMST plot for the GEO testing set.






3.5 Independent prognostic, predictive value of risk scores and construction of the nomogram

In this study, the risk score, gender, smoking, and clinical stage were established to be independent prognostic factors in HNSCC patients, and they were used to construct subsequent nomograms (
Figure 5A
). Nomograms were used to predict the 1-year, 3-year, and 5-year survival probabilities of HNSCC patients (
Figure 5B
). Moreover, a calibration curve was constructed to assess the agreement between nomogram predictions and actual survival outcomes (
Figure 5C
). The actual and predicted survival rates at 1-year, 3-year, and 5-year were well matched, indicating that the nomogram has a good predictive performance. A decision curve (DCA) was used to assess the reliability of the risk score. It was observed that Model1 (Stage) was close to the extreme curve, while Model2 (RiskScore) was significantly higher than the extreme curve (
Figure 5D
).




Figure 5 | 
Prognostic values of the 5-gene signature model in the TCGA training set. (A) Results of univariate and multivariate Cox regression analyses regarding OS. (B) Nomogram for prediction of 1-year, 3-year, and 5-year survival probabilities of HNSCC patients. (C) Calibration curve for assessing the agreement between nomogram predicted and actual survival outcomes. (D) Assessment of the reliability of risk scores by DCA (decision curve). (*p < 0.05, **p < 0.01, ***p < 0.001).




The above analyses were also performed on the GEO validation set to verify the robustness of the model (
Figure 6A
). Unlike the TCGA training set, univariate and multivariate Cox regression analyses revealed that in the GEO validation set, only risk score and clinical stage were independent prognostic factors for HNSCC patients. Therefore, a nomogram integrating risk scores and clinical stages was constructed to predict the 1-year, 3-year, and 5-year survival probabilities of HNSCC patients (
Figure 6B
). Findings from the calibration curve were consistent with those of the TCGA training set (
Figure 6C
).




Figure 6 | 
Prognostic values of the 5-gene signature model in the GEO set. (A)Univariate and multivariate Cox regression analysis to investigate the independence of risk models among clinicopathological factors. (B) Nomogram for predicting the 1-year, 3-year, and 5-year survival probabilities of HNSCC patients. (C) Calibration curve for assessing the agreement between nomogram predicted and actual survival outcomes. (D) Decision curve analyses of the nomogram based on OS outcomes.






3.6 Clinical relevance form

Based on the relationship between high and low-risk groups and clinical stages in the TCGA training set, a clinical correlation table was prepared. It was established that about 60% of patients in the low-risk group were in locations I/II, while 76% of patients in the high-risk group were in stages III/IV (
Supplementary Figure 2
), implying that risk grouping was positively correlated with the clinical stage. These findings prove that the constructed GRGPI model is clinically valuable.



3.7 The tumor mutation burden

Mutation data for HNSCC were downloaded from the cBioPortal database. Somatic mutation types for the 457 patients were evaluated, and SNP was found to be the most dominant mutation type (
Figures 7A, C
). About 95.18% of samples in the high-risk group had SNPs, compared to 96.07% in the low-risk group (
Figures 7B, D
).




Figure 7 | 
Analysis of tumor mutation burden among HNSCC patients. (A) High-GRGPI. (B) High-GRGPI group mutation types and top 20 mutated genes in the sample. (C) Low-GRGPI. (D) low-GRGPI group top 20 mutated genes. (E) Mutation types of the top ten SNP-driven genes and their distribution in high-GRGPI group and low-GRGPI group. (F) Kaplan-Meier survival curve showing OS differences among the three subgroups.




Given that SNP was the most dominant mutation type in HNSCC, 16,360 SNP-mediating genes were identified in the 457 samples using MusigCV. Using q<0.05 as the cut-off, the top ten genes were screened. Mutations types of the 10 genes and their distributions in high-risk and low-risk groups were analyzed (
Figure 7E
). The top ten genes with the highest mutation rates in the high-risk group were TP53, TTN, FAT1, MUC16, CSMD3, CDKN2A, LRP1B, KMT2D, DNAH5, and PIK3CA (
Figure 7B
), while those in the low-risk group were TP53, TTN, FAT1, MUC16, CSMD3, NOTCH1, SYNE1, CDKN2A, LRP1B, and PIK3CA (
Figure 7D
). It was observed that the gene with the highest mutation rate was TP53 in HNSCC patients regardless of the high GRGPI group or the low GRGPI group, suggesting that the mutations of the tumor suppressor gene TP53 may have potential clinical and pathophysiological significance in HNSCC patients. In fact, in a recent study, the mutational profile of TP53 has been proved to act as an independent prognostic factor in HNSCC patients. This relationship is associated with unique site-specific biological networks, consistent with our findings (17). Correlation analyses showed that GRGPI was positively correlated with TMB (R=0.015, p=0.75). The difference in the number of HNSCC patients in the high and low TMB groups was insignificant (
Supplementary Figure 3A
). Moreover, the difference in TMB values between the groups was negligible (
Supplementary Figure 3B
). We combined GRGPI and TMB and grouped them into three; high GRGPI high mutation (HTMB+HGRGPI), high GRGPI low mutation or low GRGPI high mutation (HTMB+LGRGPI & LTMB+HGRGPI), and low GRGPI low mutation (LTMB+LGRGPI). Then, Kaplan-Meier survival curves were drawn. The survival curve showed that the LTMB+LGRGPI group had the best prognosis, while the HTMB+HGRGPI group had the worst prognosis (
Figure 7F
). These findings imply that high GRGPI and high TMB play a synergistic role in promoting tumor occurrence and development, and the combined effects of the two may lead to worse prognostic outcomes.



3.8 Prognostic glycolysis gene interaction network

Interactions among the five glycolysis key genes and transcription factors may elucidate on mechanisms of the GRGPI model. Using cor Filter=0.5 and fdr Filter=0.01 as critical values, associations between AURKA, P4HA1, PL0D2 and 11 transcription factors were obtained (
Supplementary Figure 4
), which proved that the genes used to construct the GRGPI model were correlated with transcription factors in cancer and para cancer differentially expressed genes.



3.9 The immune microenvironment and immune status

Compared to the low-risk group, infiltrations of resting CD4 memory T cells, M0 macrophages, M2 macrophages, and activated mast cells were marked in the high-risk group, while infiltrations of CD8 T cells, follicular helper T cells, and Treg cells were to a greater extent (
Figure 8A
). Cell immunity-related cells, such as CD8 T cells, were highly infiltrated in the low-risk group, suggesting that immune cells may be activated in the low-risk group and suppressed in the high-risk group. Moreover, the M0 macrophages, activated mast cells, and resting CD4 memory cells were positively correlated with GRGPI scores while resting dendritic cells, CD8 T cells, follicular helper T cells, and Treg cells were negatively correlated with GRGPI scores (
Figure 8B
). The higher the GRGPI scores, the worse the extent of T cell infiltrations, validating that weaker antitumor immunity may be one of the reasons for poor prognostic outcomes. Therefore, the high-risk group was defined as the low-immunity group, while the low-risk group was defined as the high-immunity group. Differences in ESTIMATE scores between the high-risk group and low-risk group were insignificant. However, the high-risk group exhibited low immune scores (p< 0.001, 
Figure 8D
). These findings are consistent with those obtained from CIBERSORT, whereby the high-risk group exhibited worse immune status while the low-risk group exhibited better immune status. The relationship between stromal cells and GRGPI scores was further investigated (18). The high-risk group had higher stromal scores (p < 0.01, 
Figure 8E
), implying that tumor stroma plays an important role in tumor development.




Figure 8 | 
Association between tumor immunity and GRGPI scores in high and low GRGPI groups. (A) The 22 infiltrating immune cells are shown in boxplots. (B) Correlation analysis between 8 types of infiltrating immune cells and GRGPI scores. (C–E) Boxplots showing the correlation between GRGPI with ESTIMATE, immune, and stroma scores of HNSCC samples. (ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001).






3.10 Immune checkpoints and immune pathways

ICI therapy has advanced the treatment of many solid tumors. Therefore, 11 human leukocyte antigen(HLA) class immune checkpoints were included, and their differential expressions in high-risk and low-risk groups were determined. Four HLA class checkpoints (HLA-A, HLA-C, MICA, and MICB) were highly expressed in the high-risk group (
Figure 9A
), while the remaining seven were highly said in the low-risk group. Since the HLA class immune checkpoints are closely associated with immune responses, the better prognostic outcomes in the low-risk group could have been due to better immune responses. The expressions of 7 genes (CD274, CTLA4, IDO1 LAG3, PDCD1, TIGIT, and TNFRSF9) in the high-risk group and low-risk group were also analyzed (
Figure 9B
). Results show that five immune checkpoints cut in the high-risk group, CTLA4, IDO1, LAG3, PDCD1, and TIGIT, which are consistent with the result, once again proved that the GRGPI model and the close correlation between HLA class immune checkpoints.




Figure 9 | 
Immunization between high and low risk groups. (A) Differential expressions of 11 HLA class immune checkpoints. (B) 7 genes. CD274, CTLA4, IDO1, LAG3, PDCD1, TIGIT, and TNFRSF between the high-GRGPI group and low-GRGPI group. (C) Immune-related pathways. (D, E) Violin diagram for differences in cytolytic activities and Tumor Inflammation Signature between the high-GRGPI and low-GRGPI groups. (ns, not significant, *P<0.05, **p < 0.01, **p < 0.001).




GSEA was performed to assess the immune pathways, and differentially expressed immune-related pathways between the high-risk and low-risk groups were obtained (
Figure 9C
). The BCR, Chemokines, Chemokine, Receptors, Interleukins Receptor, NK cell Cytotoxicity and TCR signalling pathway were found to be enriched in the high-risk group. However, enrichments of “TGFβ Family Members” and “TGFβ Family Members Receptor” were significantly high in the low-risk group, in accordance with the functions of TGF-β, which is involved in tumorigenesis and immunosuppression.



3.11 Tumor inflammation signature

The Tumor Inflammation Signature (TIS) is investigational use only (IUO) 18-gene signature that measures pre-existing but suppressed adaptive immune responses within tumors (19). The high-risk group had a low TIS score, implying that this group had weaker adaptive immune responses and worse prognostic outcomes (
Figure 9D
).



3.12 Cytolytic activity

The CYT score is a novel cancer immune index calculated from mRNA expressions of GZMA and PRF1 (20). The transcriptional levels of GZMA and PRF1 were determined to assess the cytolytic activities of immune lymphocytes in HNSCC. Based on previous risk grouping, the low-risk group exhibited a higher CYT score (
Figure 9E
), implying that immune cells in the low-risk group had stronger cytolytic activities and anti-tumor immune response, leading to a better prognosis.



3.13 GRGPI was highly predictive in ICI therapy

TIDE is a computational framework developed by Peng Jiang et al. to identify two tumor immune escape mechanisms (21). A higher TIDE score means a greater likelihood of immune evasion, indicating that a patient is less likely to benefit from ICI therapy and may have worse prognostic outcomes. The TIDE website was used to process 457 HNSCC samples with complete somatic mutation data in the training cohort, of which 131 responded to immunotherapy while the remaining 326 did not. Then, the GRGPIs of responding and non-responding samples were evaluated, which revealed that responding samples had lower GRGPIs (
Figure 10A
). This confirms our findings in a previous study. Since the low-risk group had better performance in immune gene expressions, immune cell infiltrations, and activation of immune pathways, the higher degree of immune cell infiltrations enables it to achieve better results in immunotherapy, proving that our definition of the low-risk group as the high-immunity group in terms of immunotherapeutic effects is correct. Then, TMB values of response and non-response samples were determined, which did not reveal significant differences in TMB values (
Figure 10B
). The GRGPI established in this paper is superior to TMB in predicting immunotherapeutic effects. To validate the effects of immunotherapy in IMvigor210, differences in GRGPIs between response and non-response samples were investigated and found to be insignificant (
Figure 10C
). Differences between the two groups of TMB values were analyzed, and the response group was found to have higher TMB values (
Figure 10D
).




Figure 10 | 
Prognostic value of ICI therapy. (A, B) Sizes of training cohort responses, non-response sample GRGPIs, and TMB values. (C, D) Differences in GRGPIs and TMB between responsive and non-responsive samples from IMvigor210. (E) Proportions of immunotherapy-responsive and non-responsive samples in the three subgroups from the IMvigor210 cohort. (F) ROC curves of GRGPI, TMB, and GRGPI combined with TMB in the IMvigor210 cohort. Analysis of drug sensitivity. Differences in IC50 values of (G) Gefitinib, (H) Erlotinib, and (I) Cisplatin in the high-GRGPI group and low-GRGPI group.




Therefore, the proportion of response and non-response samples in the three subgroups was identified after combining GRGPI and TMB (
Figure 10E
). The HTMB+HGRGPI group had the most significant proportion of responding models, followed by HTMB+LGRGPI& LTMB+HGRGPI, and LTMB+LGRGPI, suggesting that immunotherapy had better effects in the HTMB+HGRGPI group. To determine the prognostic performance of the established three subgroup models, we compared the AUC values of the three predictive models of GRGPI, TMB, and GRGPI combined with TMB (
Figure 10F
), which were 0.534, 0.647, and 0.646. The TMB and GRGPI combined with TMB exhibited better predictive performance. Finally, the prognostic value of the predictive model in melanoma was assessed using the GSE78220 cohort for external validation. Differences in GRGPIs between response and non-response groups were insignificant (
Supplementary Figure 5
).



3.14 Drug sensitivity

Although ICI therapy has shown great promise for the treatment of HNSCC, given its high costs and limited therapeutic effects (326/457 showed no responses to ICI therapy in this study), chemotherapy is a clinically meaningful treatment. However, HNSCC is associated with significant resistance to chemotherapeutic drugs during clinical treatment. To assess the application effects in the clinical chemotherapy process of the established model, IC50 was used to express the sensitivity of the high-risk and low-risk groups to several common chemotherapeutic drugs. Cisplatin, paclitaxel, and docetaxel were recommended by the Chinese Society of Clinical Oncology (CSCO) Guidelines of 2021 as first-line therapeutic drugs for HNSCC. Therefore, IC50 values in a high-risk group and low-risk group of the three drugs were calculated (
Figures 10G–I
). Patients in the high-risk group were more sensitive to cisplatin (p=1.4e-05) and docetaxel (p=5.5e-12). In contrast, those in the low-risk group were more sensitive to paclitaxel (p=9.9e-01), implying that the established model indicates chemotherapeutic sensitivity.



3.15 RT-qPCR analysis

To verify the accuracy of GRGPI in HNSCC patients, we collected HNSCC tissues and adjacent non-tumorous tissues from 10 HNSCC patients. RT-qPCR was implemented to analyze the expressions of five prognostic glycolysis-related genes in the GRGPI. We found that compared with adjacent non-tumorous tissues, the terms of five genes were significantly up-regulated in HNSCC tissues (
Figures 11A–E
).




Figure 11 | 
RT-qPCR analyses of five hub genes between HNSCC and Healthy control tissues. Relative mRNA expressions of (A) STC1, (B) STC2, (C) AURKA, (D) P4HA1, (E) PLOD2. (***p < 0.001,****p < 0.0001).







4 Discussion

Conversion of the primary energy source from oxidative phosphorylation (OXPHOS) to aerobic glycolysis is an emerging hallmark of cancer cells (22). Although the amount of ATP produced by glycolysis is low, several advantages inherent to aerobic glycolysis can explain this metabolic switch in cancer cells. Glycolysis produces ATP 100 times faster than OXPHOS (23), which can provide sufficient energy for cell survival. Second, glycolytic intermediates can be transferred to various biosynthetic pathways to provide materials for the synthesis of biomolecules and organelles (24, 25). In addition, glutathione is key in protecting cancer cells from oxidative damage and antitumor drugs. In contrast, intermediates accumulated by cancer cells during glycolysis promote the pentose phosphate pathway and can ensure their growth in an environment with reduced glutathione levels (26, 27). Finally, the formation of an acidic microenvironment associated with lactate accumulation due to increased glycolysis provides a tissue environment for tumor recurren tumor metastasis (28). These factors increase the dependence of tumor cells on glycolysis and provide a biochemical basis for the preferential killing of cancer cells by using glycolysis as a therapeutic target, possibly resulting in improved therapeutic efficacies (29).

Studies are evaluating the molecular mechanisms of glycolysis in tumorigenesis, proliferation, and invasion. For instance, PLOD2 induces epithelial-mesenchymal transition (EMT) via the PI3K/AKT signaling pathway. It is involved in regulating outer stromal collagen and tumor metastasis through EMT, TGF-β, and hypoxic signaling. PLOD2 levels are significantly associated with advanced cancer staging. The presence of regional STC1 uncouples the oxidative phosphorylation process by increasing the expressions of mitochondrial UCP2, which is a valuable biomarker for the diagnosis of malignant glioma for the assessment of postoperative prognosis. Elevated STC2 levels selectiveprotectcts HeLa cells from endoplasmic reticulum stress-induced cell death and are also associated with larger tumor formation, tumor invasion, lymph node metastasis, and poor prognostic outcomes. P4HA1 is a hypoxia-responsive gene that plays a key role in regulating collagen biosynthesis (30). HPV infections promote HNSCC by suppressing P4HA1. AURKA-mediated phosphorylation can regulate the function of AURKA-discovered substrates, some of which are filamentous regulators, tumor suppressors, or factors in cancer. There are already several small molecules targeting AURKA that have been tested in AURKA (AKI) preclinical studies (31).

Given the importance of glycolysis in HNSCC, it can be hypothesized that glycolysis-related genes are potential prognostic factors for HNSCC. In addition, computed multigene prognostic markers outperformed single biomarkers in predicting overall survival. We analyzed the mRNA expression profiles of 49 glycolysis-related genes in the TCGA head and neck squamous cell carcinoma cohort. Five genes associated with glycolysis were selected as candidate prognostic factors for HNSCC. These genes are potential molecular predictive biomarkers and may help inform individualized treatments based on patient risk. We combined the established risk scores and multiple clinical parameters to construct column line plots for predicting the 1-year, 3-year, and 5-year OS in HNSCC patients. Calibration plots based on the TCGA database showed that the expected and observed values were very close, indicating the excellent predictive performance of column line plots. The predictive efficacy was equally good when examined in the validation set. Thus, our new prognostic column line plot may be better than the original clinical factors for predicting survival status for HNSCC patients and informing specific individualized treatment.

Analysis of the new risk scoring model (GRGPI) revealed higher immune cell infiltration scores in the low-risk group. Host immunosuppression is an integral factor in HNSCC carcinogenesis (32). The immune microenvironment is characterized by the presence of infiltrating immune cells (33). We compared immune cell infiltrations between the high-risk and low-risk groups of HNSCC. We found that resting CD4 memory cells, M0-phase macrophages, M2-phase macrophages, and activated mast cells were highly infiltrated in the high-risk group. In contrast, Tregs and other cells were more in the low-risk group. Acquired immune-related cell infiltrations were lower in the high-risk group compared to the low-risk group, suggesting that the higher risk score may be associated with immunosuppression. CD8 T cells directly targeting tumor cells were more stable in the low-risk group. However, CD4 T cells in the tumor microenvironment were unstable for a broad subpopulation with potentially different functions (34). CTLA-4, which is downregulated in the low-immune group, is the first negative regulator of T cell activation identified in the context of antitumor immunity, and its blockade using monoclonal antibodies triggers tumor regression with durable antitumor immunity in preclinical models. LAG-3 acts synergistically with other checkpoint molecules to promote T cell dysfunction. However, the molecular mechanisms and pathways associated with LAG-3 signaling have not been fully established (35). In this regard, the conserved KIEELE motif in the cytoplasmic structural domain was indispensable for LAG-3 downstream signaling and inhibition of CD4 T cell activation. MHC-II/LAG-3 triggers the activation of ITAM signaling in DCs, thereby promoting a tolerance profile (36). Thus, MHC-II/LAG-3 interactions function as a bidirectional inhibitory pathway.

Through immune pathway analyses, cytokines, TGF-β family, and TGF-β family receptors were activated in the high-risk group of the TCGA dataset. The postulate that overproduction of TGF-β promotes tumor progression was verified. While the TGF-β-related pathway plays an important role in inhibiting the proliferation of immunoreactive cells and stimulating the expressions of the extracellular matrix, activation of the TGF-β-related pathway in the high-risk group may be one of the reasons for the immunosuppression and lower stromal scores. Immune cell dysfunctions within the HNSCC-TME promote immunosuppression and may thus be associated with tumor survival and progression outcomes. Therefore, it also requires therapeutic interventions (37, 38). We found that the density of CD8 T cells, resting dendritic cells, follicular helper T cells, Treg cells, and high immune scores correlated with patient prognosis, consistent with findings from previous studies (20, 39). This underscores the fact that preexisting immune responses have antitumor effects and positively influence immunotherapeutic responses. Several seminal clinical and genomic studies have reported that HNSCC has a high degree of immune cell infiltrations. However, less than 20% of HNSCC patients respond to immunotherapy, implying that even the resistant phenotype in the tumor is not an absolute predictor of immunotherapeutic responses (40, 41). Molecular analyses of HNSCC have identified a range of cytokines, chemokines, and other TME components that determine the ability of the host to mount anti-tumor immune responses. During tumorigenesis, these molecular changes may interfere with intercellular communication between infiltrating immune cells, disrupting the balance between immune tolerance and cellular activity (42).

Higher CYT scores were associated with higher expressions of inhibitory ligands by tumor cells that predispose to immune evasion. Patients with high CYT scores showed better efficacies regarding checkpoint inhibitors such as PD-L1 than those with low CYT scores. Based on previous risk groupings, we found that the low-risk group had higher CYT scores (43), suggesting that immune cells in the low-risk group had stronger cytolytic activities and antitumor immune responses may have better prognostic outcomes. Drug sensitivity assays revealed that patients in the high-risk group were more sensitive to cisplatin and docetaxel. In contrast, patients in the low-risk group were more sensitive to paclitaxel, gefitinib, and erlotinib, suggesting that this model can be used as a potential predictor of chemotherapeutic sensitivity for screening sensitive drugs. Tumor cell chemotherapy drug sensitivity testing can provide valuable information to physicians to support their treatment decisions and provide a powerful tool for physicians and patients in their battle against cancer.

Overall, according to survival analysis, functional analysis, ICI therapy, drug sensitivity, and RT-qPCR analysis, the signature was a valuable indicator for predicting survival outcomes among HNSCC patients. But our study still has some limitations. First, it was carried out based on the TCGA database, which lacked specific data on surgery, chemotherapy, and tumor size. Besides, some patients have undergone immune or targeted therapy, which may impact the prognosis analysis. Second, a very high proportion of patients with tumors located in the oral cavity in the model could make it difficult to generalize the results of head and neck cancer. Third, the number of patients we collected was too small to validate the performance of our prognostic model.



5 Conclusion

In conclusion, a new HNSCC prognostic signature based on five glycolysis-related genes was constructed in the TCGA cohort and validated in the GEO database. The signature shows excellent performance in predicting survival outcomes among HNSCC patients, reveals the relationship between glycolysis-related genes and tumor immunity in HNSCC and provides guidance to clinical treatment decisions.
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Background

To evaluate the long-term survival and treatment-related toxicities of helical tomotherapy (HT) in nasopharyngeal carcinoma (NPC) patients.



Methods

One hundred and ninety newly diagnosed non-metastatic NPC patients treated with HT from September 2007 to August 2012 were analyzed retrospectively. The dose at D95 prescribed was 70-74Gy, 60-62.7Gy and 52-56Gy delivered in 33 fractions to the primary gross tumor volume (pGTVnx) and positive lymph nodes (pGTVnd), the high risk planning target volume (PTV1), and the low risk planning target volume (PTV2), respectively, using simultaneous integrated boost technique. The statistical analyses were performed and late toxicities were evaluated and scored according to the Common Terminology Criteria for Adverse Events (version 3.0).



Results

The median follow-up time was 145 months. The 10-year local relapse-free survival (LRFS), nodal relapse-free survival (NRFS), distant metastasis-free survival (DMFS) and overall survival (OS) were 94%, 95%, 86%, and 77.8%; respectively. Fifty (26.3%) patients had treatment-related failures at the last follow-up visit. Distant metastasis, occurred in 25 patients, was the major failure pattern. Multivariate analysis showed that age and T stage were independent predictors of DMFS and OS, Concomitant chemotherapy improved overall survival, but anti-EGFR monoclonal antibody therapy failed. The most common late toxicities were mainly graded as 1 or 2.



Conclusions

Helical tomotherapy with simultaneous integrated boost technique offered excellent long-term outcomes for NPC patients, with mild late treatment-related toxicities. Age and clinical stage were independent predictors of DMFS and OS. And, concurrent chemotherapy means better OS. Further prospective study is needed to confirm the superiority of this technology and to evaluate the roles of anti-EGFR monoclonal antibody treatment.
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Introduction

Nasopharyngeal carcinoma (NPC) is the most common malignant tumor of the head and neck in China, about 70% ~ 80% of patients are combined with the neck lymph node metastasis, and 10% ~ 15% combined with distant metastases at the first diagnosis (1). Radiation therapy is the only curative treatment method for non-metastatic NPC, and intensity-modulated radiation therapy (IMRT) has been accepted as the standard radiation technique (2). The addition of chemotherapy and anti-EGFR monoclonal antibody (Mab) treatment improves the local control rate (LCR) and the overall survival rate (OS) for advanced NPC patients (3, 4).

Helical tomotherapy (HT) is an emerging IMRT technique that mounts a 6-MV linear accelerator on a ring frame around the accelerator bed (5). The couch passes axially through the center of the stand as it rotates to irradiate the target area. With the capacity to deliver highly conformal dose distribution and pretreatment setup verification (6), HT has achieved better results in the treatment of head and neck cancer (7). In September 2007, our center installed the first HT device in China and the initial observation showed that 3-year local relapse-free survival, nodal relapse-free survival and distant metastasis-free survival were more than 90%, and 3-year overall survival was more than 85% for NPC patients (8). Here, we present a retrospective analysis of long-term (10-year) outcomes and late toxicities of HT in 190 patients with NPC.



Materials and methods


Patient’s characteristics

One hundred and ninety NPC patients, treated with Hi Art TomoTherapy system (Accuray, America) at our center between September 2007 and August 2012, were analyzed. All patients underwent nasopharyngeal and skull base computed tomography (CT) or magnetic resonance imaging (MRI), endoscopic evaluation, complete blood count, liver and kidney function tests, neck and abdomen ultrasound, and bone scan. Positron emission tomography (PET) is optional. The clinical stage was determined according to the UICC 2002 staging system. Table 1 summarizes patient characteristics. This study was conducted in accordance with the declaration of Helsinki. This study was conducted with approval from the Ethics Committee of the Chinese PLA General Hospital. Written informed consent was obtained from all participants.


Table 1 | Patient’s characteristics.





Treatment

The definition of the targets, techniques of planning and the HT delivery were described previously (2). Briefly, the planning dose at D95 was prescribed to the gross tumor volume (pGTVnx) and positive lymph nodes (pGTVnd) at 70–74Gy, the high risk planning target volume (PTV1) at 60–62.7 Gy and the low risk planning target volume (PTV2) at 52–56 Gy, respectively, in 33 fractions. The irradiation was delivered once daily, 5 days per week. MVCT imaging was performed prior to each part of HT treatment to validate patient settings during HT treatment. MVCT image-guidance is the automatic and manual registration of MVCT images and planned CT images, based on bone and tissue anatomy.

Cisplatin-based chemotherapy with or without concomitant anti-EGFR Mab treatment was given to 129 patients, concomitant anti-EGFR Mab treatment without chemotherapy was given to 30 patients, and radiotherapy alone was given to 31 patients. Neoadjuvant chemotherapy includes 1–2 cycles of DP (docetaxel 75 mg/m2, d1, cisplatin 80 mg/m2, d1 and every 3 weeks) or a single DDP regimen. According to clinical stages, tolerance and economic status, concurrent chemotherapy and/or anti-EGFR Mab therapy were performed in one of the four modes: 1) cisplatin 80 mg/m2, d1, every 3 weeks; 2) docetaxel 60 mg/m2, d1 and cisplatin 60 mg/m2, every 3 weeks; 3) cetuximab 250 mg/m2 or nimotuzumab 200 mg, d1, every week; 4) cetuximab 250 mg/m2 or nimotuzumab 200 mg, d1, every week and cisplatin 80mg/m2, d1, every 3 weeks. Adjuvant chemotherapy consisted of 4~6 cycles of DP program. Each patient received no more than 6 cycles of chemotherapy (including neoadjuvant, concurrent and adjuvant modes).



Follow-up and evaluation of outcomes

Acute side-effects were investigated weekly and peak toxicities were recorded and graded according to the established RTOG/EORTC criteria and the Common Terminology Criteria for Adverse Events (Version 3.0) as described previously (8). Patients’ follow-up examinations were conducted 1 month after the completion of radiotherapy, and then every 3 months for the first year, every 6 months in the second year, and annually thereafter. Late toxicity were evaluated and scored according to the Common Terminology Criteria for Adverse Events version 3.0 (9) (CTCAE 3.0).



Statistical analysis

The Kaplan-Meier method was used to analyze local recurrence-free survival (LRFS), lymph node recurrence-free survival (NRFS), distant metastasis-free survival (DMFS) and overall survival (OS). Different prognostic factors were analyzed by log-rank test and multivariate analysis was performed using Cox proportional hazards model. P<0.05 was considered significant. Statistical analyzes were performed using the SPSS software package (Version 22.0, SPSS Inc., an IBM Company; Chicago, IL, USA).




Results


Treatment outcomes

Case selection, follow-up and statistical analysis were done by two different researchers to ensure the accuracy of the data. The median follow-up was 145 months, ranging from 141 to 148 months from the start of radiation therapy. The median age of the patients was 44 years (range 10-81 years), and the ratio of females (n=46) to males (n=144) was 1:3. The details were shown in Table 1.

The 10-year LRFS, NRFS, DMFS, and OS were 94.0%, 95%, 86% and 77.8%, respectively. The 10-year OS and NRFS for patients with stage T1/2 and stage T3/4 were 81% vs.67% and 99%vs. 88%, respectively (c= 3.9, p= 0.01 and c= 10, p= 0.01). The 10-year LRFS, NRFS, DMFS and OS for patients with stage I/II were better than those with stage III/IV(p< 0.05). The 10-year NRFS and DMFS for patients with N0-1 were better than those with N2-3 (p< 0.05). No significant differences were observed in OS and LRFS, between the patients with N0-1 and N2-3 (p> 0.05) (Table 2; Figure 1).


Table 2 | Characteristics of 190 patients and univariate analysis of prognostic factors.






Figure 1 | Kaplan-Meier estimate of local relapse-free survival (LRFS), nodal relapse-free survival (NRFS), distant metastases-free survival (DMFS), and overall survival (OS) rates.



Until the last follow-up, treatment failure was observed in 50 patients. Among these patients, 12 and 8 patients developed local and nodal failure, respectively, and distant metastasis occurred in 25 patients was the major failure pattern after treatment. Lung, bone and liver were the most common metastatic organs. Among the 50 failed patients, 6 patients died of local failure or regional failure and 20 patients died of multiple organ failure. In addition, Five patients (stage T3-4) died of primary pharyngeal vessel bleeding after the completion of radiotherapy, and 6 died of massive hemorrhage 1 year after radiotherapy. One patient died of cerebral hernia 9 months after the completion of radiotherapy. Otherwise, 2 patients died of other causes, one from systemic lupus erythematosus and one from gas poisoning. (Table 3).


Table 3 | Pattern of failures and cause of deaths.





Prognostic factors

The potential prognostic factors for OS, LRFS, NRFS, and DMFS included gender, age, T stage, N stage, and various chemotherapy and anti-EGFR Mab treatment patterns. Univariate analysis by log-rank test showed that age and N stage were significantly associated with DMFS, age and T stage were significantly associated with OS, T stage and N stage were significantly associated with NRFS, and clinical stage was significantly associated with LRFS, NRFS, DMFS and OS. (Table 2).

Multivariate analysis by Cox proportional hazards model showed that only the T stage was an independent predictor for NRFS (HR=13.9, 95%CI 1.72–5.2, p= 0.01).The clinical stage was an independent predictor for LRFS, DMFS and OS. And, age and concurrent chemotherapy were independent predictors for OS. (Table 4; Figure 2).


Table 4 | Multivariate analysis of prognostic factors for 190 patients.






Figure 2 | Kaplan-Meier survival curves for the two treatment groups. (A, C) overall survival, (B) distant metastasis-free survival, (D) nodal relapse-free survival. ConCT=concurrent chemotherapy.





Late toxicities

The acute treatment-related toxicities were described previously (8). At the last follow-up visit, 139 patients could be evaluated for the late treatment-related toxicities, with 51 patients lost or died. Grade1~2 xerostomia, subcutaneous tissue fibrosis, hearing loss, and tooth sensitivity were the most common late toxicities. Two patients had loss of tooth, and 2 others had pulpitis and treated with surgical operation. No toxicity and side effects of grade 3 or above trismus, temporal lobe necrosis, cranial nerve palsy, and eyeball injury were found. The data of late treatment-related toxicities were listed in Table 5.


Table 5 | Late radiation related toxicities of 139 patients.






Discussion

Intensity-modulated radiotherapy (IMRT) has been demonstrated to be potentially less toxic and more effective than conventional radiation techniques, even achieved a survival benefit compared with three-dimensional conformal radiotherapy 3DCRT (10). The advent of helical tomotherapy (HT) as image-guided radiotherapy (IGRT) has offered the potential of improved target conformation and sparing of critical structures (11). HT is particularly suitable for NPC due to the irregular target volume and proximity of critical structures (12). In the previous study, we observed satisfactory short-term efficacy, with 3-year loco-regional control rate and DMFS of more than 95%, and 3-year OS was more than 85% in 190 NPC patients treated with HT (13), this study with long-term follow-up showed that 10-year local and regional control remained at about 95% at 10 years, while DMFS reduced to 86%, and OS to 77.8%.

In a phase III trial including 408 patients with stage III/IV NPC, were treated with conventional 2-dimensional radiotherapy, the 10-year DFS, LRFS, and OS were 66.9%, 80.8% and 49.5%, respectively (8). Han et al. reported that the 10-year LRFS, DFS and disease-specific survival (DSS) for NPC patients with stage II-III, treated with IMRT technique, were 92%, 83.4% and 78.6% respectively (14). In the present study, the 10-year LRFS, NRFS, DMFS and OS were 94%, 95%, 86%, and 77.8%, respectively, which were significantly higher than those reported in the era of conventional RT. The reason of our better results may be related to the inclusion of stage I-II patients, with stage I accounting for 8%. In our study, the 10-year DMFS and OS of stage III-IV patients were 80% and 76%; respectively. The 10-year LRFS for patients with stage I-II was better than those with stage III-IV (98% vs. 92%, p= 0.04). In a phase III trial, 230 NPC patients with stage II achieved excellent results, with the 10-year DFS, PFS and OS of 94%, 76.7% and 83.6%; respectively (15). HT provides a technical platform to increase the dose in tumor target volume, and represents better local control (16). Belgioia et al. reported that 2 and 4-year loco-regional control rates were 92.9% and 88.2%, respectively, and 4-year OS was 93.9% in advanced NPC patients treated by HT with simultaneous integrated boost (SIB) technique, and with a dose of 66Gy/30F to the primary tumor (17).

In our research, although the 10-year NRFS and OS in patients with stage T3-4 were worse than those with stage T1-2 (p< 0.05), No statistical difference was detected in multivariate analysis (p>0.05). The 10-year LRFS and OS in patients with negative node were better than those with metastatic nodes, although without statistical significance (p>0.05). The 10-year NRFS and DMFS in patients with stage N2-3 were worse than those with stage N0-1 (p< 0.05), but no statistical difference was detected in multivariate analysis (p>0.05). A review showed, in 610 NPC patients with stage N0 undergoing definitive radiotherapy to their primary lesion and prophylactic radiation to upper neck, the 5-year and 10-year regional failure-free survival could be 95.8% and 91.8%; respectively (17). Han et al. demonstrated that omitting bilateral or contralateral lower neck radiotherapy would be safe and feasible for NPC patients with stage N0-1, with the potential to reduce late toxicities, is a direction of reducing toxicity and increasing efficiency (18).

Distant metastasis has become the most common mode of treatment failure. According to previous literature reports (14), the 10-year distant metastasis rate was 16.6% (144/865). In our study, there were 25 cases of distant metastases, and the rate of distant metastases was 13.2%, which was consistent with previous research results and even lower. An advanced N stage has been shown to be one of the risk factors to predicting the occurrence of metastasis (19). This raises the question of how to select patients at high risk of distant metastases who would benefit from individual therapy to improve their OS. The results of the this study indicated that the 10-year DMFS for patients with negative node were better than those with positive node. The factor of the clinical stage was also associated with the risk of distant metastasis. Patients with a more advanced stage, especially those with T4N+ disease with intracranial or neural invasion, have a higher risk of lymph node metastasis and distant metastasis. T and N stage factors were associated with distant metastasis, although without statistical significance (p>0.05) in multivariate analysis. This may mean that the difference between the treatment and the patient itself has become a confounding factor in the analysis.

In this study, 12, 8 and 25 patients had developed local failure, lymph nodal failure and distant metastasis; respectively. Lung, bone and live were the most common metastatic organs. In addition, Five patients (stage T3-4) died of primary pharyngeal vascular hemorrhage within one year after radiotherapy. Six patients still died of massive nasal and laryngopharyngeal hemorrhage in long-term follow-up after radiotherapy, and one patients died of cerebral hernia 9 months after the completion of radiotherapy, meaning that pharyngeal vessel bleeding (primary or secondary) was one of the leading cause of death. On the premise of ensuring the effect of tumor control, the radiation dose protection, nutrition, flushing and closer follow-up may reduce the occurrence of such events.

At present, radical radiation therapy alone is recommended to stage I NPC, additional chemotherapy with neoadjuvant, concomitant or adjuvant forms is recommended to loco-regionally advanced NPC (14). Meta-analyses showed that concomitant chemo-radiotherapy improves survival in patients with loco-regionally advanced NPC, but the specific benefits of adjuvant chemotherapy after concomitant chemo-radiotherapy needs further study (20). Blanchard et al. analyzed data from 19 trials and 4806 patients and found that chemotherapy improved absolute overall survival by 6.3% over 5 years, and also improved progression-free survival, loco-regional control, distant control and reduced cancer mortality significantly (p <0.0001). The benefit of concomitant with or without adjuvant chemotherapy to radiation therapy was significantly (p=0.01), but not adjuvant chemotherapy alone or neoadjuvant chemotherapy alone. In this study, the 10-year OS in patients with concomitant chemotherapy group was better than that in the non-chemotherapy group in multivariate analysis (p<0.05).

n recent years, anti-EGFR Mabs such as cetuximab and nimotuzumab were applied as a concomitant therapy with radiation therapy for head and neck cancer (21). Bonner et al. (22)reported significant improvement in survival in patients with non-NPC head and neck cancer when cetuximab was added to radiation therapy in a phase III trial. In the meta-analysis of Yuan et al. (23), anti-EGFR Mab combined with radiation therapy and/or chemotherapy improved the short-term therapeutic effect in NPC, but this benefit disappeared 1 year later. In this study, 81 patients (42.6%) had anti-EGFR Mab with HT and 30 (15.8%) with HT and chemotherapy, Unfortunately, only benefit in DMFS was detected, and without statistical significance (p>0.05). So the effect of anti-EGFR Mab combined with chemo-radiotherapy in NPC needs further investigations.

Huang et al. (24) reported that age and N stage were independent prognostic factors for OS, radiation dose was an independent prognostic factor for loco-regional control, and N stage was an independent prognostic factor for distant metastasis. In our update, age, concurrent chemotherapy and stage were independent prognostic factors for OS, which was consistent with the report.

Since the era of IMRT, the incidence of late grade 3 to 4 toxicities of xerostomia and neck fibrosis after radiotherapy was reduced to 16.7% and 8.3% (24). HT is a unique IMRT modality that can provide better conformity index, steeper dose gradient, shorter treatment time, and better protection of many organs at risk (OARs) especially for parotids (25).The acute treatment-related toxicities of HT in NPC treatment, which were relatively mild, In addition, the incidence of acute grade- 2 xerostomia was only 7.3% were described in our previous report (8). Belgioia et al. reported that the most significant acute toxicities were grade 2 or 3 mucositis (43%); grade 2 xerostomia was reported in 11 patients after 6 months from the end of treatment and downgrade to level 1 in 55% (6/11) patients within 12 months (6). At the last follow-up visit in our study, 139 out of 190 patients could be evaluated for the late treatment-related toxicities, xerostomia, subcutaneous tissue fibrosis, hearing loss, and tooth sensitivity were the most common late toxicities which were mainly scored as grade1 or 2. Two patients had tooth looseness, and 2 others pulpitis which needed surgical operation. It is worth noting that although the response to radiotherapy and chemotherapy is not significant, the incidence of massive bleeding complications of nasopharyngeal carcinoma in the follow-up study was 5.8%. Five cases occurred within one year after radiotherapy, and six cases occurred in long-term follow-up after radiotherapy. It suggests that the risk of major bleeding is still high for patients with late T stage and neck metastatic lymph node fusion surrounding blood vessels. During follow-up, attention should be paid to nasal cavity flushing and prevention.

There are several limitations of this study. First, the retrospective study affect the outcomes; second, patient distributions in our cohort were complex, I-IV, T1-4, N0-3 stages, which could affect the outcomes with confounding factors; third, synchronous and/or adjuvant chemotherapy, the nonuniformity pattern of combined chemotherapy could affect the outcomes of the study.



Conclusions

Helical tomotherapy with simultaneous integrated boost technique offered excellent long-term outcomes for NPC patients, with mild late treatment-related toxicities. Age and clinical stage was independent predictor of DMFS and OS. Further prospective study is needed to confirm the superiority of this technology and to evaluate the roles of anti-EGFR monoclonal antibody treatment.
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Patients surviving head and neck cancer (HNC) suffer from high physical, psychological, and socioeconomic burdens. Achieving cancer-free survival with an optimal quality of life (QoL) is the primary goal for HNC patient management. So, maintaining lifelong surveillance is critical. An ambitious goal would be to carry this out through the advanced analysis of environmental, emotional, and behavioral data unobtrusively collected from mobile devices. The aim of this clinical trial is to reduce, with non-invasive tools (i.e., patients’ mobile devices), the proportion of HNC survivors (i.e., having completed their curative treatment from 3 months to 10 years) experiencing a clinically relevant reduction in QoL during follow-up. The Big Data for Quality of Life (BD4QoL) study is an international, multicenter, randomized (2:1), open-label trial. The primary endpoint is a clinically relevant global health-related EORTC QLQ-C30 QoL deterioration (decrease ≥10 points) at any point during 24 months post-treatment follow-up. The target sample size is 420 patients. Patients will be randomized to be followed up using the BD4QoL platform or per standard clinical practice. The BD4QoL platform includes a set of services to allow patients monitoring and empowerment through two main tools: a mobile application installed on participants’ smartphones, that includes a chatbot for e-coaching, and the Point of Care dashboard, to let the investigators manage patients data. In both arms, participants will be asked to complete QoL questionnaires at study entry and once every 6 months, and will undergo post-treatment follow up as per clinical practice. Patients randomized to the intervention arm (n=280) will receive access to the BD4QoL platform, those in the control arm (n=140) will not. Eligibility criteria include completing curative treatments for non-metastatic HNC and the use of an Android-based smartphone. Patients undergoing active treatments or with synchronous cancers are excluded.

Clinical Trial Registration: ClinicalTrials.gov, identifier (NCT05315570).




Keywords: mHealth, android, head and neck cancer, QOL, BD4QoL, survivorship, unobtrusive



1 Introduction

Depending on disease stage, head and neck cancer (HNC) can be cured either with single modality or with multimodal treatments, consisting of various combinations of surgery, radiotherapy and chemotherapy. Despite treatment with curative intent, loco-regional recurrences and/or distant relapses are frequent. Moreover, these therapeutic approaches result in significant acute toxicities and late sequelae. Therefore, quality of life (QoL) is often impaired in these survivors. It is known that QoL is a prognostic factor because it is related to overall survival in cancer patients (1) and to loco-regional control in HNC patients (2). Published studies suggest that even though people having undergone treatment for HNC usually recover their global QoL by 12 months after treatment, persistent late sequelae are observed, notably poor physical functioning, fatigue, xerostomia and sticky saliva (3).

Three main validated QoL questionnaires will be used: EORTC QLQ-C30 for all types of malignancies (4), EORTC HN43 [an updated version of the formerly used H&N35 questionnaire (5)] for HNC patients only (6), EQ-5D-5L (7) which is a patient-reported measurement focused on five domains (mobility, self-care, usual activities, pain/discomfort, and anxiety/depression), that can be used for assessment of health status and also for health technology assessment (HTA) (8). Interestingly, in some subsets like nasopharyngeal carcinoma, differences in QoL are independent predictors of prognosis (9). In the context of patient-reported outcome measurements (PROMs), the cancer behavior inventory (CBI) (10) and its brief version (CBI-B) (11) are validated instruments aimed at measuring self-efficacy strategies for coping with cancer. Specifically, self-efficacy for coping with cancer is a psychosocial construct referring to people’s beliefs about their capabilities of effectively executing behaviors that occur in the course of dealing with a cancer diagnosis, cancer treatments, and transitioning to survivorship (12). The results of a recent meta-analysis attest that cancer patients with higher coping self-efficacy report a higher quality of life (12). In the clinical and research contexts, the CBI-B represents a useful adjunct to other PROMs because it allows detection of cognitive changes in personal, control, and psychosocial adjustment and identification of patients who need further psychosocial services (11).

In order to minimize the risk of data misinterpretation and to maximize the precision and the accuracy in measuring QoL variations effectively, clinically meaningful differences in QoL scales have been suggested. In particular, when considering an overall indicator such as global health status according to EORTC QLQ-C30 a deterioration is considered clinically relevant if there is a reduction in at least 10 points of the score (13, 14).

Predictive factors for identifying which HNC patients are at higher risk of suffering long-term poor QoL have not yet been identified. To date, the only way we can work out if someone has poor long-term QoL is to administer repeated QoL questionnaires during follow-up. Avoiding QoL deterioration, even if temporary, is a critical clinical need. An ambitious goal would be to detect early variations in QoL (or in other measures potentially predicting later QoL deterioration) that translate into a tangible benefit (e.g., early diagnosis of incoming and evolving health status) that improves long-term QoL in HNC survivors. The combination of big-data analysis techniques and innovative use of information technology (IT) tools (e.g., smartphones) may allow targeted interventions to improve QoL. The results of a pilot study conducted on patients treated with palliative intent for gynecological cancers illustrated the potential benefits of such an approach (15). A mobile health intervention collecting both PROMs and activity data as a measure of health status was shown to be feasible and acceptable. Moreover, this was perceived to be effective in improving symptom management in patients with advanced gynecologic cancers. Most of the evidence on eHealth solutions in HNC patients is made of pilot or feasibility studies. The results of a non-blinded randomized controlled trial evaluating Oncokompas, an eHealth application aimed at supporting self-management of symptoms and health-related quality of life in cancer survivors, including HNC, were published in 2020 (16). Oncokompas did not improve knowledge, skills, and confidence in self-management in cancer survivors. However, the median follow-up of patients included in this study was only 6 months (after treatment conclusion), thus possibly preventing the observation of late QoL declines in most subjects. The study included 185 HNC patients (99 in the intervention arm, 86 in control one) enrolled across 14 Dutch hospitals in 19 months. This means an average of 9 patients recruited per year per center. Only 68 out of the 99 (68%) HNC patients in the intervention arm, and only 64 out of the 86 patients (74%) in the control arm returned a second questionnaire after 6 months. Therefore, only 132 of the 185 HNC patients (71%) remained in the study. This means that a 30% drop-out was observed over a six-month period.

The main aim of the present study is to anticipate and reduce, with the use of the non-invasive Big Data for Quality of Life (BD4QoL) platform (described below), the proportion of HNC survivors experiencing a clinically relevant reduction in QoL. If the participants report or are identified as having a significant finding during monitoring, a specific set of interventions will be applied if symptoms and findings on monitoring indicate their application. This clinical trial was designed and set up in the framework of the BD4QoL research project (full project title “Big Data Models and Intelligent tools for Quality of Life monitoring and participatory empowerment of head and neck cancer survivors”), that lasts 5 years and is funded by the European Commission (further details are specified in Section 7) (17). The BD4QoL Consortium is an interdisciplinary partnership made of several partners from seven European Countries, combining the complementary competences, skills, structural and infrastructural capabilities.

The adoption of mobile technologies of everyday use (i.e., embedded into standard mobile phones) for behavior reconstruction and linkage of behavior modifications to quality of life indicators, and the realization of predictive models for quality of life modifications will allow seamless and unobtrusive data capture over time, making the execution of clinical investigations more precise and less burdensome as compared to standard (manual) data capture. Artificial intelligence (AI) algorithms, including Machine Learning, Transfer Learning, Deep Learning-Based Models, Knowledge-Based Activity Models (Expert Activity Models – EAM) for behavior patterns recognition, IBM Watson technologies for affective computing such as Tone Analyzer, Natural Language Classifier, Natural Language Understanding, will be used.



2 Methods and analysis


2.1 Study objectives and endpoints

The overall aim of this study is to assess if QoL deterioration can be anticipated and prevented by the addition of the BD4QoL platform to standard of care (SoC) versus SoC alone, in HNC survivors post-treatment with up to 24-month follow-up. Primary and secondary objectives and endpoints are specified in Table 1, exploratory ones in Table 2.


Table 1 | Study objectives and endpoints.




Table 2 | Exploratory objectives and endpoints.





2.2 Study design

This is a multicenter, international, two-arm, randomized (2:1 ratio), open-label, superiority trial, designed to evaluate the proportion of HNC survivors experiencing a clinically meaningful QoL deterioration [reduction of at least 10 points in EORTC QLQ-C30 global health status (13, 14)] between at least 2 visits during post-treatment follow-up (up to 24 months from randomization) with the use of the BD4QoL platform through the web-forms tool for QoL questionnaires answers and through continuous monitoring by a mobile application (App) installed on the study subject’s mobile phone in comparison to those without the BD4QoL platform (SoC). If a clinically relevant deterioration in global health, measured with the EORTC QLQ-C30 global health scale [decrease ≥10 points, as defined in (13, 14)] is detected during the study period, the subject participation in the study will be interrupted (because the aforementioned decrease would imply that the primary endpoint is not met for a specific participant).

Patients will be followed up as per clinical practice (18, 19):

a. All subjects will be asked to complete validated questionnaires [EORTC QLQ-C30 (4), QLQ-HN43 (6), and EQ-5D-5L (7), CBI-B (11)] and PREM on up to 5 occasions over a 2-year period, at randomization (0-month of follow-up), then once every 6 months ± 2 months (after 6, 12, 18, 24 months from randomization).

b. Participants in both arms will be offered routine SoC and asked to complete validated QoL questionnaires at regular intervals (described above). In addition, those in the intervention arm will be offered the device-generated data collection platform (BD4QoL device plus QoL validated questionnaires plus counseling and physician contact triggered by the data generated by the platform [early intervention] plus a possible psychological effect of the whole activities in the interventional arm). A 2:1 randomization will be used (2/3 of subjects with BD4QoL platform versus 1/3 of subjects without). Participants randomized to the control arm will not receive the above-mentioned platform; they will fill in the same validated questionnaires on web-based instruments and will be followed up as per usual clinical practice.

The study design is summarized in Figure 1. The choice of unequal randomization in randomized controlled trials is rarely resorted to. The main reasons for its justification have been reviewed by Dibao-Dina et al. (20): obtaining more safety data, exposing fewer patients to the potentially inferior group, increasing patients acceptability, reducing costs.




Figure 1 | Study design of the randomized controlled trial.



In this scenario, the 2:1 ratio was chosen for the following reasons: i) the study devices are deemed to be safe and able to provide timely monitoring of participants health status, thus 1) possibly improving their condition as compared to the control group and 2) minimizing the number of patients not exposed to this potential benefit; ii) the platform acts unobtrusively, and it favors contact with healthcare professional which is normally very well accepted and pursued by patients; moreover it is designed to allow for patients’ empowerment; iii) we anticipate that costs associated with SoC not supported with the BD4QoL platform will be superior because subjects randomized in the intervention arm are deemed to experience less adverse events than controls. In this context, a cost-effectiveness analysis is planned as an exploratory endpoint (Table 2).

As stated by Palmer et al., favoring the experimental therapy is warranted in trials of potentially significant public health benefit (21). Unequal allocation schemes can improve recruitment and partially satisfy the individual ethics criterion (the study participants have a higher probability of being randomized in the intervention arm than in control one). They can also be useful if widespread knowledge about the control therapy already exists and if more understanding is desired about the new treatment.

The randomization procedure will be web-based, centralized, computerized (software-generated randomization list using RedCap web-based platform) (22, 23). Local research teams will be blinded to the randomization list (local people designated to the randomization procedure will not know the randomization list, but clinical investigators will not be blinded to the outcome of the randomization). The biostatistician doing the analysis of the trial will be blinded to the list as well until the statistical analysis plan, previously defined, is signed.

The EORTC QLQ-C30 (4), EORTC QLQ-HN43 (6), EQ-5D-5L (8), and CBI-B (11) evaluations will be performed at 0-, 6-, 12-, 18-, 24-month from randomization. The time zero is considered to be the date of randomization. The scores of the EORTC QLQ instruments [as defined in (13, 14)] will be compared to the respective scores of the previous study time-point.



2.3 Study population

Each participating Center (recruiting patients in Italy and the United Kingdom) will enroll consecutive patients according to the eligibility criteria listed below.


2.3.1 Inclusion criteria

	Effectively cured histologically defined head and neck squamous cell carcinoma (HNSCC) from one of these subsites: oral cavity, nasopharynx, hypopharynx, larynx, Human Papillomavirus (HPV)-positive or negative oropharynx, nasal cavity, paranasal sinuses. Non-metastatic salivary gland cancer (SGC) of any histological type can be included only if curative or postoperative radiotherapy included the neck:	For p16-negative or p16-unknown HNSCC (including nasal cavity and paranasal sinuses), stage I, II, III, IVa or IVb (no IVc) according to UICC/AJCC 8th edition. Regional neck metastases from squamous cell carcinoma from unknown primary head and neck sites are allowed.

	For nasopharyngeal cancer (NPC), stage I, II, III, IVa (no IVb) according to UICC/AJCC 8th edition. Regional neck metastases from EBV-positive carcinoma from unknown primary head and neck sites are allowed.

	For SGCs, stage III, IVa or IVb according to UICC/AJCC 8th edition treated with radiotherapy that included the neck (either post-operative radiation or radical treatment in case of unresectable disease).

	For p16-positive oropharyngeal squamous cell carcinoma, stage I, II or III according to UICC/AJCC 8th edition. Regional neck metastases from p16-positive and/or HPV-positive squamous cell carcinoma from unknown primary head and neck sites are allowed.




	    Patients having completed treatment with curative intent (including any single modality or multimodal approach) within 10 years at the time of accrual.

	Patients being disease-free at the time of accrual. Patients will be deemed in complete remission if the clinical examination is negative for recurrence; clinical examination should be preferably, but not mandatorily, integrated with unequivocal radiological imaging that shows the absence of disease (in case of doubt, further radiological imaging should be performed or integrated with cyto/histological samples of the area with suspected disease persistence and the exams will have to be consistently negative) after at least three months following treatment completion.

	Ability to fill in questionnaires as per protocol.

	Geographical accessibility and willingness to be followed-up for up to 2 years with information-technology (IT) devices in addition to questionnaires.

	Age ≥ 18 years.

	Signed informed consent.

	Willingness to use their smartphone and their Internet access for the study.

	Smartphone having the following minimum characteristics:	RAM: Minimum of 2 GB

	Storage: Minimum of 512 MB free storage

	Operating system: Android version 7 (Nougat) or upper.








2.3.2 Exclusion criteria

	Distant metastases (the following populations are excluded: stage IVc HPV-negative HNSCC and SGC, stage IV p16-positive oropharyngeal squamous cell carcinoma, stage IVb NPC).

	Thyroid cancers, non-melanoma skin cancers (e.g. squamous cell carcinoma of the skin, skin basal cell carcinoma, skin adnexal carcinoma), and non-carcinoma HNC (e.g. melanoma, sarcoma, etc.) are excluded.

	Subjects with previous malignancies (except localized non-melanoma skin cancers, and the following in situ cancers: bladder, gastric, colon, esophageal, endometrial, cervical/dysplasia, melanoma, or breast) unless a complete remission was achieved at least 5 years prior to study entry AND no additional therapy is required during the study period. Premalignant lesions (e.g., leukoplakia, erythroplakia, lichen etc.) are allowed.

	Participation in clinical trials with other experimental agents within 30 days of study entry or concomitant treatment with experimental drugs.

	Patients unable to comply with the protocol, in the opinion of the investigator.

	Any known or underlying medical conditions that, in the opinion of the investigator, could adversely affect the ability of the participating subject to comply with the study.

	Having a smartphone operating system other than Android.






2.4 Instruments


2.4.1 Questionnaires

The EORTC QLQ-C30 is composed of both multi-item scales, including functional scales, symptom scales, a global health status/QoL scale, and single-item measures. Each of the multi-item scales includes a different set of items. Each item is represented once in each scale, meaning that no item occurs in more than one scale (24).

All scales and single-item measures range in score from 0 to 100. A high scale score represents a higher response level. Thus, a high score for a functional scale represents a high/healthy level of functioning, a high score for the global health status/QoL represents a high QoL, but a high score for a symptom scale/item represents a high level of symptoms/problems.

The principle for scales scoring is the same:

	Estimate the average of the items that contribute to the scale (raw score).

	Use a linear transformation to standardize the raw score (ranging from 0 to 100); a higher score in the function scales represents a higher (“better”) level of functioning, or a higher score in the symptom scales a higher (“worse”) level of symptoms.



The EORTC QLQ-HN43 (an update of QLQ-H&N35) is meant for use in head and neck cancer patient populations varying in disease stage and treatment modality (i.e. surgery, chemotherapy and radiotherapy). It should always be complemented by the EORTC QLQ-C30. As described for EORTC QLQ-C30, all scales and single-item measures of EORTC QLQ-HN43 range in score from 0 to 100.

The EQ-5D-5L is a standardized measure of health status developed by the EuroQol Group in order to provide a simple, generic measure of health for clinical and economic appraisal (25).

The EQ-5D-5L consists of the EQ-5D-5L descriptive system and the EQ Visual Analogue Scale (EQ VAS). The descriptive system comprises five dimensions (mobility, self-care, usual activities, pain/discomfort, anxiety/depression). Each dimension has five levels: no problems, slight problems, moderate problems, severe problems, and extreme problems. The respondent is asked to indicate his/her health state by ticking (or placing a cross) in the box against the most appropriate statement in each of the five dimensions. This decision results in a 1-digit number expressing the level selected for that dimension. The digits for 5 dimensions can be combined in a 5-digit number describing the respondent’s health state. It should be noted that the numerals 1-5 have no arithmetic properties and should not be used as an ordinal score. The EQ VAS records the respondent’s self-rated health on a 20 cm vertical visual analog scale with endpoints labeled ‘the best health you can imagine’ and ‘the worst health you can imagine’. This information can be used as a quantitative measure of health as judged by the individual respondents (26).

The Cancer Behavior Inventory - Brief (CBI-B) was developed as a measure of self-efficacy strategies for coping with cancer, based on self-regulation and self-efficacy theories (11). It consists of 12 items (rated 1 = not at all confident to 7 = totally confident) and was derived from the longer version of the Cancer Behavior Inventory (CBI) (10, 27). The CBI-B represents a comprehensive and valid brief measure of self-efficacy for coping with cancer that could be easily used as a PROM. It has a consistent factor structure across several types of cancer and established good psychometric qualities (28). The CBI-B total score can be computed by averaging single item scores through arithmetic mean and, thus, ranges in value from 1 to 7.



2.4.2 BD4QoL platform

In the BD4QoL project, the opportunities linked to mobile-health (mHealth) and digital phenotyping (29) will be used to continuously monitor QoL trajectories in HNC patients and to detect early related events that need further attention from patients, clinicians, or both.

The BD4QoL platform consists of a set of services to allow patient monitoring and empowerment through two main tools: a Point of Care (PoC) web application to manage all patients’ data and follow-up by clinical investigators, and a mobile application (App) installed on participating subject’s smartphone. Also, a web-form tool is delivered to allow the QoL questionnaire completion.

A preliminary feasibility and users acceptability assessment has been performed at the Istituto Nazionale dei Tumori in Milan, Italy (unpublished, data not shown). This preliminary survey has outlined the preferences of users in terms of mobile technologies to be adopted (mobile phones preferred as compared to home and wearable sensors/devices). Moreover, a pilot study was performed on healthy volunteers to measure the accuracy, precision, and uniformity of data collected by the different mobile phones used by the study participants. The acceptability and usability of the platform were assessed as well within the same preliminary pilot study (data not shown).

To achieve the study objectives, the BD4QoL platform will collect the following data which will be used to identify behavioral and affective traits associated with study outcomes.

Sensors in mobile phones will provide the following readings (further details in Supplementary Material):

	Accelerometer (x,y,z measurements).

	Global Positioning System - GPS (Lat, Long).

	Ambient light (measurement of light in the room/area where the mobile device is located).

	Screen (Status ON or OFF for smartphone device screen).

	Activity (type of activity with which the person engages, which can be one of these: Still, Walking, Running, On_Bicycle, In_Vehicle)

	Daily connections to wifi networks (naming of wifi connections as well as corresponding duration).



The following data are detected from the mobile device’s operating system:

	Phone usage logs (total count and timestamps of three types of events – incoming, outgoing and missed calls – with encrypted [that is hashed] collection of associated personal identifiable information, as well as total count and timestamps of incoming and outgoing/replied text messages).

	Phone applications usage (identification and seconds or minutes of total and detailed usage of any smartphone applications the study participant is using; for certain specific social media network or communication mobile apps, more specific information, that is as duration of app usage per day, is collected based on participant’s permissions; these social applications include Facebook, Messenger, Whatsapp, Telegram, Viber, Zoom, Instagram; no information about the people with whom communication is made nor the content of the communication is collected).



The following data are collected from external datasets:

	Steps (daily and per hour number of steps completed through connection to external dataset from Google Fit cloud).

	Identification of places (Points of Interest) visited, based on participant’s permissions, through the correlation of one’s GPS signal (per day and minute) with external datasets from Foursquare and OpenStreet maps.



The above data will be used to infer activities and behaviors which have a high likelihood of being meaningfully related to participants’ QoL trajectories. A list of such activities and behaviors, with an indication of the technical methods to be used for reconstruction as well as an assessment of reliability, is presented in Supplementary Material.

The BD4QoL App, available for Android (Figure 2), as listed above, will be able to collect and store information about the following domains: mobility, physical activity, activities of daily living, instrumental activities of daily living, socialization, cognitive function, health-related activities as well as personal affective data (further details in Supplementary Material). A summary of the findings and the supporting data will be available to the patient and clinical investigators (e.g., physicians, nurses), through a dashboard available on mobile devices for patients and through the PoC web application for clinical investigators. The data collected by the mobile App will not be available to the technology manufacturer and will be transferred in quasi-real-time (i.e., as soon as a connection for data transfer is available) to the central BD4QoL repository.




Figure 2 | Screenshot of the BD4QoL study mobile app: (A) homepage, (B) notification dashboard, (C) monthly statistics of step count,  (D) example of BiDi chatbot conversation.



In the interval between visits, study participants, allocated in the intervention arm, will be able to interact electronically with a chatbot(implementation based on IBM Watson technology), which will be part of the BD4QoL App. The chatbot is an application based on a conversational user interface (30) to empower patients to manage their QoL and health under the supervision of clinical investigators. The chatbot will have a series of electronic coaching (e-coaching) functions that include: (i) dialogue management that allows the patient to be counseled by chatting electronically in a structured and effective way; (ii) management of two-way communications with healthcare professionals [e.g., for the patient to request specific support in case of special needs, or for the chatbot to invite the patient for a visit in case of an early detection of health-related QoL (HRQoL) deterioration or health issues; identified people will have to be listed on the delegation log by the Principal Investigator (PI)]; (iii) detection of affective traits embodied in the e-coach/patient dialogue, through sentiment analysis and emotion analysis technologies to infer information about the participant mood (details about data privacy are reported in the specific section of this protocol). The latter element can be used to both re-adapt the chatbot counseling strategy as well as to provide additional information on the subject’s mood to clinical investigators. The adverse events that the chatbot will be able to recognize will be the following: fatigue, malaise, fever, excessive sleepiness, difficulty sleeping, depression, change in social circumstances, neck swelling, facial pain, difficulty breathing, nose bleeds, difficulty speaking, dry mouth, tooth loss, muscle weakness, ear pain, difficulty hearing, tinnitus, vertigo, nausea, diarrhea, constipation, difficulty seeing, dry eye, eye pain, nervous eyelid, eye floaters, swollen eye, bleeding eyes, eye-watering, sexuality issues, weight loss, difficulty swallowing, mouth sores, appetite loss, difficulty opening mouth, difficulty eating, increased sensitivity to smells, no taste. Further details about adverse events and potential chatbot responses are reported in Supplementary Table 2.

The platform will provide the investigators with real-time data on device usage (e.g., number and type of alerts and chatbot interactions by pts), and it will integrate the electronic case report forms (eCRF) as a study monitoring dashboard through the PoC web application.

The BD4QoL platform used in this trial is not to be considered a medical device and is used for experimental assessment only. No drugs will be suggested by the automated chatbot responses. Tips provided by the chatbot regarding detected symptoms are also not to be considered clinical advice by any means and should not be a substitute for conversations with a member of trained medical personnel. A relevant disclaimer in this sense is also clearly shown by the chatbot itself to the study participant.




2.5 Sample size calculation and statistical plan


2.5.1 Sample size

The primary endpoint is the proportion of HNC survivors experiencing a clinically relevant deterioration in global health-related QoL as previously defined.

In the European BD2Decide project (31), funded by the Horizon 2020 program and concluded in November 2019, the analysis of QoL questionnaires was performed on over 450 stage III-IV HNSCC patients (recruited from Italy, Germany, and the Netherlands; data cut-off date 23rd September 2019): at least two consecutive EORTC QLQ-C30 questionnaires filled in after at least 6 months of follow-up were available for 117 patients; among them, a clinically meaningful deterioration of QoL (reduction of at least 10 points) was observed in 22 (19%) cases during post-curative treatment follow-up.

The second historical cohort comprised 65 patients from Mainz (Germany) having EORTC QLQ-C30 questionnaires completed 24 and 36 months after curative surgery (32). In this population, the percentage of subjects experiencing a deterioration ≥ 10 points in EORTC QLQ-C30 global health status from the 24th to the 36th months after treatments was 23%.

In the Head and Neck 5000 project (UK) (33) repeated global health scores at 12 and 36 months after treatment were available for 1241 people with HNC. A clinically meaningful deterioration of QoL (reduction of at least 10 points) was observed in 18% of these subjects.

In these three existing studies, the average percentage (arithmetic mean) of HNC patients experiencing a clinically meaningful deterioration of EORTC QLQ-C30 global score (reduction of at least 10 points) during follow-up was 20% (19% BD2Decide, 23% Mainz, 18% HN5000). These findings are preliminary and will be explored further as part of the European Union (EU) program supporting this study.

The primary endpoint of this study is the proportion of patients showing a reduction of at least 10 points in EORTC QLQ-C30 global health status score in HNC survivors. Therefore, considering the null hypothesis (H0) of no difference for the primary endpoint, the proportion of HNC survivors showing a reduction of at least 10 points in EORTC QLQ-C30 global health status during 24-month FU in the control group is 20% (µ0), as derived from the historical benchmark data.

Considering the alternative hypothesis (H1), the desired proportion of HNC survivors showing a reduction of at least 10 points in EORTC QLQ-C30 global health status during FU in the intervention group is 10% (µ1).

The minimal clinically relevant difference (δ) [superiority randomized controlled trials (RCTs)] between the null hypothesis (H0) of no difference and the alternative hypothesis (H1) is 10%. We fixed the significance level (α = 0.05, one-tailed) and the power (1-β = 0.80, at least). It has been calculated a group sample sizes of 112 subjects (the control group) and 224 subjects (the intervention group) will result in 80% power (1-β) to detect a difference of 10% between the null hypothesis (H0) that both group proportions are 20% and the alternative hypothesis (H1) that the proportion in group under study is 10%, using a one-sided chi-squared test (χ2 test) (Mantel-Haenszel test) and with a significance level of 0.05 (α, one-tailed) (PASS Sample Size 2020 statistical software).

With a supposed drop-out of 20%, it has been calculated a group sample size of 140 subjects (the control group) and 280 subjects (the intervention group), for a total cohort of 420 participants.

The data will be published in clinicaltrials.gov and will be reported to study PIs and to the Funding Authority. The protocol writing committee will have the final decision regarding study termination.



2.5.2 Evaluable cases for primary endpoint

For the purposes of analysis, the study populations are defined in Table 3.


Table 3 | Populations for analysis.





2.5.3 Questionnaires (both intervention and control arms)

For the primary endpoint, a randomized patient will be considered evaluable given that at least two QoL questionnaires have been completed with the following timing: timing between 2 questionnaires ≥ 6 months as long as the study participant is disease-free.



2.5.4 BD4QoL platform (intervention arm only)

The primary endpoint will be analyzed based on intention to treat. In addition to the criteria described in point 6.2.1, a study subject randomized in the intervention arm will be considered for the per-protocol analysis, if the BD4QoL platform is turned on for at least 70% of daily hours (non-sleep activity, as defined in Supplementary Table 1).



2.5.5 Data collection

At study entry, the following data will be collected and recorded in the electronic case report form (eCRF): date of signed informed consent, gender, marital status, education, date of primary tumor diagnosis, comorbidity (ACE27), baseline body mass index (BMI), age at primary tumor diagnosis, primary tumor site (International Classification of Diseases for Oncology, ICD-O code), HPV and/or p16 status (mandatory if primary tumor site = oropharynx), serum plasma Epstein-Barr Virus (EBV)-DNA (optional if primary tumor site = nasopharynx), EBER (EBV Encoded small RNAs) on tumor specimen (optional if primary tumor site = nasopharynx), Baseline (pre-treatment) cTNM staging19 (AJCC/UICC VIII edition), details about surgery, radiotherapy, systemic therapy, date of treatment completion.

At each follow-up, the following data will be collected and recorded in the eCRF: date of consultation, timing after treatment completion (first follow-up; +6 months; +12 months; +18 months; +24 months; other), BMI, disease status (recurrence; date of recurrence; site of recurrence: loco-regional and/or distant and/or second primary tumor), new non-cancer-related medical events [Medical Dictionary for Regulatory Activities (MedDRA)], grade of non-cancer-related medical events according to CTCAE (Common Terminology Criteria for Adverse Events) version 5.0, date of onset and resolution of non-cancer-related medical events, intervention for non-cancer-related medical events (no intervention; surgery; rehabilitation; medical intervention, if yes, to be specified according to Anatomical Therapeutic Chemical Classification System [ATC]; Psychological intervention; other).



2.5.6 Statistical plan

A comprehensive statistical plan will be prepared, discussed, and consented with the study team after data collection is completed and before the data analysis starts. The current plan is as follows: descriptive statistics will be generated for all clinical characteristics and outcome measures as appropriate (for continuous variables: sample size [n], mean, standard deviation, median, minimum, maximum, kurtosis, skewness; for categorical variables: frequency, percentage). All the analyzes will be performed using the ITT population and per-protocol. Missing data will be considered as lack of data. An analysis of missingness will be performed to understand whether there is relevant selection bias and appropriate methods to handle missing data will be applied according to the plausibility of the missingness mechanisms in the data.

The full sample size is expected to be accrued in an 18-month period. An interim analysis (only for checking patient number) will be performed after 12 months from the study start. If at least 50% of the planned population (≥210 subjects) have been randomized within the first 12 months of recruitment, the trial will continue with no modifications. Otherwise (randomized patients ≤ 209 patients in the first 12 months of study conduction), the BD4QoL Consortium will discuss, plan and agree strategies to foster patient recruitment, and eventually ask the funding Institution for a project extension. In case of any change in the clinical study protocol, a major amendment to the protocol will be submitted to the Ethical Committees of the participating sites.

All the analyzes, summaries, listings will be carried out using SAS statistical software (SAS version 9.4 of the SAS System, SAS Institute Inc., Cary, NC, USA). All statistical models will be fitted with SAS statistical software (SAS version 9.4 of the SAS System, SAS Institute Inc., Cary, NC, USA).

Sample size calculation was performed with PASS statistical software (PASS Sample Size 2020 - NCSS, LLC).




2.6 Study procedures


2.6.1 Consent and accrual

The study will be conducted once approval is granted by Local Ethical Committees, which will include consent to re-use administrative healthcare system data (in the informed consent patients will be asked whether in addition to the collection of clinical data from notes and other clinical sources they agree with the use of national registries (applicable for Italian Region of Lombardy), to collect further information in case they are lost to follow up) and access to data collected from mobile devices, sensors and other existing datasets for future research. Patients will be asked to sign an informed consent form that will allow them to accept or decline to participate and to use the developed monitoring tools. The informed consent will also include the possibility to share de-identified data according to General Data Protection Regulation (GDPR) and the results of their QoL questionnaire, which will be anonymized and made freely available on a public repository after study conclusion (e.g., Elixir network).

In this research study, the data that will be collected will be the minimum data set necessary to address the study endpoints, optimizing data quality, and participant privacy.



2.6.2 Healthy volunteers

Before starting the study recruitment, at least 20 healthy volunteers (either researchers or collaborators) will have been enrolled for beta-testing of the app outside this clinical study.



2.6.3 Quality of life data and follow up information

Quality of life information related to enrolled participants will be collected through validated questionnaires: EORTC QLQ-C30 and EORTC QLQ-HN43. Health status will be measured using the EQ-5D-5L, coping behavior using the CBI-B, and one PREM. Specifically, the PREM will be a study-specific question, asking patients “Are you satisfied about the care you have received during the follow-up?” (the possible answers will be “Absolutely disagree (I am not satisfied at all)”, “Moderately disagree”, “Neither agree nor disagree”, “Moderately agree”, “Absolutely agree (I am very satisfied)”). Questionnaires will be collected at study entry and after 6-, 12-, 18-, 24-month from randomization.

Patients’ follow-up information will be collected after treatment termination and will be updated at each evaluation. Data related to the disease outcome (overall survival, OS; disease-free survival, DFS) will be collected up to 24 months from randomization (Table 4).


Table 4 | Study flowchart.





2.6.4 Timing of QoL questionnaires completion, PROMs and PREM

Upon informed consent signature, at study entry, participants will complete baseline QoL questionnaires and will be randomized to receive the study BD4QoL platform or not. During their follow-up, which will be conducted according to international guidelines [e.g., ESMO (18, 19)], participants will complete further QoL questionnaires as scheduled in the study flowchart reported in Table 4: at randomization; +6 months ± 2 weeks from randomization; +12 months ± 2 weeks from randomization; +18 months ± 2 weeks from randomization; +24 months ± 2 weeks from randomization.



2.6.5 QoL questionnaire data entry and data retrieval

The completion of study questionnaires will be performed the same day of the outpatient consultation ± 2 weeks, using web-based forms available at participating Centers or remotely, e.g., through tablets or personal computers (PC). QoL data will be accessible to clinical investigators, and to patients whenever asked.

If the subject does not go to the clinical institution for an outpatient visit or is not being seen every 6 months (± 2 weeks), the investigators will contact the patient by phone asking to fill in the requested questionnaires through the same web-based forms. The PoC dashboard will notify the investigators with an alert 2 weeks after the “due date” if any questionnaire has been initialized but has not been completed.



2.6.6 Electronic alerts and subsequent interventions

As anticipated in the introduction, if the participants report or are identified as having a significant finding during monitoring, a specific set of interventions will be applied. This is particularly important since this study is not simply identifying potential problems which would lead to decrement in quality of life it is also about intervening in an earlier stage before the quality of life decrement takes place and thus maintaining quality of life. Among the data collected by the BD4QoL App (Supplementary Materials), physical activity (measured through step count), non-sleep activity (through sensor-based data), and social activities (measured as phone usage and movements as recorded by smartphone GPS) will be analyzed on a daily basis, and their variations will be used to activate alerts that will be sent to the study participant through the chatbot integrated into the mobile application, and to the PoC web application (Supplementary Materials). Based on the activated alerts, specific interventions will follow:

	Based on the behavior alteration: after the first behavior alteration is identified, the chatbot is activated and the alert is recorded in the PoC, without any notification to the clinical investigator. If the same alteration occurs again and the patient has a health issue, the alert is generated and notified in the PoC. If the same alteration occurs by the third time, the alert will be generated and notified in the PoC, independently of whether the patient has answered or not to the chatbot.

	Based on symptom identification: after the first symptom is reported, the chatbot is activated. If the symptom has low priority, the alert will be recorded at PoC without notifying the clinical investigator; if the same symptom occurs once more, the chatbot is activated again, and it will ask the patient whether they would like their healthcare provider to be notified; after the third iteration of the symptom, a notification to the PoC will be sent.



The iteration count is advanced only for consecutive events linked to the same domain and symptom.



2.6.7 Study interruption and withdrawal

Participation in the study will be interrupted in case of any of the following conditions apply: death; disease recurrence; diagnosis of second primary malignancy; referred to another center; unable to perform follow-up visits (e.g., due to comorbidities); the participant asked to exit the trial, but allowed the research team to keep patients’ data that they already have collected to be used for research analysis; the participant withdrew his/her consent to the whole study, and wants his/her data to be deleted forever for any future analysis; the participant withdrew his/her consent to the whole study, and wants his/her data to not be used for any future analysis.

Moreover, the participant will discontinue the study when a decrease ≥10 points of global health-related EORTC QLQ-C30 QoL [clinically meaningful deterioration, as defined in (13, 14)] is detected between two questionnaires completed 6 months apart. This will be considered an event for the primary endpoint.



2.6.8 Data management workflow

Within the BD4QoL platform, the data collection process is done at different levels:

	Clinical data. CRF data from REDCap.	○Data collected at study entry, after every 6 months (+/- 2 weeks) and also at unplanned visits that may occur during the trial.

	○CRF data formats are also included in Supplementary Materials.

	○Data is transferred at the moment of data entry from REDCap to the central BD4QoL repository.

	○Data managers will be provided with credentials to access the REDCap tool for data entry. Different roles will be assigned depending on the person’s access (e.g., possibility to edit a patient, to lock a form, etc.). User accounts are managed directly through REDCap.




	PoC management: alerts generated, actions performed for alerts, patient enrollment and follow-up details, clinical visits report	○Data collected during the trial, when a new patient comes, and once an event occurs.

	○PoC data-related formats are included in Supplementary Materials.

	○No data transfer is needed as data is directly stored in the central BD4QoL repository.

	○Healthcare professionals will be provided with credentials to access the PoC tool. User accounts are managed through the authentication server allocated in the BD4QoL platform. Different roles can also be assigned.




	QoL questionnaires. Study questionnaires are delivered through web-form.	○Data collected at study entry, after each 6 months (+/- 2 weeks) and also at unplanned visits that may occur during the trial.

	○Answers of this questionnaire will be stored in the central BD4QoL repository as raw data, and the scoring of the questionnaires will also be stored in the same location.

	○No data transfer is needed as data is directly managed in the central BD4QoL repository.

	○User access for patients is based on the same credentials for the user accounts created at PoC. Only patients with authorized accounts are able to fill in the web form questionnaires. Physicians (with their PoC accounts) will also be able to fill answers on their patients’ behalf, to deal with exceptional circumstances such as the patient has filled in the questionnaire on paper for some reason (i.e., internet breakdown not letting the completion of the web-based forms).

	○Healthcare professionals will assist patients if needed in the process of filling in the web forms.




	Patients’ physical, social and non-sleep domains through mobile App (further details are reported in Supplementary Tables).	○Data collected every day or every minute, depending on data category.

	○Data formats for each domain are in Supplementary Materials.

	○No data transfer is needed as data is directly stored in the central BD4QoL repository.

	○The patients will install two applications, the foreground application for continuous passive data collection and the main BD4QoL mobile application, using the credentials from their user accounts, as set at PoC. Only authorized accounts stored in the central BD4QoL repository will be able to login and fill in the mobile app.








2.6.9 Data monitoring and data quality assurance

Data quality procedures have been devised to ensure data verification and data validation. Data verification activities are used to monitor whether the mobile technology under study actually measures the data it claims to measure (i.e., steps, activities, light, phone usage information, and such). Data validation assures that the collected and subsequently processed data are “right”: they need to be suitable for the objective for which they are being collected.

During the CRF definition, data quality procedures for clinical data have been defined to ensure dependencies between variables and coherence during the data collection process through REDCap. In REDCap, all data dependency and consistency rules will be implemented. A complete data collection report with all the rules implemented and the issues found (if any) will be amended by clinical center data managers and updated in REDCap forms. The implementation of these validated rules will ensure the integrity of the data collection. Data will be transferred to the central BD4QoL repository once entered in the REDCap server. The central BD4QoL repository undergoes a periodical backup process to safeguard its content.



2.6.10 Data security

The Data will be safely transferred and stored in the central BD4QoL repository hosted by Partner INETUM (Murcia, Spain). The central BD4QoL repository consists of a Data Hub managing the various databases needed to ensure the functioning of the BD4QoL platform. The Data Hub features processes that allow integrating, enriching, analyzing, and subsequently disseminating information based on the needs of different actors (details in Supplementary Materials):

	In the acquisition layer there are different tools that guarantee the incorporation of the data, regardless of their origin, volume, digital format, in a standardized format. This acquisition layer will provide mechanisms capable of making massive loads of datasets required by the project.

	A central set of databases, as well as their data management mechanisms inherent in each solution, make up the storage layer of the system. This set of databases is governed by the applications processes providing a set of algorithms, rule engines and analytics.

	The security of the system is provided as an additional layer, transverse to the system, which exposes the information and operations only and exclusively after it has validated an authorized access.

	The communications used for the exchange of messages between the system’s applications are done using the Hypertext Transfer Protocol Secure (HTTPS) protocol over the Transmission Control Protocol (TCP). The TCP protocol natively includes features such as error checking and acknowledgement interchange between peers, which means that if data is corrupted or not received, it is resent by the sender to ensure that it is received correctly. The BD4QoL Data Hub is deployed in the datacenter that INETUM has located in Murcia, Spain. This datacenter has tier IV certification, meaning that it includes capabilities to ensure data safety and availability. The characteristics of this datacenter at different levels are detailed in Supplementary Materials.

	For the cloud, specific backup and disaster-recovery policies are foreseen in case of corruption or detection of errors.

	For the mobile App, it is possible to identify if some data are missing at the stage of data collection. If this happens, it would be impossible to reconstruct the past in a digital form. If data are collected but the transmission to the cloud shows anomalies, such as data not transmitted when needed, but after a delay, specific scripts are foreseen to allocate the data in a way close to reality.



The above-mentioned technical measures ensure the integrity of the data collected in the BD4QOL platform, assuring that neither any corruption nor any data loss will occur. INETUM will not use patients’ data for purposes outside this research study.

Daily backups of the BD4QoL databases will ensure data reconstruction. The mobile apps have a data log (timestamp) for data collected and transmitted to the Data Hub. The main challenges faced here involve the following two challenges:

	Data from the mobile device not fully collected due to failure of the process: the mobile app can perform a procedure to detect when data collection has stopped. This can happen in various situations, such as the device being offline, orwith insufficient memory space to locally store the collected data, or that the stream listeners for the sensors have unexpectedly stopped, or that connection to a 3rd party physical activity data collection app (e.g., Google fit) is stopped. Although “backend” procedures can detect after a certain period of time that data collection has been stopped, it is not possible to “reconstruct” past behaviors and thus all collected data from the past.

	Data from the mobile app not adequately transmitted to the Data Hub: The mobile app involves a procedure to detect whether data from the mobile device are adequately transmitted to the Data Hub.    	If no data is transmitted, this may be due to failure to connect to the Internet. When the mobile device is connected to the Internet, then the transmission will be restored.

	In case of connection availability but data is not transmitted to the Internet, then these may be transmitted “all at once”, due to several issues specific to the mobile device itself. In this case, a “micro service” has been included to “allocate” the collected data to the estimated “right timestamps”.









2.7 Study management


2.7.1 Patients’ data protection and privacy

All data within BD4QoL shall be handled using tools and processes with ‘privacy by design’ as the mindset. In general, the security principles of “need to know” and “least privilege” will be applied while determining access rights and privileges. The project will share data, with applied internal encryption, with the subject’s local identifier recorded in a hashed ID code. The list matching patient personal data and study ID will be stored offline in the clinical center which collects the data, which will manage it in compliance with relevant local legislation (e.g., some UK centers will store this document on a restricted access drive on their hospital NHS IT system). The personal data will remain at the recruiting center and will not be sent to the BD4QoL project team.

Participating hospitals are responsible for maintaining the anonymity of participants’ data collected from the medical notes and for safely storing and preventing unnecessary access to any information which may disclose the patient’s identity. The provisions of the above-mentioned GDPR will be adopted or – if more restrictive – national regulations in matters of personal data protection and privacy. Sensitive data (e.g., date of birth, date of diagnosis, date of follow-up visits, date of recurrence, date of death) will be used to track health-related data and will not be registered or used for the analysis

Data that leaves the participant’s phone will be: activity, non-sleep, telephone usage.

For those who provide a specific consent, the following data will be added to the list of data leaving the phone: visiting places related with sports, eating/drinking, nutrition, shopping, medication, traveling, finances, culture, religion, self-care, spirituality, education, sentiment, depression, or heath.

Details about how these data will be recorded by the BD4QoL platform are provided in Supplementary Materials.

A specific data protection impact assessment (DPIA) was provided by PI and the Data Protection Office (DPO) of the Study Sponsor (INT, Milan, Italy) on the 25th June 2021, before the Ethical Committee approval.



2.7.2 Access to data and database protection

Clinical investigators (the local PI and the delegated sub-investigators) will be allowed through an authorization list to access clinical and study-generated data from patients recruited at their own Center. Access to patient’s data, both anonymized and for clinical use (identifiable, as per current clinical practice), will only be granted according to each hospital regulations and restrictions (i.e., only authorized personnel that has been granted access by the patient or healthcare operators in charge of emergency interventions), and then local hospital regulations will be applied. Nonclinical study investigators will be able to access only pseudonymized data (both clinical and device-generated). Upon request, the investigators might access raw and processed unidentifiable data in the framework of the exploratory analyses mentioned above.



2.7.3 Source data and patient’s files

For the eCRF completion, the source documents will be the medical records where the available demographic and medical information of a patient has to be documented. It should be possible to verify the inclusion and exclusion criteria for the study from the available data in this file. It must be possible to identify each patient by using this patient file. Additionally, any other documents with source data, especially original printouts of data that were generated by technical equipment, have to be filed. All these documents have to bear at least patient identification and the printing date to indicate to which patient and to which study procedure the document belongs. The medical evaluation of such records should be documented as necessary and signed/dated by the investigator.



2.7.4 Investigator site file and archiving

The investigator will be provided with an Investigator Site File (ISF) at the start of the study.

This file contains all relevant documents necessary for the conduct of the study. This file must be safely archived after the termination of the study.

It is the responsibility of the investigator to ensure that the patient-identification sheets are stored for 10 years beyond the end of the clinical study (defined as last patient out). All original patient files must be stored for the longest possible time permitted by the regulations at the hospital, research institute, or practice in question. If archiving can no longer be maintained at the site, the investigator will notify the Sponsor/Representative of the Sponsor.



2.7.5 Data management after study end

The investigator must retain all study records and source documents for the maximum period required by applicable regulations and guidelines or institution procedures, whichever is longer (minimum 5 years). The investigator must contact the coordinator Center prior to destroying any records associated with the study. If an Investigator of a participating Center withdraws from the study (e.g., relocation, retirement), the records shall be transferred to a mutually agreed upon designee (e.g., another investigator, IRB). Such transfer shall be reported in writing and notified to the Coordinating Center and to each Ethical Committee of the participating Centers.

Trial participants assure that the key design elements of this protocol will be posted in a publicly accessible database such as clinicaltrials.gov. In addition, upon study completion and finalization of the study report, the results of this study will be either submitted for publication and/or posted in a publicly accessible database of clinical study results. Patients will be informed of this option during the informed consent procedure.



2.7.6 Quality assurance and safety

This study is to be conducted in accordance with the ICH Note for Guidance on Good Clinical Practice (ICH, Topic E6, 1995) dated July 17, 1996.

The representatives of the Clinical Quality Assurance Team of the sponsor are permitted to inspect the study documents (study protocol, case report forms, study medication, original medical records/files), as well as representatives of national regulatory authorities. All patient data shall be treated confidentially. In line with ICH GCP guidelines, monitoring will be the responsibility of the study sponsor, and it will include the verification of data entered in the eCRFs against original patient records. This verification will be performed by direct access to the original patient records and the monitoring staff guarantees that patient confidentiality will be respected at all times. The study protocol, each step of the data-recording procedure, and the handling of the data, as well as the study report, shall be subject to monitoring activities. Audits can be conducted to assure the validity of the study data.

Each participating site will maintain appropriate medical and research records for this trial, in compliance with Section 4.9 of the ICH E6 GCP, and regulatory and institutional requirements for the protection of confidentiality of subjects.

The Principal Investigator is responsible for ensuring that all staff involved in the study are familiar with the content of the protocol and trained regarding study procedures. Moreover, all the investigators involved in the trial are responsible for patient safety, and all events potentially related to patients’ safety must be reported in a timely, accurate, and complete manner.





3 Discussion

HNC survivors face many difficulties in implementing self-management in their daily life (34) (e.g. grappling with having to self-manage, interpreting self-management) and must fight personal, health-related and structural barriers (e.g. access to appropriate health services). They exhibit highly individualized approaches to self-management that often fail to meet their own specific needs. This has obvious impacts on their health, anxiety and QoL and even more on healthcare and social costs. GPs and welfare services are not fully included into HNC post-treatment management nor have direct and coordinated links with the specialists engaged in survivors’ follow-up at the cancer center. Physicians have limited insight on patients’ perceptions of QoL, based on few data collected during follow-up visits from patients’ interviews and – depending on hospital workflow – through structured Patient Reported Outcomes/Patient Reported Experience Measurement questionnaires (PROM/PREM) that measure body functions and health and psychological symptoms In this context, PoC specialists can only intervene when a late effect is reported or clinically diagnosed. So far, individual QoL trajectories have not been studied. Physicians are therefore applying standardized follow-ups which may delay recognition of late effects, and thus effective treatment.

The BD4QoL study is aimed at avoiding the deterioration of all HNC survivors, independently of the site of origin of their disease. Although the range of recommendations included in the chatbot is the same for all patients, we anticipate that the conversations will differ based on primary tumor site. However, the primary endpoint is the same for all HNC patients: preventing a clinically meaningful deterioration in subjectively-recorded global health status. This is still an unmet need for all HNC patients, and with this project we did not want to miss the opportunity to reach this ambitious goal avoiding a fraction of HNC survivors due to their primary tumor site. To reduce the heterogeneity of the patient cohort, we decided not to include patients with mucosal melanoma (also for their very high risk of recurrence), sarcoma, lymphoma, and thyroid cancers.

Understanding and addressing individual survivor’s needs, interpreting signs and symptoms of survivors’ health and psychological status is paramount in head and neck cancer where timely interventions can make the difference in individual patient’s QoL (35). However, despite instruments and tools for QoL monitoring, such as e-PROMs/e-PREMs (36), have demonstrated effectiveness for QoL improvement, difficulties and barriers hinder their practical use.

In the context of patient counseling, unsolved problems are the following:

	Healthcare professionals do not have the time that would be needed to counsel patients properly. Slots for outpatient visits are pre-specified and usually their duration is insufficient to efficiently capture the global survivors’ status. The standard oncological follow-up visit should mainly be focused on recognizing disease recurrence and/or major treatment-related late toxicities Indeed counselling is delivered within this scenario. All non-cancer and/or treatment related issues are referred to general practitioners.

	They do not have easily at hand the information that would be needed to counsel patients properly. The variety and the severity of reported signs and symptoms are so wide that they exceed the oncologists’ knowledge to effectively counsel patients, except for the classical and expected outcomes.

	They are not able to provide patients counselling with the necessary continuity. Between visits, patients are referred to general practitioners and specialists from other disciplines. Given this type of health care organization there is a substantial interest in creating and implementing cancer survivorship care as the one that can be offered in survivor’s clinics.

	Lack of information technology literacy may constitute a significant barrier for patient communication, self-management and coping strategies.



In this project, we aim to address survivors’ and physicians’ needs and to overcome the cultural, psychological organizational and technological barriers to systematic and coordinated monitoring of HNC survivors’ QoL.

Big data analysis might pave the way to new innovation-technology (IT) tools that leverage artificial intelligence (AI) techniques (e.g. machine learning) to infer more meaningful information from patients’ follow-up after treatment.

In this context, the writing of this protocol followed the EQUATOR (Enhancing the QUAlity and Transparency Of health Research) guidelines for clinical trial protocols for interventions involving artificial intelligence (the Standard Protocol Items: Recommendations for Interventional Trials – Artificial Intelligence, SPIRIT-AI Extension) (37) and according to the Clinical Trials Transformation Initiative (CTTI checklist) (38).



4 Ethics and dissemination


4.1 Protection of individuals/patients enrolled in the trial

The responsible Principal Investigator will ensure that this study is conducted in compliance with the protocol, following the instructions and procedures described in it, adhering to the principles of Good Clinical Practice and with current local legislation, and in accordance with: General Data Protection Regulation (GDPR), ICH (International Council for Harmonisation) Harmonized Tripartite Guidelines for Good Clinical Practice, Directive 2001/20/EEC of the European Parliament and of the Council, Declaration of Helsinki concerning medical research in humans (Helsinki 1964, amended Tokyo 1975, Venice 1983, Hong Kong 1989, Somerset West 1996 and Edinburgh).



4.2 Ethics and regulatory review

This trial will be initiated only after all required legal documentation has been reviewed and approved by the responsible independent ethical committee (EC) of the center according to all applying national and international regulations. Prior to patient participation in the trial, written informed consent must be obtained from each patient according to ICH GCP and to the regulatory and legal requirements of the participating country. Each signature must be personally dated by each signatory, and the informed consent and any additional patient information form retained by the investigator as part of the trial records. A signed copy of the informed consent and any additional patient information must be given to each patient or the patient’s legally accepted representative. This clinical study protocol was approved by the Sponsor’s Ethical Committee on 07/02/2022 (local study identifier INT267-21; PI dr. Carlo Resteghini) and at CSS on 09/03/2022 (local study identifier Prot N 20/CE; PI dr. Alfonso Manfuso)



4.3 Dissemination

The abstract of this protocol was submitted to ESMO (European Society for Medical Oncology) 2022 Conference. The final results of this clinical study will be published in impacted scientific journals and presented at international meetings.
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Objective

To explore the feasibility of using a contrast-enhanced CT image-based radiomics model to predict central cervical lymph node status in patients with thyroid nodules.



Methods

Pretreatment clinical and CT imaging data from 271 patients with surgically diagnosed and treated thyroid nodules were retrospectively analyzed. According to the pathological features of the thyroid nodules and central lymph nodes, the patients were divided into three groups: group 1: papillary thyroid carcinoma (PTC) metastatic lymph node group; group 2: PTC nonmetastatic lymph node group; and group 3: benign thyroid nodule reactive lymph node group. Radiomics models were constructed to compare the three groups by pairwise classification (model 1: group 1 vs group 3; model 2: group 1 vs group 2; model 3: group 2 vs group 3; and model 4: group 1 vs groups (2 + 3)). The feature parameters with good generalizability and clinical risk factors were screened. A nomogram was constructed by combining the radiomics features and clinical risk factors. Receiver operating characteristic (ROC) curve, calibration curve and decision curve analysis (DCA) were performed to assess the diagnostic and clinical value of the nomogram.



Results

For radiomics models 1, 2, and 3, the areas under the curve (AUCs) in the training group were 0.97, 0.96, and 0.93, respectively. The following independent clinical risk factors were identified: model 1, arterial phase CT values; model 2, sex and arterial phase CT values; model 3: none. The AUCs for the nomograms of models 1 and 2 in the training group were 0.98 and 0.97, respectively, and those in the test group were 0.95 and 0.87, respectively. The AUCs of the model 4 nomogram in the training and test groups were 0.96 and 0.94, respectively. Calibration curve analysis and DCA revealed the high clinical value of the nomograms of models 1, 2 and 4.



Conclusion

The nomograms based on contrast-enhanced CT images had good predictive efficacy in classifying benign and malignant central cervical lymph nodes of thyroid nodule patients.
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  1 Introduction

Thyroid nodules are a common disease that appear in the neck, the most common of which are papillary carcinoma (PTC) and adenoma, which are often associated with enlarged lymph nodes in the neck. Patients with PTC have a relatively good prognosis, with a mortality rate of less than 10% (1, 2). However, approximately 40-70% of patients with PTC develop cervical lymph node metastases, which are associated with recurrence and poor prognosis (3). Lymph node metastasis occurs mainly in the central region, which contains the sentinel lymph nodes of thyroid cancer, while the lymph nodes of adenoma are mostly reactive hyperplasias. Some patients present with enlarged lymph nodes in the neck, and therefore, the nature of the lymph nodes often needs to be determined in the absence of a clear etiology. Currently, the analysis of lymph nodes mainly relies on morphology, but enlarged lymph nodes may be attributable to inflammatory reactive hyperplasia, while normal-sized lymph nodes may also have tumor infiltration; therefore, the accuracy in assessing benign and malignant lymph nodes based solely on morphological features (e.g., size) is not high (4), with an overall misclassification rate of approximately 15%-20% (5). Radiomics can help identify features that are difficult to observe with the naked eye in images and can be used to quantitatively assess the heterogeneity of lesions (6). Recent studies have found that radiomics can be used to describe tumor phenotypes, distinguish benign and malignant tumors, and predict lymph node metastasis and outcomes (7). Radiomics models have been shown to predict lymph node metastasis in PTC (8, 9), and CT-based radiomics models are also valuable in the differentiation of benign and malignant lymph nodes in the head and neck (10). Few studies have examined the differentiation of metastatic and nonmetastatic lymph nodes among patients with PTC and the classification of reactive hyperplastic lymph nodes among patients with benign thyroid lesions. The purpose of this study was to determine the efficacy of using a CT-based radiomics model to classify lymph nodes in the central neck regions of patients with thyroid nodules.


 2 Materials and methods

 2.1 General information

This retrospective study was approved by a hospital ethics committee, and informed consent was waived. We retrospectively collected data from patients with surgically and pathologically confirmed thyroid nodules from May 2020 to December 2021. Clinical data and contrast-enhanced CT images of lymph nodes in the central cervical region were collected. The inclusion criteria were as follows: 1. A single thyroid lesion, diagnosed as PTC or thyroid adenoma by postoperative pathology; 2. intraoperative lymph node dissection in the central neck region revealing a PTC pathology (for patients with PTC) or no lymph node pathology (for patients with thyroid adenoma); no history of malignant tumors or blood disorders; and normal tumor-related indicators on preoperative routine examination; 3. lymph node diameter in the central region of the neck ≥5 mm (11); 4. contrast-enhanced CT examination performed within two weeks before surgery and treatment consistent with the diagnosis and postprocessing; and 5. no radiotherapy or chemotherapy before surgery. To avoid experimental deviation, lymph nodes larger than 20 mm were excluded from this study.

For the final lymph node pathological findings, the all-or-none principle was used (12). When all lymph nodes within the central zone of PTC patients had metastatic pathological findings, the lymph nodes seen on images within the zone were labeled metastatic lymph nodes; when all lymph nodes within the zone had nonmetastatic pathological findings, the lymph nodes seen on images within the zone were labeled nonmetastatic lymph nodes; and when the lymph node pathological results were both metastatic and nonmetastatic, they were not included. One large and clearly displayed lymph node in the central region was selected as the target lesion for each patient.

A total of 271 patients were included in this study, including 41 males and 230 females, with ages ranging from 22-78 years (average 46.5 ± 17.4 years). The flowchart of inclusion and exclusion is shown in  Figure 1 . A total of 178 patients had PTC (71 patients in the lymph node metastasis group and 107 patients in the nonmetastasis group). Ninety-three patients were pathologically diagnosed with thyroid adenoma, and their lymph nodes were classified into the benign reactive lymph node group. Based on the pathologic findings of thyroid nodules and central lymph nodes, we divided the patients into three groups: the PTC metastatic lymph node (MLN) group; the PTC nonmetastatic lymph node (non-MLN) group; and the hyperplastic lymph node (HLN)/thyroid adenoma group. Four classification models were constructed, as shown in  Figure 2 .

 

Figure 1 | Patient enrollment process. 



 

Figure 2 | Schematic diagram of model construction. 



First, three models were constructed:

 	 Model 1: MLN 71 patients, HLN 93 patients; 

	 Model 2: MLN 71 patients, non-MLN 107 patients; 

	 Model 3: non-MLN 107 patients, HLN 93 patients. 



Second, model 4 was constructed, including 71 patients in the MLN group and 200 patients in the HLN and non-MLN groups.


 2.2 CT examination method

A Siemens definition 64-slice CT scanner from Germany was used to perform routine noncontrast scans and 2-phase enhanced scans. The tube voltages were 120 kV, and CARE Dose 4D was used. The slice thickness was 2 mm, and the pitch was 0.8. A volume of 60-70 ml of the contrast agent ioversol (containing 320 mg/ml iodine) was injected into the median elbow vein at an injection rate of 3.0 ml/s, followed by injection of 15 ml of normal saline. The aortic arch was monitored by the contrast agent bolus tracking method, with a trigger threshold of 100 HU, an arterial phase delay time of 10 s, and a venous phase delay of 25 s. Before the scan, the patients were instructed to breathe and then hold their breath with the arms placed at the sides of the body. During the scan, the patients were asked to maintain a supine position with the neck leaning backward and maximally lowered shoulders, and swallowing was prohibited. The scanning range extended from the mandible to the base of the neck. If the thyroid extended behind the sternum, the scanning range was expanded to cover the entire thyroid.


 2.3 CT image analysis

The clinical and imaging data of all patients were analyzed by two experienced radiologists to determine lymph node status, including age, sex, the short and long diameters of the lymph nodes in the transverse axis on the slice showing the largest area, the shape of the lymph nodes, the CT value during the arterial and venous phases, and the difference in the CT value between the venous phase and arterial phase. The CT value is a measurement unit that can reflect the density of the lymph nodes. Two experienced radiologists measured the corresponding CT values three times and took the average value. During the measurement, the radiologists ensured that the solid area was as wide as possible, and cystic necrosis and calcification was avoided as much as possible. Any obvious differences between the radiologists’ evaluations were resolved by consensus.


 2.4 Region of interest segmentation and feature extraction

 2.4.1 ROI segmentation

Two experienced radiologists (Doctor A and B) used ITK-SNAP (www.itksnap.org) software to delineate the lymph node edges layer by layer on the arterial- and venous-phase CT images to synthesize a 3-dimensional (3D) ROI. Doctor A performed two delineations, 1-2 weeks apart; Doctor B performed one.


 2.4.2 Radiomics feature screening and establishment of the radiomics model

The arterial- and venous-phase images were standardized using A.K software (version: 3.2.0.r, Artificial Intelligence Ki, GE Healthcare), and then, the radiomics features were extracted from the 3D ROIs using PyRadiomics. We used R software (http://www.Rproject.org, version 3.4.4) to analyze the data. After lymph node segmentation, the software automatically obtained 14 shape features, 18 first-order features, and 68 texture features. We first performed consistency tests within and between the observer datasets; that is, we calculated the intraclass correlation coefficient (ICC) between the features extracted from the two ROIs constructed by Radiologist A as well as the ICC between the features extracted from the first ROI constructed by Radiologist A and that constructed by Radiologist B. Features with an ICC>0.75 in both calculations were retained, and the features extracted from the first ROI constructed by Radiologist A were used for subsequent analysis.

We used the stratified random sampling method to divide patients into training and test groups at a 7:3 ratio. The training group data were used for feature screening and model construction. First, maximum relevance and minimum redundancy (mRMR) were used to remove redundant and irrelevant features, ultimately retaining 30 features, which were then imported into the least absolute shrinkage and selection operator (LASSO) regression model. Ten-fold cross-validation was used to identify the hyperparameter λ of the LASSO regression model; the value corresponding to the minimum model error was selected to retain features with nonzero coefficients ( Figures 3 ,  4 ). Regression and dimensionality reduction were used to further select features with good generalizability, which were then used to establish a prediction model. Each lymph node was scored according to the weights of the screening features. A diagnostic model was established by machine learning using the subset of the data screened by the feature variables, and the validity and reliability of the diagnostic model were evaluated by using the area under the receiver operating characteristic (ROC) curve (AUC). The characteristics of good repeatability and stability were used to build the radiomics model. Linear fusion of the selected features was performed to calculate the radiomics score.

 

Figure 3 | The optimal tuning parameter (λ) was selected using ten-fold cross-validation with the LASSO regression model. The horizontal axis represents the log value of the best λ, and the vertical axis represents the corresponding binomial deviation value. The red dots represent the average deviation of a given λ value, the corresponding vertical line represents the upper and lower limits, and the dotted lines represent the selected optimal log(λ) values. 



 

Figure 4 | A LASSO regression model was used to screen out the profile of radiomics feature coefficients in each model. The horizontal axis represents log(λ), and the vertical axis represents the selected characteristic coefficients. Each line represents the trend for each feature. 





 2.5 Construction and evaluation of the radiomics nomogram

In the training group, the clinical risk factors were screened by one-way ANOVA and then were further analyzed by multivariate logistic regression analysis to finally determine the independent clinical risk factors (P< 0.05), which were then used to construct the clinical models. A nomogram was established by combining the radiomics signature and the clinical risk factors.

The predictive efficacy of the nomogram was assessed using ROC and calibration curve analysis. The DeLong test was used to compare the AUCs between different variables. The calibration curve reflects the agreement of the predicted probability of the nomogram with the pathological diagnosis; the closer the calibration curve is to the diagonal line, the closer the predicted value of the model is to the true value, and thus the better the calibration is. Decision curve analysis (DCA) was used to evaluate the potential net clinical benefit and utility of the prediction model and to validate it in the test group.


 2.6 Statistical analysis

All data were statistically analyzed using SPSS 24.0 and R3.4.4 software (https://www.Rproject.org). Single-factor ANOVA was used to compare patient age between the 3 groups, the LSD method was used for two-way comparisons, and the χ² test was used to compare differences in sex distributions. Otherwise, the Mann-Whitney U test was used for variable comparison. A two-sided P value<0.05 was considered significant.



 3 Results

 3.1 Feature extraction and model construction of Models 1-3

 3.1.1 General patient information

The difference in age between the 3 groups was statistically significant, and two-by-two ANOVA showed that the average age of the MLN group [(41.8 ± 12.2)] was significantly lower than that of the HLN group [(49.9 ± 11.7)] and non-MLN group [(46.9 ± 11.2)] (P=0.003, P<0.001). The difference in the age between the HLN and non-MLN groups was not statistically significant (P=0.064). There was a statistically significant difference in the sex distribution among all 3 groups (χ²=19.838, P<0.001), a statistically significant difference in the sex distribution between the MLN and HLN groups (χ²=15.635, P=0.015), and no statistically significant difference in the sex distribution between the HLN and non-MLN groups (χ²=8.634, P= 0.064). In this study, lymph nodes were included with a short diameter of 5.0 mm to 16.3 mm and a long diameter of 5.2 mm to 19.3 mm.

We used the stratified random sampling method to divide patients into training and test groups at a 7:3 ratio. In model 1, there were 115 patients in the training group (MLN group: 48 patients; HLN group: 67 patients) and 49 patients in the test group (MLN group: 23 patients; HLN group: 26 patients). In model 2, there were 125 patients in the training group (48 patients in the MLN group and 77 patients in the non-MLN group) and 53 patients in the test group (23 patients in the MLN group and 30 patients in the non-MLN group). In model 3, there were 140 patients in the training group (72 patients in the non-MLN group and 68 patients in the HLN group) and 60 patients in the test group (35 patients in the non-MLN group and 25 patients in the HLN group).

In the training group, there were statistically significant differences in age, CT value of the arterial phase and CT value difference between the venous phase and arterial phase in model 1. In model 2, there were statistically significant differences in age, sex distribution, short and long diameter of the lymph nodes, CT value of the arterial phase, CT value of the venous phase, CT value difference between venous phase and arterial phase and lymph node shape. In model 3, there were statistically significant differences in the long diameter of the lymph node, CT value of the venous phase, CT value difference between the venous phase and arterial phase and lymph node shape, as shown in  Table 1 .

 Table 1 | Comparison of clinical characteristics of the three models in the training group. 




 3.1.2 Radiomics feature extraction and selection and radiomics model establishment

Eight optimal features were selected from model 1, all of which were from the arterial phase. There were 3 first-order statistical features, 2 gray level cooccurrence matrix (GLCM) features and 3 gray level dependence matrix (GLDM) features. Eleven features were screened from model 2, among which 9 were from the arterial phase and 2 were from the venous phase. There were 3 first-order statistical features, 5 gray level size zone matrix (GLSZM) features and 3 GLCM features. Sixteen features were screened from model 3, of which 9 were from the arterial phase and 7 were from the venous phase ( Figure 5 ). There was 1 first-order statistical feature, 3 GLCM features, 4 GLSZM features, 2 GLDM features and 6 gray level run length matrix (GLRLM) features. Based on these features and their corresponding regression coefficients, the radiomics model was constructed, and the Radscore was formulated as follows:

 

Figure 5 | Radiomic features screened by models 1-3 and their weights. (A) model 1; (B) model 2; (C) model 3 (The letters A and V in the feature names indicate that the feature was extracted from the arterial phase and the venous phase, respectively). 



 

Model 1: Radscore=0.839*log_sigma_4_0_mm_3D_firstorder_10Percentile. A+ -0.031*log_sigma_4_0_mm_3D_gldm_SmallDependenceEmphasis.A+0.393*original_firstorder_Uniformity.A+-0.1*log_ sigma_3_0_mm_ 3D_glcm_Imc2. A+ 0.163*log_sigma_1_0_mm_3D_gldm_LargeDependenceLowGrayLevelEmphasis.A+0.028*log_sigma_5_0_mm_3D_firstorder_Median.A+0.265*log_sigma_3_0_mm_3D_gldm_LargeDependenceLowGrayLevelEmphasis.A+-0.142*log_sigma_2_0_ mm_ 3D_glcm_ Imc2.A+0.443

Model 2: Radscore=-0.78*wavelet_HHH_glszm_SizeZoneNonUniformity. A+ 0.472*log_sigma_3_0_mm_3D_firstorder_Minimum.A+0.158*wavelet_HHH_glszm_ZoneEntropy.A+-1.531*original_firstorder_RobustMeanAbsoluteDeviation. A+ 0.201*wavelet_HHH_glszm_GrayLevelNonUniformity.A+0.039*log_sigma_3_0_mm_3D_firstorder_Minimum.A+-0.763*log_ sigma_4_0_mm_3D_ firstorder_ Variance. V+0.518*original_glcm_MaximumProbability.A+-0.727*log_ sigma_5_0_ mm_3D_glszm_SizeZoneNonUniformity.A+0.072*wavelet_HHH_glszm_ZoneEntropy.V+-0.284*original_glcm_SumEntropy.A+1.013

Model 3: Radscore=-0.822*wavelet_LLL_glszm_SmallAreaLowGrayLevel -Emphasis.A+0.718*wavelet_HHH_glszm_GrayLevelVariance.A+0.443*wavelet_LLL_glcm_ClusterShade.A+-0.73*original_glrlm_ LongRunLowGrayLevelEmphasis. A+-1.132* log_sigma_ 4_0_mm_3D_glszm_ ZonePercentage. A+ 0.388*wavelet_ HLH_glrlm_LongRunHighGrayLevelEmphasis.A+0.31*wavelet_HHH_gldm_DependenceNonUniformityNormalized.V+-0.209* wavelet_LHH_glrlm_ ShortRunLow GrayLevelEmphasis.A+0.176*wavelet_HLH_glrlm_RunEntropy.V+0.705*original_glcm_Correlation.V+-0.444*log_sigma _4_0_mm_3D_glszm_ SizeZoneNon Uniformity.A+0.585*wavelet_LLL_glrlm_LongRunLowGrayLevelEmphasis.A+-0.43*wavelet_LHH_firstorder_Minimum.V+0.28*wavelet_HHH_glrlm_LongRunLowGrayLevelEmphasis.V+0.634*original_glcm_SumEntropy.V+-0.465

The diagnostic efficacy of radiomics models 1-3 is shown in  Table 2 .

 Table 2 | Diagnostic efficacy of the radiomics models of models 1-4. 




 3.1.3 Clinical feature screening and nomogram construction

Multivariate logistic regression analysis showed that the CT value in the arterial phase (OR=1.05, 95% CI: 1.02~1.09) was an independent clinical risk factor for model 1. Sex (OR=0.1, 95% CI: 0.01-0.67) and CT value in the arterial phase (OR=0.96, 95% CI 0.94-0.98) were independent clinical risk factors for model 2. Combining the clinical risk factors and radiomics labels, a nomogram was established, and the corresponding scores of each predictive index were obtained, which were then summed and finally reflected by the total score. The constructed nomogram is shown in  Figure 6 . There were no statistically significant clinically relevant risk factors in model 3, so no nomogram was constructed.

 

Figure 6 | Nomogram of the prediction model combining clinical risk factors and CT radiomics features. (A) Model 1; (B) Model 2. 





 3.2 Feature extraction and model construction of model 4

In the training group, after feature extraction with mRMR and LASSO, 5 radiomics features with strong correlations were ultimately identified ( Figure 7 ). Four features were from the arterial phase, and one was from the venous phase. Based on these features and their corresponding regression coefficients, a radiomics model was constructed. There were 3 first-order statistical features, 1 GLSZM feature and 1 GLRLM feature. The box diagram shows that in the training group and the test group, the difference in the radiomics score between patients in the MLN group and in the non-MLN + HLN) was statistically significant ( Figure 8 ).

 

Figure 7 | Radiomic features screen by model 4 and their weights. 



 

Figure 8 | Box plot of the radiomics scores of the training group and the test group in model 4. Blue (Label 0) represents the MLN group, and yellow (Label 1) represents the HLN and non-MLN group. The difference between the two groups was statistically significant (P< 2.2e-16). 



Model 4: Radscore=0.773*original_firstorder_Uniformity.A+0.539*log_sigma_ 5_0_mm_3D_firstorder_10Percentile.A+-0.226*log_ sigma_2_0_mm_3D_ glszm_ GrayLevelVariance.A+-0.089*original_ firstorder_ RobustMeanAbsolute Deviation. A+-0.282*log_ sigma_2_0_mm_ 3D_glrlm_Long RunHighGrayLevel Emphasis. V+ 1.279

The diagnostic efficacy of radiomics model 4 is shown in  Table 2 .

Multivariate logistic regression analysis revealed that sex (OR=0.21, 95% CI: 0.05-0.93), CT value in the arterial phase (OR=0.96, 95% CI: 0.93-0.99) and CT value in the venous phase (OR=1.03, 95% CI of 1.00-1.05) were independent clinical risk factors for discriminating between the MLN and (HLN+ non-MLN) groups. A nomogram was established combining the clinical risk factors and radiomic features ( Figure 9 ).

 

Figure 9 | Nomogram of model 4 constructed by combining clinical risk factors and CT radiomics features. 




 3.3 ROC curve analysis, calibration curve analysis and DCA for evaluating the efficacy and value of the nomograms

ROC curve analysis was used to assess the diagnostic efficacy of the three models ( Figure 10 ). In the training group, the AUC values of the nomogram model were higher than those of the radiomics model and clinical model. DeLong’s test showed that there were no significant differences in the AUC values between the nomogram model and the radiomics model for models 1, 2, and 4 (model 1: Z=2.1482, P=0.062; model 2: Z=1.637, P=0.102; model 4: Z=7.463, P=0.132). The differences between the nomogram model and clinical model were statistically significant (model 1: Z=4.491, P< 0.001; model 2: Z=10.376, P<0.001; model 4: Z=3.140, P=0.002). In the test group, the diagnostic efficacy of the nomogram model was higher than that of the radiomics model and clinical model. DeLong’s test showed that there were no significant differences between the nomogram and radiomics model for model 1, model 2, and model 4 (model 1: Z=2.945, P=0.179; model 2: Z=3.599, P=0.086; model 4: Z= 8.051, P=0.142), and the differences between the nomogram and clinical model were statistically significant (model 1: Z=1.448, P=0.033; model 2: Z=1.345, P=0.019; model 4: Z=3.943, P< 0.001). The diagnostic efficacy of the radiomics model, clinical model and nomogram model for models 1, 2 and 4 are shown in  Table 3 .

 

Figure 10 | ROC curves of models 1, 2, and 4 for the corresponding classification efficacy of the radiomics models, clinical features, and nomogram models in the training group and test group. (A are the training group and test group of model 1, respectively; B are the training group and test group of model 2; and C are the training group and test group of model 4). 



 Table 3 | Diagnostic efficacy of radiomics model, clinical model, nomogram model of model 1, 2, 4. 



The calibration curves of nomogram prediction models 1, 2, and 4 in the training group and test group showed good predictive efficacy ( Figure 11 ). The calibration curve of model 4 is closer and better fits to the corresponding diagonal line than that of models 1 and 2. DCA showed that the nomograms of the 3 models outperformed the clinical model across all assessed risk thresholds ( Figure 12 ).

 

Figure 11 | Calibration curves of the nomograms in the training group and test group of models 1, 2 and 4. (A are the training group and test group of model 1, respectively; B are the training group and test group of model 2; and C are the training group and test group of model 4) In the calibration curve, the horizontal axis represents the predicted model value, and the vertical axis represents the real value. The prediction efficacy is better if the red line is closer to the gray line. 



 

Figure 12 | (A-C) are the decision curves of nomogram models 1, 2, and 4 for the corresponding lymph node classification in the test group, respectively. The red line in the figure represents the diagnostic nomogram model built from the imaging features, and the blue line represents the diagnostic nomogram model built from the clinical features. The green line represents the hypothesis that all patients had lymph node metastasis; the black lines running across the bottom are assuming that none of the patients had lymph node metastasis. The potential clinical benefits of the radiomics-based models are consistently higher than those of the other three models. 





 4 Discussion

Currently, noninvasive assessment of the nature of lymph nodes mainly relies on imaging features. Ultrasound, as the main imaging method for examining the thyroid, has important value in the diagnosis of thyroid diseases and cervical lymph nodes (13, 14). However, its diagnostic accuracy is affected by the sonographer’s subjectivity and diagnostic experience. CT has advantages in the evaluation of central and superior mediastinal lymph nodes, but it is limited by the need for morphological changes in the lymph nodes to diagnose metastasis. It has been reported that both ultrasound and CT have a sensitivity below 50% in diagnosing central lymph node metastasis (15). The diffusion-weighted MR imaging sequence has certain value in judging the condition of the lymph nodes, but for smaller lymph nodes, the misdiagnosis and missed diagnosis rates are high, especially when the short diameter is less than 10 mm. In recent years, many studies have demonstrated the increasing value of radiomics in determining the condition of lymph nodes. Onoue et al. (16) showed that radiomics based on CT can distinguish metastatic lymph nodes from PTC, tuberculosis, and oropharyngeal squamous cell carcinoma with significantly higher diagnostic accuracy than two neuroradiologists. Seidler et al. (17) found that machine learning texture analysis based on dual-energy CT helped to distinguish different pathological lymph nodes (metastatic head and neck squamous cell carcinoma lymph nodes, lymphoma, inflammation) and normal lymph nodes with higher accuracy. This study investigated the stratified predictive value of a radiomics model based on CT images for metastatic lymph nodes, nonmetastatic lymph nodes, and reactive hyperplastic lymph nodes of benign lesions among patients with PTC to provide guidance for treatment.

In this study, patient age, sex, and lymph node CT signs (long diameter, short diameter, arterial phase CT value, venous phase CT value, arterial and venous phase CT difference value, and lymph node morphology) were statistically different across multiple models through one-way ANOVA, indicating that clinical features and conventional CT images are of value in the identification of lymph nodes with PTC metastasis. However, the morphological signs of early metastatic lymph nodes are often atypical, and the sensitivity in diagnosis is relatively low. The interpretation of image features depends on the clinical experience of the radiologist and is subjective, and thus there is a need to incorporate objective, quantitative indicators to assist in diagnosis. Therefore, the nomogram combines clinical features with objective radiomics features to improve diagnostic efficacy.

The best feature sets identified by the four models in this study all included first-order statistical features and texture features, the latter of which accounted for the higher proportion. The first-order features can quantitatively reflect the global voxel intensity distribution of the ROI and then evaluate the overall information of the lymph nodes. Texture features can describe the spatial distribution of pixel intensity in images and reflect the histological types and pathological properties of lesions with high sensitivity (18). The combination of the two can help comprehensively evaluate the heterogeneity of lymph nodes from different perspectives. Compared with nonmalignant lymph nodes, malignant lymph nodes have more abnormal new blood vessels, increased cell permeability and internal necrosis, which will change the roughness of lymph nodes, resulting in heterogeneity. The above changes are not easily detected by the naked eye but can be reflected by texture features, which are not affected by subjective factors (19).

In this study, 8, 11, 16 and 5 of the best radiomics features were selected for the 4 models by LASSO regression analysis. Among them, the all features of model 1 (PTC metastatic lymph nodes and nonmetastatic lymph nodes), nine of the features of model 2 (PTC metastatic lymph nodes and nonmetastatic lymph nodes), and four of the features of model 4 (PTC metastatic lymph nodes and nonmalignant lymph nodes) were from the arterial phase, suggesting that compared with those of the venous phase, the radiomics features of the arterial phase have higher diagnostic value in distinguishing malignant lymph nodes from nonmalignant lymph nodes of PTC. Xu et al. (20) found that radiomics features extracted from dual-energy CT arterial phase-weighted fusion images can effectively diagnose PTC cervical lymph node metastasis, and the three radiomics features screened were all from the arterial phase. Zhao et al. (21) found that the model based on texture features extracted from arterial-phase CT images was more advantageous in evaluating the lymph node metastasis in PTC, with a higher diagnostic coincidence rate (75.47%) than the model built from the features extracted from the venous phase (71.69%). Consistent with the results of this study, the reason may be that metastatic lymph nodes have a more abundant blood supply and more obvious early enhancement among patients with PTC (22). Unlike other models, 9 of the 16 features in model 3 (PTC nonmetastatic lymph nodes and reactive hyperplastic lymph nodes in benign lesions) were from the arterial phase, and 7 were from the venous phase. The reason may be that the blood supply of nonmalignant lymph nodes in the venous phase is enhanced, while the enhancement in the arterial phase is relatively weaken. Therefore, the number of venous phase features extracted for the lymph nodes in model 3 was substantially increased. Park et al. (12) confirmed that arterial phase CT scans can improve the diagnostic accuracy for PTC lymph node metastasis compared with venous phase CT, which is often used to evaluate lymph nodes of other pathological types, such as squamous cell carcinoma and tuberculosis lymph nodes.

A larger short lymph node diameter and central necrosis are usually considered indications for malignant transformation, while the short diameter is proportional to the rate of metastasis. The differences between metastatic lymph nodes and nonmalignant lymph nodes and the differences between nonmetastatic lymph nodes and benign reactive lymph nodes in the models in this study were not related to the short lymph node diameter, which is consistent with the research results of Li et al. (23). Ren et al. (24) found that the difference in the short diameter between positive and negative lymph nodes in early tongue cancer pathological metastasis was statistically significant, suggesting that the short diameter of the lymph nodes has a certain reference value for the diagnosis of occult metastasis. In this study, the short lymph node diameter was statistically significant in one-way ANOVA but not in multivariate logistic regression analysis. This suggests that the short diameter of the lymph nodes may be valuable in distinguishing metastatic and nonmetastatic lymph nodes, but not to a significant degree; the reason may be that the nonmalignant lymph node group in our study included nonmetastatic lymph nodes and reactive hyperplastic lymph nodes. Reactive hyperplastic lymph nodes may be significantly enlarged, which reduces the difference in lymph node diameter between the nonmalignant and metastatic groups.

The nomogram in this study was established based on radiomics features and clinical data. Nomograms can more intuitively and individually evaluate the nature of lymph nodes than their corresponding models. Verification of the effectiveness of the models in this study revealed a number of findings. In the first part, the nomograms of models 1 and 2 show high diagnostic performance in both the training and test groups, higher than the performance of the models built from radiomics labels or CT imaging features alone. Our study showed that the nomograms had high predictive efficacy and encompassed the advantages of integrating CT image features and radiomics. In this study, the arterial phase CT enhancement values of models 1 and 2 were independent clinical risk factors for judging the nature of lymph nodes, suggesting that there are certain differences in early enhancement between metastatic lymph nodes, nonmetastatic lymph nodes, and reactive hyperplastic lymph nodes. The degree of enhancement in the arterial phase has a certain value in differentiating the groups. Radiomics model 3 also showed high diagnostic performance in the training group and test group. After univariate and multivariate analyses, there were no clinically relevant risk factors between the two groups of lymph nodes in model 3, suggesting that there may be some heterogeneity in the internal radiomics characteristics of the two groups; however, this heterogeneity is low and cannot be detected with clinical and routine imaging examinations. The second part of this study summarized PTC nonmetastatic lymph nodes and benign reactive hyperplastic lymph nodes and built a predictive model for differentiating the two groups. The predictive model showed high discriminative ability, similar to the diagnostic value between separate groups. This indicates that there is no significant difference between the nonmetastatic lymph nodes of PTC and reactive hyperplastic lymph nodes, and simple binary classification can also achieve high diagnostic performance. In model 4, the CT value in the arterial phase was also an independent clinical risk factor, consistent with the results of models 1 and 2, suggesting that early lymph node enhancement plays an important role in distinguishing benign and malignant lymph nodes. As in models 1 and 2, the CT value in the venous phase was also an independent risk factor in model 4. The reason may be that the proportion of blood supply in the venous phase of nonmalignant lymph nodes is higher than that in the arterial phase. In this model, the proportion of nonmalignant lymph nodes increased, so the weight of the venous phase in the identification of the two groups increased.

ROC curve and calibration curve analyses reflect the diagnostic value of the model, and DCA reflects its clinical value (25). In this study, DCA was used to evaluate the clinical effectiveness of the model, which increased its credibility. Models 1, 2 and 4 provided a clear net benefit over the entire risk threshold range, suggesting that the models have certain clinical value.

The limitations of this study are as follows. (1) In this study, the ROIs were manually outlined by doctors with high accuracy, but due to subjectivity, the repeatability of these segmentations could be poor. Although we used a high ICC as a criterion for improving the consistency of the features, this low repeatability inevitably impacted the results. To make the model more robust and more suitable for clinical application, we will attempt to solve this problem by using semiautomatic or fully automatic segmentation using consensus contours in subsequent studies. (2) The sample size was small and drawn from a single center. The sample size will be expanded, and multicenter research and external validation research will be carried out in the future to improve the efficacy of the model. (3) In this study, only solitary thyroid nodules with a pathological result of PTC or adenoma were included. The pathological types were relatively singular; subsequent studies on the lymph nodes of lesions with different pathological types are needed to expand the scope of adaptation. Since we could not accurately judge the status of each lymph node before surgery, we adopted an all-or-nothing approach to select target lymph nodes according to postoperative pathological results. This method of lymph node selection is accurate, but due to the strict inclusion criteria, the sample size of the included lymph nodes is reduced.

In conclusion, the CT-enhanced nomogram performed well in predicting metastatic lymph nodes in the central cervical region and nonmalignant lymph nodes in patients with thyroid nodules and can provide guidance for clinical decision-making. The radiomics model showed high diagnostic efficacy in distinguishing nonmetastatic lymph nodes from benign lymph nodes, but there was no significant difference in the clinical features between the groups. There may be some heterogeneity between the two groups of lesions, but its degree was insufficient to produce significant differences on the basis of radiomics. Further experimental studies are needed.
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Objective

To analyze the ultrasonographic features of pharyngoesophageal diverticulum (PED) mimicking thyroid nodules and to explore the clinical value of ultrasonography in the diagnosis of PED.



Method

The sonographic findings of 68 patients with PED were retrospectively reviewed. According to the diverticulum echo intensity characteristics, the lesions were divided into solid nodular diverticulum, gas-containing nodular diverticulum, liquid-containing nodular diverticulum, and atypical diverticular changes; and the ultrasonographic manifestations were compared among the four groups.



Results

30/68 were solid nodular diverticula. The diverticulum cavity was oval or elliptic with a clear border, and the diverticulum wall suggested exhibited a typical hyper-hypo-hyper-echogenic pattern. The diverticulum wall and esophageal wall were seen to be continuous if multiple sections were scanned, and hypoechoic walls showed punctate blood flow. 29/68 diagnosed with air-containing nodular diverticulum, lesions appeared with gas-like hyper-echogenicity internally, with some amount of gas and change in the tail pattern during swallowing. 6/68 patients were diagnosed with liquid-containing nodular diverticulum, and the main ultrasonic manifestations were an anechoic internal diverticulum cavity that was clearly bounded from the thyroid but continuous with the esophageal wall, with a typical hyper-hypo-echoless pattern from the outside to the inside. Another 3/68 were found to have atypical diverticular changes, regional convexities of the esophageal wall with unfashioned nodules. The convex segment was continuous with the hyper-hypo-echogenic esophageal wall and could be seen on slitting scanning.



Conclusion

Overall, PEDs mimicking thyroid nodules have specific ultrasonographic features. Familiarity with them can avoid missed diagnoses and misdiagnoses.
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Introduction

Pharyngoesophageal diverticulum (PED) is a rare benign disease of the esophagus in and is always on the left side. However, it can sometimes mimic thyroid disease, leading to misdiagnosis (1, 2). Zenker’s diverticulum (ZD) is the most common type of PED and was first described by Friedrich Albert von Zenker, a German pathologist, in 1867 (3). ZD occurs in the posterior wall of the esophagus due to a defect between the ring pharynx and stenosis of the pharyngeal muscles, which causes the esophagus to burst behind the mucous membranes (3). Killian–Jamieson diverticulum is a rare esophageal diverticulum that occurs at a ratio of 1:4 to ZD, with a prevalence rate between 0.0025% and 0.025%; it is characterized by an evagination of a muscular gap in the anterolateral of the wall of the esophagus (4). Both types of PED can simulate thyroid nodules, and physical examination, ultrasonography, and computed tomography may lead to clinicians unaware of PED’s specific imaging features to mistake PED for thyroid nodules (5),resulting in unnecessary ultrasound-guided fine needle aspiration (FNA) or surgical treatment (6).

However, while PED is a benign disease of the esophagus, esophago-fiberscopes and transesophageal echocardiography probes may mistakenly enter the diverticulum cavity, especially during ultrasound-guided FNA, which can penetrate the thin diverticulum wall, leading to subsequent inflammation, infection, and other clinical symptoms (7). Therefore, it is important to differentiate between PED and thyroid nodules. We collected and collated 68 patients with PED to analyze images of the lesion and identify sonographic diagnostic features.



Materials and methods


Research subjects

Retrospective analyses were performed on 68 patients who were suspected to have PED at the First Affiliated Hospital of China Medical University from June 2011 to June 2021. Among them, 63 patients were confirmed to have PED following a barium swallow test. Ultrasonographic findings in 5 patients had typical signs of air, and there was movement relative to the thyroid during swallowing. Diverticulum and esophageal wall that were continuous when multiple sections were scanned on at least two follow-ups were considered separate PEDs. The patients’ ages ranged 18–82 years (mean, 41.7 ± 3.1 years), and 44 were women. 61 cases were misdiagnosed as thyroid nodules or parathyroid nodules, and the remaining seven cases were detected incidentally during thyroid sonography.

There were no special clinical symptoms in 62 patients; 4 patients inadvertently touched the front-neck block and moved it during swallowing, and 2 patients clinically showed swelling in the front of the neck and had difficulty swallowing.

The inclusion criteria were as follows: 1) PED with a well-established ultrasound examination and confirmed using barium meal examination or ultrasound follow-up; and 2) a “nodule” with a close relationship to the thyroid gland that may be misdiagnosed as a thyroid nodule.

The exclusion criteria were as follows: 1) PED located outside the anatomical location of the thyroid gland; and 2) patients with suspected PED on ultrasonography only but refused further examination to confirm the diagnosis.

All methods were performed in accordance with the guidelines set forth in the Declaration of Helsinki. All patients provided oral or written informed consent to participate in the study before biopsy.



Inspection methods


Ultrasonography

The diagnostic instruments used were a Preirus® (linear array probe = 5-12 MHz; Hitachi, Tokyo, Japan), AixPlorer® (linear array probe = 4-15 MHz; Supersonic, France), and IU22® (linear array probe = 5-12 MHz; Philips, Amsterdam, Netherlands).

With patients in the supine position, thyroid ultrasonography was performed routinely to determine the internal echo, with or without thyroid nodules. Thyroid image reporting and data system (TI-RADS) grading was performed (8). When cervical nodules were detected at the level of the thyroid, the size, echogenicity, shape, border, blood flow, and location of the lesion were recorded and stored for future review.

To determine whether the lesion was connected to the adjacent esophageal wall, changes in the lesion shape, echogenicity, and movement relative to the thyroid were observed during the patient’s ingestion of water. To consider if a barium meal examination was appropriate, gastroscopy or follow-up observation was recommended.

Thyroid function tests, such as thyroglobulin level, antithyroid autoantibody to thyroglobulin ratio, and thyroid microsomal antigen level, were performed using a Losi cobas e601 immunoassay analyzer (Roche Diagnostics Indiana, USA).



X-ray barium meal examination

An Aquillion radiographic image enhancement system (Toshiba, Tokyo, Japan) with an IBS system was used. Standard X-ray barium meal examination was performed at the Department of Radiology of the First Affiliated Hospital of China Medical Hospital. After 4 h of fasting, the patients received resuspended barium sulfate. The patients were assessed in a standard posture. Images were obtained in the right front oblique position, left front oblique position, and positive position. The movement of the barium sulfate suspension in the esophagus was examined to identify whether there was bag-like extrusion or its limitations increased in size.




Classification of the PED

According to the internal echo, there were four types of ultrasonic features of PED in our study:

	(1) Solid nodular diverticulum: The lesion was an oval-shaped mixed nodule, with outpouching of the esophageal wall and almost located on the left lobe of the thyroid gland. Compared to the echogenicity of the thyroid gland, this type is divided into solid hypoechoic nodular diverticula, solid isoechoic nodular diverticula, and solid high-low echogenic intermixed nodular diverticula (Figures 1A–C).

	The nodules may project into the thyroid parenchyma, thus making it more difficult to distinguish from a thyroid nodule, or they can be located behind the tegument at the posterior margin of the thyroid. The diverticulum is typically full of food debris or esophageal mucosal folds, with few or no air echoes.

	(2) Air-containing nodular diverticulum: The lesion contained a central strong echogenic area associated with a comet-tail artifact, and the amount of gas and the tail pattern changed during swallowing (Figure 1D).

	(3) Liquid-containing nodular diverticulum: The lesion was echoless on internal dynamic scanning or after drinking water; the internal echoless parts were visible on flow sensing. There was movement relative to the thyroid during swallowing actions (Figure 1E).

	(4) Atypical diverticular changes: Regional convexities of the esophageal wall with no obvious nodules (Figures 1F–H).






Figure 1 | Compared with the echogenicity of the thyroid gland, solid nodular diverticula are classified as solid hypoechoic nodular diverticula (A), image from a 29-year-old woman), solid isoechoic nodular diverticula (B), image from a 56-year-old man), and solid high-low echogenic intermixed nodular diverticula (C), image from a 34-year-old woman). Air-containing nodular diverticulum. The lesion contains a central strongly echogenic area associated with a comet-tail artifact. The presence of gas can be seen, and the tail pattern changed during swallowing (D), image from a 32-year-old man). Liquid-containing nodular diverticulum with echoless interior (E), white arrow, image from a 46-year-old man). Atypical diverticular changes: Regional convexities of the esophageal wall with no obvious nodules (F), image from a 64-year-old man; (G), image from a 51-year-old man; (H), image from a 53-year-old woman).





Statistical analysis

We used SPSS v23.0 (IBM, Armonk, NY, USA). Measurement data are presented as the mean ± SD. Student’s t-test was used to compare the maximum diameter of the “T” and “V” acoustic tails in the air-containing nodular diverticulum group. Statistical significance was set at p<0.05.




Results


Clinical and pathology results

A total of 68 patients were included in the study. In two patients, the diverticulum was located behind the right lobe of the thyroid gland, while in 66 it was located behind the left lobe. Eight patients had Hashimoto’s thyroiditis, four had autoimmune thyroiditis, three had hyperthyroidism, and 50 had combined thyroid nodules (TI-RADS 3, n=32; TI-RADS 4a, n=15; TI-RADS 4b, n=2; TI-RADS 4c, n=1) (Figure 2A), as well as three cases after thyroidectomy (Figure 2B). Immunoreactive parathyroid hormone (IPTH) and serum calcium and phosphorus levels were within the normal range in all patients. The sonographic findings and diagnostic features of PED are presented in Table 1.




Figure 2 | PED was found in combination with thyroid nodules in 73.5% (50/68) of cases (A), image from a 56-year-old man). After thyroidectomy, a PED appeared in the thyroid region (B), image from a 42-year-old man).




Table 1 | Physical and laboratory examinations.





Ultrasonographic findings


Solid nodular diverticulum

Thirty patients were diagnosed with solid nodular diverticulum; the long diameter of all PEDs measured using sonography ranged from 9.1 mm to 58 mm (average 17.7 ± 12.1 mm). The diverticulum wall had a typical hyper-hypo-hyper-echogenic pattern (Figure 3). More people (n=24) exhibited “nodules” that protruded into the essence of the thyroid gland and were located behind the tegument at the thyroid posterior margin than did not (n=6). The high-low echogenic pattern intermixed with solid nodular diverticulum suggested striped strong internal echoes, with no acoustic tail or acoustic shadow. It could also be seen that the diverticulum wall and esophageal wall were continuous if multiple sections were visualized, such as with a crosscut and then cut-scanned (Figure 4). Punctate blood flow could be seen as a hypoechoic middle layer of the diverticulum wall (Figure 5).




Figure 3 | The solid nodular diverticulum wall has a typical hyper-hypo-hyper echogenic pattern (image from a 37-year-old woman).






Figure 4 | The solid nodular diverticulum wall and esophageal wall are continuous if viewed with multiple sections such as crosscut and then cut scanned (A), image from a 21-year-old man: (B), image from a 39-year-old man).






Figure 5 | Punctate blood flow can be seen in the middle hypoechoic layer of the solid nodular diverticular (image from a 42-year-old woman).





Air-containing nodular diverticulum

Twenty-nine patients were diagnosed with air-containing nodular diverticulum; the long diameter of the PED measured using sonography ranged from 4.2 mm to 48 mm (average 11.2 ± 5.3 mm). Specific ultrasonographic features included gas-like strong internal echoes with acoustic tails. According to the amount of air inside, the diverticula were divided into the “rich-in” air-type and “single” air-type. The former was seen as a gas-like hyperechogenic signal inside the diverticulum, sometimes followed by a typical “V” tail sign (Figure 6A). The latter had a hyperechoic linear appearance in the diverticulum and was sometimes followed by a typical “T” tail sign (Figure 6B). The maximum diameters of the “T” and “V” acoustic tails were 1.2–2.2 cm and 2.5–4.8 cm respectively. The difference was statistically significant (p < 0.001).




Figure 6 | Some air-containing nodular diverticula are full of gas-like hyperechoicity internally and have a typical “V” tail sign (A), image from a 35 year-old woman). Some have a hyperechoic linear appearance and sometimes have a typical “T” tail sign (B), image from a 63-year-old woman).





Liquid-containing nodular diverticulum

Six patients were diagnosed with liquid-containing nodular diverticulum; the long diameter of all PEDs measured using sonography ranged from 4.5 mm to 32 mm (average 12.1 ± 4.7 mm). The main ultrasonic manifestations were characterized by a typical hyper-hypo-echoless sign from the outside to the inside, such that the diverticulum was echoless internally. Using dynamic scanning or after drinking water, the echoless cavity was visible on flow sense imaging; however, there was no obvious change in diverticulum size. The diverticulum wall and the esophageal wall were seen as continuous if cut scanned, and there was no blood flow visualized inside.

Atypical diverticular changes: Three patients had atypical diverticular changes. The long diameter of all PEDs measured using sonography ranged from 9.6 mm to 45 mm (average 16.4 ± 11 mm). There were regional convex parts outside the esophageal wall, with no obvious nodules. The convex segment continued with the esophageal wall and could be seen on slitting scanning. The inner diameter of the esophagus in the corresponding area increased.





Discussion

ZD, the most common form of PED, results from herniation of the Killian triangle, which is an area of muscular weakness between the transverse cricopharyngeal fibers and oblique fibers of the thyropharyngeal muscle (9). Killian–Jamieson diverticulum is an uncommon condition, resulting from herniation of the Laimer membrane leading to a defect of the esophagus in the gullet (8). Common clinical presentations include dysphagia, regurgitation, choking, chronic cough, aspiration pneumonitis, globus, weight loss and, less commonly, dysphonia (10). For decades, the mainstay of treatment for ZD was an open surgical approach through a neck incision with performance of myotomy of the UES and removal or suspen-alternative and often preferable incisionless transoral approaches have been developed (11). With the development of minimally invasive endoscopic approaches for the esophagus in recent years, peroral endoscopic myotomy (POEM) in the treatment of esophageal diverticulum has been described recently in some reports due to its successful outcomes (12).

Most PEDs were located behind the left lobe of the thyroid gland. Due to the proximity of the thyroid gland, PED can occasionally mimic thyroid nodules and can be misdiagnosed as a thyroid mass (13). Currently, there are few reports on the sonographic findings of PEDs. In previous reports (7, 14–16), many researchers have misdiagnosed PED as thyroid nodules and performed FNA or surgical treatment.

We analyzed the ultrasonographic features in 68 cases of PED mimicking thyroid nodules and classified them into four types, aiming to improve the accuracy of preoperative diagnosis and to avoid misdiagnosis and inappropriate invasive treatment. Among them, solid nodular diverticulum was the most common type and can easily confused with thyroid nodules. The main reason for this is the absence of typical gas-like strong echogenicity, which is replaced by esophageal mucosa or food debris. Sometimes it is associated with a central hyperechoic area, which can be easily confused with thyroid nodules with microcalcifications. It is useful to diagnose and prevent patients from undergoing invasive procedures, such as aspiration and unnecessary surgery.

Nevertheless, based on the ultrasound features summarized in this study, the following characteristics of solid nodular diverticula can be used to distinguish them from true thyroid nodules if examined carefully. First, the diverticulum wall has a typical hyper (esophageal mucosa and debris)-hypo (esophageal myometrium)-hyper (esophageal serosa and posterior capsule of thyroid)-echogenic pattern. Second, the PED was found to be connected to the adjacent esophageal wall if multiple sections were scanned. Moreover, when the patient swallowed, the thyroid and diverticulum moved relative to each other. Eventually, real-time sonography was performed during the patient’s ingestion of water and demonstrated transient changes: an increase in the size of the lesion, a reduction in the definition of the margins, and heterogeneous echogenicity of the lesion’s contents. No apparent blood flow signal was observed in the lesions. However, thyroid nodules have marked hypoechogenicity with regular/irregular margins and extrathyroidal growth. Punctate blood flow can also be seen. It moves in the same direction as the thyroid during swallowing, but there was no significant change in the appearance of the lesion.

It is not difficult to diagnose air-containing nodular diverticula because there are obvious gas-like strong echoes. However, there are some atypical strong echoes, and acoustic tails need to be distinguished. Based on these changes, the diverticula were divided into “rich-in” gas-type followed by a typical “V” tail sign and “single” gas-type with a typical “T” tail sign. Because of the appearance of the acoustic tail, it is difficult to view the echo of the posterior structure of the diverticulum and its relationship with the esophageal wall. The instability of the gas causes the shape of the acoustic tail to easily change with movement, so that changes were more obvious with swallowing. Twenty-six patients were diagnosed with air-containing nodular diverticulum following X-ray barium meal examination, and three patients were diagnosed after a 3-year follow-up interview.

Therefore, PED should be considered if a nodular echo intensity is found behind the thyroid, accompanied by a gas-like stronger echo and an unstable acoustic tail. At this time, the patient should be asked to swallow to observe the relative movement between the lesion and thyroid gland or the patient should drink some water for real-time dynamic scanning to increase the accuracy of diagnosis.

The amount of liquid-containing nodular diverticula was relatively low in this study. The main ultrasonic manifestation was that the diverticulum cavity was echoless. We speculate that the cysts (fluid components) are related to the caudal direction of the diverticulum. If the caudal direction is directed to the centripetal end, the liquid or residue is easily deposited and difficult to remove. The echoless area may then be formed from the mucus secreted by the esophageal mucosa or the accumulation of liquid after drinking water. If the caudal directed to the head end, gases tend to accumulate more easily. The echoless area in the diverticulum can be scanned more clearly because the thyroid gland is a sound transmission window. However, this often puzzles ultrasonographers, leading to liquid-containing nodular diverticula to be diagnosed as lesions of parathyroid origin. PEDs with anechoic changes are very rare. Nine patients were considered to have PED, but the remaining three patients were considered to have parathyroid or lymphadenopathy. Six patients were finally diagnosed with PED following X-ray barium meal examination.

We reviewed the sonograms of these six patients and found that on real-time dynamic scanning, a slight floating could be visualized in the anechoic mass in the diverticulum cavity. Therefore, real-time dynamic scanning is necessary. In the case of ambiguous potential diverticula, it is suggested to use X-ray barium meal examination to aid diagnosis.

Atypical diverticular changes in this study refer to regional convex parts outside the esophageal wall with unfashioned nodules. The formation of PED is not only due to the weakness of the esophageal wall itself, but also due to an increase in pressure in the esophageal cavity. Strictly speaking, external traction can also lead the esophageal wall to form a diverticulum (15). Three patients showed atypical diverticulum changes in this study, and one patient had Hashimoto’s thyroiditis and a medical history of chronic bronchitis. Therefore, the diverticular changes may have been due to increased intraesophageal pressure. Meanwhile, inflammation can also pull the esophageal wall outward, resulting in segmental protrusion of the esophageal wall.



Conclusion

PED mimicking thyroid nodules can occasionally be encountered in daily diagnostic work. Real-time dynamic and multi-slice scanning are essential to identifying solid nodular diverticula. Identifying the typical hyper-hypo-hyper echogenic pattern of the diverticulum wall is very important in the diagnosis. It is easier to diagnose when there is gas in the diverticulum; however, familiarity with the characteristic “V” and “T” tail can increase the confidence in diagnosis. The key to diagnosing liquid-containing nodular diverticulum is echogenicity in the diverticulum. Real-time sonography performed during the patient’s ingestion of water helps differentiate a PED from thyroid disease without the need for imaging with a contrast agent. For atypical diverticular changes, familiarity with the normal course of the esophageal wall is necessary to identify the disease. Awareness of changeable internal echoes and not mistaking strong echogenic foci caused by air for calcifications are the most important factors for making differentiating PEDs from thyroid nodules.
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Background

Conventional ultrasound (CUS) is the first choice for discrimination benign and malignant lymphadenectasis in supraclavicular lymph nodes (SCLNs), which is important for the further treatment. Radiomics provide more comprehensive and richer information than radiographic images, which are imperceptible to human eyes.





Objective

This study aimed to explore the clinical value of CUS-based radiomics analysis in preoperative differentiation of malignant from benign lymphadenectasis in CUS suspected SCLNs.





Methods

The characteristics of CUS images of 189 SCLNs were retrospectively analyzed, including 139 pathologically confirmed benign SCLNs and 50 malignant SCLNs. The data were randomly divided (7:3) into a training set (n=131) and a validation set (n=58). A total of 744 radiomics features were extracted from CUS images, radiomics score (Rad-score) built were using least absolute shrinkage and selection operator (LASSO) logistic regression. Rad-score model, CUS model, radiomics-CUS (Rad-score + CUS) model, clinic-radiomics (Clin + Rad-score) model, and combined CUS-clinic-radiomics (Clin + CUS + Rad-score) model were built using logistic regression. Diagnostic accuracy was assessed by receiver operating characteristic (ROC) curve analysis.





Results

A total of 20 radiomics features were selected from 744 radiomics features and calculated to construct Rad-score. The AUCs of Rad-score model, CUS model, Clin + Rad-score model, Rad-score + CUS model, and Clin + CUS + Rad-score model were 0.80, 0.72, 0.85, 0.83, 0.86 in the training set and 0.77, 0.80, 0.82, 0.81, 0.85 in the validation set. There was no statistical significance among the AUC of all models in the training and validation set. The calibration curve also indicated the good predictive performance of the proposed nomogram.





Conclusions

The Rad-score model, derived from supraclavicular ultrasound images, showed good predictive effect in differentiating benign from malignant lesions in patients with suspected supraclavicular lymphadenectasis.
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1 Introduction

Supraclavicular lymphadenectasis has been frequently observed in patients with benign diseases such as reactive hyperplasia, tuberculosis, granulomatous inflammation, etc., and malignant diseases such as lung cancer metastasis, breast cancer metastasis, esophageal cancer metastasis, etc (1). Thus, it is important to distinguish between benign and malignant supraclavicular lymph nodes (SCLNs) for the further treatment of patients (2, 3). Computerized tomography (CT) examination is based on the density of lymph nodes and surrounding soft tissue to distinguish, the enlarged supraclavicular lymph nodes are often indistinguishable from the surrounding tissues and muscles on plain CT scan (4). Due to the fixed and superficial location of the supraclavicular region and clear supraclavicular anatomical structure, high frequency conventional ultrasound (CUS) has its unique advantages for SCLNs examination. CUS is preferred as the first choice for SCLNs with high resolution, low cost and no radiation. However, there is overlap between benign and malignant images for atypical CUS features.

Radiomics, a process of converting radiographic images into quantifiable information, can provide more comprehensive and richer information than radiographic images, which are imperceptible to human eyes (5, 6). Imaging examination is one of the routine steps in routine clinical diagnosis, so radiomics research based on images has certain feasibility. Some studies showed that radiomics analysis on CUS images can effectively predict malignant parotid gland lesions (7). Some studies have shown that image feature-based radiomics extraction has objective characteristics and great value in predicting central lymph node metastasis in papillary thyroid carcinoma patients with Hashimoto’s thyroiditis (8). However, the clinical value of CUS-based radiomics analysis to differentiate of benign and malignant SCLNs was unknown.

Therefore, the purpose of this investigation was to extract the radiomics parameters from supraclavicular CUS images and to establish predictive a nomogram radiomics score (Rad-score) model to noninvasively identify benign and malignant SCLNs.




2 Materials and methods



2.1 Patients

Between January 2021 and July 2022, a total of 189 patients participated in the retrospective study, including pathologically confirmed 50 benign lesions and 139 malignant lesions. The inclusion criteria were as follows: (1) patients with CUS suspected SCLNs; (2) patients who underwent pathological examination within 2 weeks after a SCLNs CUS examination; (3) patients who had high-quality ultrasound image; (4) patients who had definite pathological findings. The exclusion criteria were as follows: (1) patients who underwent previous SCLN treatment (resection biopsy, radiotherapy, chemotherapy); (2) patients who had poor ultrasound image quality; (3) patients who had incomplete clinical data. (4) patients who missed histopathological results. (5) lesion larger than 5 cm in diameter due to the limited width of the US probe.




2.2 Ultrasound examination and pathological examination

The CUS examination was performed using GE LOGIQ E9, Esaote Mylab 90, Toshiba Aplio 500, Mindray Resona 7, and Philips iU22 with corresponding high-frequency linear array probes. Each patient was placed in the supine position while lying on the examination bed. Then, the neck was fully extended, and the patient was told to breathe calmly. The SCLNs were examined by 3-year experience radiologist in superficial CUS. If there were multiple lesions, then the most suspicious would be first recommended for further pathological examination. If the most suspicious one is not suitable for biopsy, the largest one (short diameter) would be second recommended for further pathological examination. The boundary (clear and unclear), shape (long/short diameter < 2, long/short diameter ≥ 2), calcification (with calcification, without calcification), hilus (present or absent), margin (well-defined and ill-defined), structure (cystic or hyperechoic nodule, no cystic and hyperechoic nodule) of the SCLNs were observed and recorded. The most suspected supraclavicular lymphadenectasis were included in the study. CUS suspected SCLN was submitted to ultrasound guided biopsy at ultrasound department. The pathological section was read by a pathologist with more than 5 years of experience. For the pathological benign SCLN, we followed up at least for 6 months. No benign SCLN had progression on ultrasound image.




2.3 Region of interest (ROI) segmentation and feature extraction

Firstly, the patients were randomly divided into the training and validation groups in a 7:3 ratio. The jpg format ultrasound images were exported from the imaging system and imported into PyCharm software (Community edition 2022.2). All images were resampled and normalized before feature extraction (7). Then, the ROI was manually segmented by an experienced radiologist and confirmed by another one by using Labelme (3.16.7) software package. Both were blinded to the pathological results before performing image annotation, and consensus was reached by discussion in cases of disagreement. Finally, the radiomics data was extracted by python package pyradiomics (V3.0.1) (https://pyradiomics.readthedocs.io/en/latest/features.html) and 744 radiomics features from SCLNs were extracted in this study.




2.4 Radiomics feature selection

Radiomics features were extracted from lesions after image processing with different filters by using the open-source Pyradiomics package V3.0.1 and were divided into the following classes: (a) first-order statistics; (b) shape-based features; (c) high-order features, including gray-level co-occurrence matrix (GLCM), gray-level size zone matrix (GLSZM), gray-level run length matrix (GLRLM), gray-level dependence matrix (GLDM), and neighboring gray tone difference matrix (NGTDM). Firstly, independent t-test was used to select significant features with statistically significant difference (P < 0.05). Then, the least absolute shrinkage and selection operator (LASSO) was used to select nonzero coefficients by 10-fold cross validation. Finally, Rad-score was calculated based on the selected features.




2.5 Models construction

The clinical and CUS data were analyzed by multivariate analysis firstly to select the statistically significant predictors of distinguishing between benign and malignant lesions and follow by logistic regression analysis. The Rad-score model, CUS model, radiomics-CUS (Rad-score + CUS) model, clinic-radiomics (Clin + Rad-score) model, and combined CUS-clinic-radiomics (Clin + CUS + Rad-score) model were established both in training and validation sets. The calibration curve was used to evaluate the calibration ability. The prediction accuracy of the models was represented by the receiver operating characteristic (ROC) curve and was quantified by the area under the ROC curve (AUC) in both the training and test sets.




2.6 Statistical analysis

Statistical analyzes were performed using statistical software for Windows version 23.0 (SPSS Inc., Chicago, IL, USA) and R software version 4.2.1 (R project for statistical computing). Quantitative data with abnormal distribution was expressed as median (interquartile range 25th, 75th percentile). Quantitative data with normal distribution was expressed as mean ± standard deviation. Wilcox test was conducted to compare the data displaying an abnormal distribution. Statistical analysis was by chi-squared test when comparing categorical variables. The LASSO method constructed a penalty function by adding constraint conditions, and a prediction model was constructed by performing a 10-fold cross-validation. The models were built using logistic regression and the diagnostic performance for differentiating between benign and malignant lesions was using ROC. DeLong’s test was used to evaluate different ROC curves. Calibration curves were constructed to assess the predictive value of different models. A P value of less than 0.05 was considered statistically significant.





3 Results



3.1 Basic information of patients with SCLNs lymphadenectasis

A total of 189 patients were recruited (Figures 1, 2), including 50 pathologically confirmed benign (16 males and 34 females; age 59.5 (44.5-67.75) years) and 139 malignant (73 males and 66 females; age 65 (53.5-70) years). The specific pathological findings of 50 benign and 139 malignant SCLNs lymphadenectasis was showing (Supplemental Table 1). The median follow-up after biopsy for benign SCLNs lymphadenectasis was 10 (range, 6-20) months. No benign SCLN had progression on ultrasound image. The SCLNs malignant rates of the training set and the validation set were 70.23% and 81.03%, respectively. There were no significant differences in patient age, sex, location, pathology, diameter, tumor history, boundary, margin, calcification, shape, hilus, structure, and rad-score between the training set and the validation set (P>0.05), as shown in Table 1.




Figure 1 | The flowchart of patient selection for dividing into the training set and validation set.






Figure 2 | The flowchart of CUS segmentation, feature extraction, feature selection and models construction.




Table 1 | Clinic-CUS characteristics of suspected supraclavicular lymphadenectasis between training and validation set.






3.2 Univariate analysis of clinical features, CUS features, and Rad-score for malignant lesions

Benign lesions were more likely to be found with no tumor history (P<0.05, Table 2) in the training set. The validation set also found the same findings. For CUS features, well-defined margin, clear boundary, and long/short diameter≥2 shape were commonly observed in benign lesions (all P<0.05) in the training set. The same results were also found in the validation set.


Table 2 | Univariate analysis of clinical information, CUS features, and Rad-score for distinguishing benign from malignant lesions in the training set.



Seven hundred and forty-four radiomic features were extracted from each ROI, and a total of 20 radiomic features (Supplemental Table 2) with non-zero coefficients were screened out based on t test and LASSO (Figure 3). The Rad-score was calculated between benign and malignant lesions (Supplemental Table 3). The results showed that patients with benign lesions had lower Rad-score than patients with malignant lesions, which was statistically significant in both training (0.64(0.16, 0.9) vs. 1.08(0.87, 1.26), P < 0.05) and validation sets (0.63(0.13, 0.89) vs. 0.98(0.81, 1.24), P < 0.05).




Figure 3 | Variables extracted from benign and malignant supraclavicular lymph node. (A) The ROI of benign and malignant supraclavicular lymph node. (B) The Mean-square error plot of LASSO regression in supraclavicular lymph node. (C) The density plots between extracted radiomics variables in benign and malignant supraclavicular lymph node.






3.3 Multivariate analysis of variables for predicting malignant lesions

In the multivariate analysis of clinical information, CUS features and Rad-score characteristics, tumor history (OR=4.88, 95%CI 1.65-17.24), long/short diameter < 2 shape (OR=2.69, 95%CI 1.04-7.14), Rad-score (OR=15.57, 95%CI 5.20-64.49) were significantly correlated with pathological results (P<0.05). However, sex, boundary, and the margin were not independent signatures for predicting malignant lesions (Supplemental Table 4).




3.4 Performance, construction and validation of nomogram

The Rad-score model, Clin + Rad-score model, Rad-score + CUS model, and Clin + CUS + Rad-score model were constructed based on clinical information, CUS features and Rad-score (Figure 4). The AUC of CUS model, Rad-score model, Clin + Rad-score model, Rad-score + CUS model, and Clin + CUS + Rad-score model were 0.72, 0.80, 0.85, 0.83 and 0.86 in the training set, respectively (Figure 5; Table 3). The AUC of CUS model, Rad-score model, Clin + Rad-score model, Rad-score + CUS model, and Clin + CUS + Rad-score model were 0.80, 0.77, 0.82, 0.81 and 0.85 in the validation set. By the Delong test, there was no significant difference in the AUC of the Rad-score between the training set and the validation set (p=0.70). There were no significant differences among all models in terms of AUC. A nomogram that contains Rad-score, shape and tumor history variables describing SCLNs to predict the malignant lesion with CUS suspected supraclavicular lymphadenectasis.




Figure 4 | The CUS-based radiomics nomogram and calibration curves of the nomogram. (A) Integrating Rad-score, shape, and tumor history, the CUS-based nomogram was established. Calibration curves of the nomogram in the training (B) and testing (C) set.






Figure 5 | Receiver operating characteristic (ROC) curves of all models in training set (A) and validation set (B).




Table 3 | The ROC, accuracy, sensitivity, and specificity of five models in the training set and validation set.







4 Discussion

SCLN metastasis is of great significance for treatment decision-making and prognostic evaluation (9–11). Among all imaging methods, CUS is considered the most convenient method for assessing the characteristics of SCLN. However, the diagnostic value of CUS in assessing lymph nodes is controversial. Zheng et al.’s study reported that the diagnostic performance of axillary CUS was poor with an AUC of 0.585-0.719 (12). In our study, several clinical and ultrasound imaging features were associated with the differential diagnosis of benign and malignant lesions. Benign SCLNs were more likely to have no tumor history, which was consistent with previous research (13). For CUS features, well-defined margin, clear boundary, and long/short diameter ≥ 2 shape were commonly observed in benign lesions, but also occasionally seen in malignant lesions (14). The overlapping of CUS features and clinic data brings some difficulties in the diagnosis of benign and malignant lymph nodes.

CUS-based radiomics could provide a large number of quantitative image features from ultrasonic images, which tend to be hard for the naked eyes to recognize (7). Seven hundred and forty-four radiomics features were selected from SCLN. These included first-order statistics and high-order features with various filters (NGTDM, GLRLM, GLSZM, GLCM, and GLDM). First-order statistics, also known as grayscale histogram features, are mainly used to perform statistical calculations on the entire image or the ROI within the image, and are used to describe the grayscale of the image. Second-order statistics refer to the spatial relationship between the intensities of each voxel. Higher-order statistics are used for feature extraction and image preprocessing such as wavelet decomposition, Fourier transform and other filtering (15). The software automatically extracts radiomics features to compensate for errors introduced by manual and subjective measurements. In our results, the AUCs of Rad-score model, Clin + Rad-score model, Rad-score + CUS model, and Clin + CUS + Rad-score model were 0.80, 0.85, 0.83, 0.86 in the training set and 0.77, 0.82, 0.81, 0.85 in the validation set. There were no significant differences among all models in terms of AUC. Zhou et al. (16) developed an ultrasound radiomics nomogram to identify central lymph node metastasis in patient papillary thyroid cancer, the AUCs for the training set, internal validation set, and external validation set were 0.816 and 0.858, respectively. Radiomics based on analysis of CUS images showed good performances as other routine methods. Through the Rad-score model, we could distinguish benign and malignant lesions when supraclavicular lymphadenopathy is suspected on ultrasonography.

This study has some limitations. First, the overall sample size is small. The sample size should be expanded in future studies. Second, this was a single-center retrospective study with good predictive power, which may indicate the need for an external validation set to validate this predictive model. Third, the study included several different ultrasound machines that could have affected the findings. Fourth, the biopsy specimen had a possibility of false negative. In the future, large, multi-center clinical studies, more subgroups and enhanced ultrasound images are needed to further confirm the findings of this study.




5 Conclusion

In conclusion, the radiomics nomogram, derived from CUS, showed favorable prediction efficacy for differentiating benign from malignant in patients with suspected supraclavicular lymphadenectasis. The Rad-score model improves the differentiation of the benign lesion from malignant lesion.
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Undifferentiated tonsillar carcinoma is an extremely rare head and neck cancer. The treatment options are challenging due to insensitivity to chemotherapy and easy development of drug resistance. In this study, we reported a case of advanced undifferentiated tonsillar carcinoma with multiple mediastinal lymph node metastases that failed to respond to chemotherapy. Next-generation sequencing (NGS) revealed germline BReast CAncer gene (BRCA) 1 mutation and a high tumor mutational burden. Poly (adenosine diphosphate [ADP]-ribose) polymerase (PARP) inhibitors have demonstrated efficacy in solid tumors with BRCA1/2 mutations. Immune checkpoint inhibitors (ICIs) provide a treatment option for unresectable head and neck cancer. After local control treatment by embolization, niraparib and tislelizumab were administered to this patient. A partial response (PR) was achieved, and progression-free survival (PFS) and overall survival (OS) were 12 months and 19 months, respectively. This case reveals molecular profiling as an important therapeutic strategy for rare malignancies with no standard of care. Moreover, the underlying synergistic antitumor activity of PARPi and PD-L1 blockade was reviewed.
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Introduction

Over the past 20 years, the incidence of primary tonsillar malignancies has increased at an annual rate of 0.35% (1). Squamous cell carcinoma with human papillomavirus (HPV) is the most common type with a good prognosis due to its sensitivity to radiation and chemotherapy (2–4). In contrast, HPV-negative undifferentiated tonsillar carcinoma is a rare malignancy, which is insensitive to chemotherapy. There is no available standard treatment for patients with inoperable or metastatic disease at diagnosis, and prognosis is poor. Programmed cell death 1 (PD-1) checkpoint inhibitors have been used in platinum-resistant recurrent/metastatic (R/M) head and neck squamous cell carcinoma (HNSCC), with an overall response rate of 14% in patients with PD-L1-positive/HPV-negative disease (5). Niraparib is an oral, highly selective poly (adenosine diphosphate [ADP]-ribose) polymerase (PARP)1 and PARP2 inhibitor with antitumor efficacy in BRCA1/2-mutated solid tumors (6). We present the first case of metastatic HPV-negative undifferentiated tonsillar carcinoma with germline BRCA1 mutation and high tumor mutational burden (TMB). The patient was administered niraparib and tislelizumab after failed chemotherapy and achieved a partial response (PR). With improvement in quality of life, the patient had a progression-free survival (PFS) of 12 months and an overall survival (OS) of 19 months. Moreover, we also systematically reviewed the literature and explored the potential mechanism of the synergy of PARP inhibitors and immunotherapy. The following case is presented in accordance with the CARE reporting checklist.





Case presentation

A 50-year-old man with pharyngalgia and right neck mass presented to the hospital in December 2020. The patient had previously been diagnosed with hepatitis B infection and diabetes, had long-term work experience with chemical drugs and had no history of smoking, alcohol consumption and history of cancers. Physical examination showed an exophytic yellow-white cauliflower-like mass on the surface of the right tonsil, partially extending beyond the midline, but not invading other tissues around the oropharynx (Figure 1A). Several swollen lymph nodes were palpable on both sides of the neck. Head and neck magnetic resonance imaging (MRI) (December 20, 2020) showed a mass of 32 mm × 16 mm in the right tonsil and multiple enlarged lymph nodes around the bilateral carotid arteries. The largest lymph nodes were 40 mm × 23 mm (right) and 36 mm × 31 mm (left). Whole-body Positron Emission Tomography-Computed Tomography (PET/CT) (December 22, 2020) showed multiple enlarged lymph nodes in the mediastinum and hilum, with a maximum of 21 × 18 mm (Figure 1A). Biopsy of cervical lymph nodes and the tonsil mass revealed diffuse growth of medium to large lymphocyte tumor cells, indicating lymphoma and requiring further assessment. The biopsy specimens were delivered to the central laboratory for analysis (Guangzhou, China). Due to severe pharyngalgia, dysphagia and wheezing, the patient was administered two cycles of chemotherapy (doxorubicin liposomal at 40 mg on d1, vincristine at 2 mg on d1 and prednisone at 100 mg on d1-d5) from December 31, 2020. However, head and neck MRI (February 19, 2021) showed a 36 × 25 mm mass in the right tonsil, and the largest cervical lymph nodes were 45 × 37 mm (right) and 36 × 39 mm (left). Chest CT showed multiple enlarged lymph nodes in the mediastinum and hilus, with a maximum of 29 mm × 23 mm (Figure 1B). According to Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1, the efficacy was evaluated as progressive disease (PD). The pathological results of the central laboratory were confirmed on March 5, 2021. Tonsil mass was demonstrated as malignancy by hematoxylin-eosin (H&E) staining which showed small foci of heterotypic tumor cells, some cells with light stained and obvious large nucleoli cell (Figure 2A). Immunohistochemistry (IHC) revealed that the tumor cells were positive for Ki-67 (95%), CD138 and Vimentin, PD-L1 (90%) (Figure 2B–E), and negative for CK, p16, CD20, CD3, CD30, CD4, CD8, LCA, CD5, CD7, ALK, CD56, CD31, ERG, CD21, CD23, CD38, CAM5.2, CD117, EMA, S-100, SOX-10 and Mum-1, κ, λ. Epstein-Barr encoding region (EBER) in situ hybridization was negative. The final diagnosis of this patient was based on a thorough review of gene rearrangements analysis, histopathology and IHC analysis. Lymphoma was excluded by the gene rearrangement assay (lymphoma biomarkers IGH, IGK and IGL were negative, S1). According to the H&E staining, IHC and PET/CT results, the patient was finally diagnosed with undifferentiated tonsillar carcinoma with multiple cervical and mediastinal lymph nodes metastases [cT2N2M1, stage IVC, American Joint Committee on Cancer (AJCC) 8th edition]. Next generation sequencing (NGS, Geneseeq Technology Inc) identified germline BRCA1 gene P.S1374Rfs * 3 exon 12 frameshift mutation and a high TMB of 30.7 mutations/MB in the tumor tissue. Considering the high risk of operative hemorrhage and asphyxia, surgical oncologist believed that the risks of surgery outweigh the benefits. After carefully evaluating the patient’s performance status, treatment tolerance, tumor imaging and the feasibility of intravascular interventional therapy, the multidisciplinary team developed a focused treatment plan individualized to the patient. The patient received bilateral external carotid artery branch embolization on March 15, 2021 and March 18, 2021 because of the obvious enlargement of the tonsil mass and the high risk of airway obstruction. Intravascular interventional therapy was less invasive and had a low risk of surgical complications. After locoregional operation, the patient had only mild pain around the neck, the tonsil mass was reduced to 20×15 mm, and the largest cervical lymph nodes were 32 × 20 mm (right) and 27 × 17 mm (left) (March 25, 2021) (Figure 1C). According to the germline BRCA1 mutation, high TMB and the PD-L1 positive status, the patient was administered 300 mg niraparib QD and 200 mg tislelizumab Q3W from March 25, 2021. Follow-up MRI and CT (May 12, 2021) revealed a striking decrease in tumor burden after the second treatment cycle. The tonsil mass basically disappeared, and the largest cervical lymph nodes shrank to 21 × 18 mm (right) and 18 × 13 mm (left). The hilar lymph node was reduced to 20 × 14 mm (Figure 1D). The patient achieved a PR under treatment of niraparib combined with tislelizumab according to the RESISIT 1.1 criteria. Surveillance imaging showed continuous partial remission for 12 months (Figure 3). The patient developed mild fatigue, leukopenia (2.26×109/L) and anemia (HGB 83g/L) in the first month of niraparib administration. These adverse events were rated as levels 1-2 (CTCAE 5.0) and resolved after niraparib was reduced to 200 mg QD. The patient resumed normal work with a high quality of life. In March 2022, the patient was admitted to the hospital with hematochezia and anemia (HGB 67 g/L). Colonoscopy revealed a mass in the ascending colon, accounting for about 2/3 of the intestinal lumen, with superficial fragility and hemorrhage (Figure 4A). Whole-body CT and barium meal examination of the digestive tract showed a mass of 43mm x 22mm in the proximal ascending colon, with no signs of new lesions elsewhere (April 25, 2022). The patient underwent ascending colectomy with lymph node dissection on April 28, 2022. Postoperative pathology showed that the colonic mass was metastatic undifferentiated tonsillar carcinoma, with no lymph node metastasis (Figure 4B). Re-examination of MRI and CT revealed no evidence of progression to the tonsils, cervical lymph nodes, and mediastinal and hilar lymph nodes (May 31, 2022) (Figure 1E). However, owing to the worse performance status after intestinal surgery, the patient declined any further treatment, except palliative care. Eventually, he died of multiple organ failure in July 2022. The patient’s PFS and OS were 12 months and 19 months, respectively, after treatment with niraparib and tislelizumab. The timeline of the relevant information is shown in Figure 3.




Figure 1 | Images of primary tumor and metastatic lymph nodes during therapy. (A) Initial scans showed a mass in the right tonsil (red circle). Enlarged lymph nodes in the neck and mediastinum (yellow arrows) (December 2020). (B) Disease progression after 2 cycles of chemotherapy by RECIST criterion (February 2021). (C) After bilateral external carotid artery branch embolization (March 2021). (D) Partial response after 2 cycles of niraparib and tislelizumab by RECIST criterion (May 2021). (E) Re-examination of MRI and CT revealed no evidence of progression to the tonsils, cervical lymph nodes, and mediastinal and hilar lymph nodes (May 31, 2022).






Figure 2 | Pathological examination of the tonsil mass. (A) Hematoxylin-eosin (H&E) staining of the tonsil mass (x100). (B) PD-L1 expression by immunohistochemistry (90%+). (C) Ki-67 expression by immunohistochemistry (80%+). (D) CD138 expression by immunohistochemistry (partial +). (E) Vimentin expression by immunohistochemistry (+).






Figure 3 | Treatment timeline.






Figure 4 | Colonoscopy and pathology of the colon mass. (A) Colonoscopy showed a mass in the ascending colon. (B) Hematoxylin-eosin (H&E) staining of the colon mass (x100).







Discussion

Malignant tumors of the tonsil account for about 1.3-5.0% of all malignant tumors in the whole body (2). The subtype of undifferentiated carcinoma is relatively rare and lacks data reports, especially HPV-negative tumors. A small sample size case series reported 16 cases of oropharyngeal undifferentiated carcinoma (7). Only one case was HPV-negative undifferentiated carcinoma, and the prognosis was much worse than that of HPV-positive patients. Moreover, patients with metastatic oropharynx carcinoma have a poor prognosis. Median PFS and OS in R/M HNSCC patients are about 5 months and 10 months, respectively (8). The HPV status and PD-L1 expression determine the treatment strategy. According to the WHO classification of head and neck tumors (2017), HPV-negative tumors are more genetically diverse and show a worse prognosis compared with HPV-positive tumors (9). The preferred therapeutics for R/M non-nasopharyngeal cancers are the PD-1 inhibitors including pembrolizumab and nivolumab (10–12). Unfortunately, current clinical trials were designed to recruit most common squamous-cell carcinoma cases, without including undifferentiated carcinoma. Moreover, immunotherapy acts selectively in the patient population, and only a minority of patients benefit from a monotherapeutic approach. The overall response rate remains quite low and disappointing. Only a 14% response rate was detected in PD-L1-positive/HPV-negative HNSCC (5). An estimated 85% of patients have no response to PD-1 inhibitors or have a response that is followed by disease progression and death. The final diagnosis of this patient was HPV-negative metastatic undifferentiated carcinoma of the tonsil. There are limited data from randomized, prospective studies to guide decisions regarding this rare type of head and neck cancer. The choice of therapy should be individualized based on patient characteristics. The search for new therapeutic strategies is of utmost importance in this case.

Through molecular profiling, targeted alteration was identified, and precision therapy was implemented. Given that the patient harbors a germline BRCA1 mutation, PARPi therapy could be considered. PARP1 and PARP2 are key enzymes detecting and repairing single strand DNA breaks (SSBs). PARP1/2 inhibition lead to an accumulation of SSBs and stalled replication forks, which subsequently lead to double strand breaks (DSBs) requiring homologous recombination repair (HRR). HRR function relies on proteins such as BRCA1 and 2. Since BRCA1/2 mutated cells are inefficient in HR, DSBs are repaired in an error-prone manner by nonhomologous end joining (NHEJ), inducing genomic instability that causes cell death (13, 14). Niraparib is a highly selective PARP1/2 inhibitor approved for maintenance therapy of advanced ovarian cancer (15). PD-1 inhibitor tislelizumab was also added to the treatment regimen due to high PD-L1 expression (90%) in the tumor tissue. PD-1 inhibitors have shown efficacy in head and neck cancer, especially in PD-L1-positive tumors (16). As a result, the patient had a long survival time with the combination of niraparib and tislelizumab after failed chemotherapy. The combination had an acceptable safety profile and favorable quality of life.

Using a literature review, we sought to summarize the rationale for the synergistic antitumor effects of PARPi and PD-L1 blockade. Evidence showed PARPi-induced genomic instability modulates the tumor microenvironment (TME) (17). PARPi promotes the accumulation of cytosolic DNA and increases TMB, then activates the cGAS-STING pathway, enhances T cell infiltration, and stimulates type I interferon expression, thereby priming the TME (18–20). In addition, DNA fragments within the cytoplasm induces the production and expression of neo-antigens on the cell surface, thereby increasing immune activation and the odds of ICI response (21). PARPi enhances immunosuppression by upregulating PD-L1 expression through the inactivation of GSK3β (22). Increased amounts of tumor infiltrating lymphocytes, neoantigen release, and PD-L1 upregulation driven by PARPi suggest an increase of immunogenicity and present a potential role for ICIs. The synergistic antitumor effects of PARP and PD-L1 blockade have been observed in different types of solid tumors (23). The TOPACIO study reported the efficacy of niraparib combined with pembrolizumab in BRCA-mutated recurrent ovarian and advanced triple-negative breast cancer (TNBC). In the intention to treat patients, an ORR of 25% and a DCR of 68% were recorded, while in BRCA-mutated tumors, the ORR and DCR were elevated to 45% and 73%, respectively (24). The JASPER study was the first to investigate the efficacy of niraparib plus pembrolizumab as a first-line treatment option for metastatic or locally advanced non-small cell lung cancer (NSCLC), and the antitumor activity of this combination regimen was confirmed in NSCLC. Patients with high PD-L1 expression (TPS ≥ 50%) achieved a favorable ORR of 56.3%, versus 44.8% for pembrolizumab monotherapy in KEYNOTE-024 (25). The MEDIOLA trial reported the efficacy of olaparib combined with durvalumab for advanced solid cancers, including TNBC, ovarian, cervical and uterine cancers. For patients with germline BRCA1/2 mutations, ORR and DCR at 12 weeks were 63% and 81%, respectively (26). In these trials, the most common toxicities included anemia, fatigue and thrombocytopenia, and immune-related toxicities were comparable with single agent PD-1 inhibitor therapy. These data are encouraging and suggest high efficacy and good tolerability for PARPi and PD-1 inhibitor in combination. Treatment-emergent hematologic events are most common in PARPi treatments. In our case, low-grade leukopenia and anemia were observed in the first month of niraparib administration. The dose of niraparib was modified from 300mg QD to 200mg QD to reduce hematologic toxicity. Immune-related toxicity was not observed in this case. Overall, niraparib combined with tislelizumab was well tolerated and complications were manageable. This combination regimen may benefit a broader population than monotherapy. This combination may be useful in other head and neck tumors with BRCA 1/2 mutations and needs to be validated by further studies.





Conclusion

This study highlights the importance of molecular-matched therapy for rare malignancies with no standard of care. Targeted therapy based on genetic alterations detected by NGS may improve survival and the quality of life in these patients. The combination of PARPi with PD-1 inhibitor was effective and well-tolerated for the current patient because of BRCA mutation and high PD-L1 expression. Personalized therapy based on broad molecular profiling needs to be further explored.
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Introduction

The incidence of head and neck squamous cell carcinoma (HNSCC), one of the most prevalent tumors, is increasing rapidly worldwide. Cuproptosis, as a new copper-dependent cell death form, was proposed recently. However, the prognosis value and immune effects of cuproptosis-related lncRNAs (CRLs) have not yet been elucidated in HNSCC.





Methods

In the current study, the expression pattern, differential profile, clinical correlation, DNA methylation, functional enrichment, univariate prognosis factor, and the immune effects of CRLs were analyzed. A four-CRL signature was constructed using the least absolute shrinkage and selection operator (LASSO) algorithm.





Results

Results showed that 20 CRLs had significant effects on the stage progression of HNSCC. Sixteen CRLs were tightly correlated with the overall survival (OS) of HNSCC patients. Particularly, lnc-FGF3-4 as a single risk factor was upregulated in HNSCC tissues and negatively impacted the prognosis of HNSCC. DNA methylation probes of cg02278768 (MIR9-3HG), cg07312099 (ASAH1-AS1), and cg16867777 (TIAM1-AS1) were also correlated with the prognosis of HNSCC. The four-CRL signature that included MAP4K3-DT, lnc-TCEA3-1, MIR9-3HG, and CDKN2A-DT had a significantly negative effect on the activation of T cells follicular helper and OS probability of HNSCC. Functional analysis revealed that cell cycle, DNA replication, and p53 signal pathways were enriched.





Discussion

A novel CRL-related signature has the potential of prognosis prediction in HNSCC. Targeting CRLs may be a promising therapeutic strategy for HNSCC.





Keywords: copper, cuproptosis, lncRNAs, cell death, head and neck squamous cell carcinoma, prognosis





Introduction

Copper is a crucial cofactor for all organisms, and the dysregulation of copper ions can induce oxidative stress and cytotoxicity (1). A new copper-dependent cell death form was proposed and termed “cuproptosis” by Tsvetkov et al. in a recent study (2). The researchers demonstrated that copper ions can directly bind to lipoylated components in the tricarboxylic acid cycle and result in the aggregation of lipoylated protein and subsequent iron-sulfur cluster protein loss. The above events finally lead to proteotoxic stress and cell death (1, 2). Cuproptosis-related genes (CRGs) and cuproptosis-related lncRNAs (CRLs) have begun to be investigated in cancer and have exhibited promising potential in the diagnosis and prognosis prediction of cancer (3–5). However, the clinical application of CRGs in head and neck squamous cell carcinoma (HNSCC) remains unclear.

HNSCC is the sixth-most common neoplasm in the world and has 890,000 new cases reported and estimated deaths of ~450,000 in 2018. More importantly, the incidence of HNSCC is increasing rapidly and is expected to increase by 30% by 2030 (6). The molecular markers can contribute to the diagnosis and prognosis prediction in cancer clinic settings (7). Long non-coding RNAs (lncRNAs) are non-coding RNAs with longer than 200 nucleotides and lack protein-coding potential. lncRNAs play an essential role in most cellular processes and are well known as suppressed factors or oncogenes (8). Although proteins play a pivotal role in cancer diagnosis and therapy, lncRNAs also have showed the promising potential in serving as the new signature or target in early diagnosis, prognosis prediction, and treatment of many cancers (9–11). To our knowledge, there is currently no report about CRLs as signatures or targets in the diagnosis, prognosis prediction, or treatment of HNSCC.

In the current study, we primarily focused on the potentiality of CRLs as the diagnosis and prognosis prediction signature in HNSCC. A total of 501 HNSCC and 43 adjacent normal samples were analyzed in this study. The expression pattern, differential profile, clinical correlation, DNA methylation, functional enrichment, univariate prognosis factor, and immune status were analyzed. DNA methylation changes of cg02278768 (MIR9-3HG), cg07312099 (ASAH1-AS1), and cg16867777 (TIAM1-AS1) sites were correlated with HNSCC prognosis. lnc-FGF3-4 as a single risk factor was upregulated in HNSCC tissues and negatively impacted the prognosis of HNSCC. A four-CRL signature that included MAP4K3-DT, lnc-TCEA3-1, MIR9-3HG, and CDKN2A-DT was also constructed using LASSO algorithm. The four-CRL signature was found to have significantly negative effects on the immune status and prognosis of HNSC. Finally, a nomogram consisting of the four-CRL signature and clinical features was constructed for overall survival (OS) prediction of HNSCC in clinical utilization.





Materials and methods




Data collection

The transcriptome sequencing data of 501 HNSCC and 43 adjacent normal tissue samples were obtained from the Cancer Genome Atlas database (TCGA, https://portal.gdc.cancer.gov/). All HNSCC patients were randomly divided into the training cohort (TCGA-A) and the validation cohort (TCGA-B) in a 3:2 ratio (12). The corresponding clinical characteristics of the above patients were acquired from UCSC Xena database (https://xenabrowser.net/), and a summary of clinical characteristics is listed in Supplemental Table S1. Moreover, epigenomics data of HNSCC DNA methylation were also obtained from the TCGA database. Ten CRGs were manually collected from published studies (2), and the top 10 correlated lncRNAs of each CRG served as CRLs for analysis in the current study (Supplemental Table S2). In this study, if the information of an lncRNA was available in the NCBI (https://www.ncbi.nlm.nih.gov/gene/) or HGNC (https://www.genenames.org/) database, the official symbol was used as the name for that lncRNA. If some lncRNAs were not included into the NCBI or HGNC database but were included into the LNCipedia (https://lncipedia.org/) database, the name of these lncRNAs in the LNCipedia was used as the name for lncRNAs. If the information of a lncRNA was not available in all above three database, the ID of that lncRNA in ensembl (https://ensembl.org/) database was used as the name for lncRNA in this study.





Cell culture of HNSCC and quantitative real-time PCR

Human embryonic kidney cells HEK293T (obtained from the China Center for Type Culture Collection, Wuhan, China) and HNSCC cell lines CAL-27, FaDu, AMC-HN-8 and WSU-HN30 (obtained from the Cell Bank of Chinese Academy of Sciences, Shanghai, China) were cultured for analysis of CRLs expression in the study. HEK293T and HNSCC cell lines were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Life Technologies, USA) with 10% fetal bovine serum (FBS). All cell lines were maintained in a humidified atmosphere containing 5% CO2 at 37°C. 18S rRNA were used as internal controls and it’s primer sequences were sense: 5’-3’ CCTGGATACCGCAGCTAGGA and antisense:5’-3’ GCGGCGCAATACGAATGCCCC. The primer sequences of lnc-FGF3-4 were sense: 5’-3’ GTTTCCCACGCTCCCTATGA and antisense:5’-3’ TCGACAGATGAAATGAAGGCA.





Validation of CRLs expression in laryngeal squamous cell carcinoma tissues

It were used for further validation of CRLs expression that RNA-Seq data that were consisted of 107 paired laryngeal squamous cell carcinoma (LSCC, one of the most common HNSCC) and matched adjacent normal mucosa (ANM) tissues. The samples processing, sequencing procedure and analysis methods were introduced in previous studies (13, 14).





Analysis of expression patterns

A chord diagram of correlations among CRGs was implemented using circlize (v0.4.15) package in R (v4.1.0). The network of correlations amongst CRLs was plotted using the corrr (v0.4.3) package in R. The expression patterns of CRLs were analyzed and visualized using the hierarchical clustering method and the pheatmap (v1.0.12) package in R. DESeq2 (v1.32.0) in R was employed to screen the differentially expressed CRLs (deCRLs) between HNSCC and normal tissues. The cutoff of p ≤ 0.05 and |log2Fold change| > 0 was threshold for significant deCRLs. The volcano plot of deCRLs was plotted using the ggplot2 (v3.3.6) package in R. Student’s t-test was used to statistically analyze the correlations between expression levels and clinical features, and p ≤ 0.05 was used as the significantly differential cutoff.





DNA methylation analysis

DNA methylation status of CRLs was analyzed using ChAMP (v2.22.0) package in R according to the recommended methylation chip analysis pipeline (15). The globe methylation visualization of HNSCC was implemented using circlize and pheatmap. The cutoff of p ≤ 0.05 and |log2Fold change| > 0 were used to screen the significantly differentially methylated probes (DMPs). Moreover, the effects of DMPs on survival prognosis were analyzed using univariate Cox analysis and Kaplan–Meier method. Forest plots of Cox analysis results and Kaplan–Meier curves were visualized using forestplot (v2.0.1) and survival (v3.3-1) packages in R, respectively.





Construction of network and functional enrichment analysis

In CRL–protein-coding RNAs (pcRNAs) interaction network, the cutoff values of |Pearson’ s r | ≥ 0.6 and p ≤ 0.05 were used as the threshold of correlation. The pcRNAs were used to analyze the biological functions in HNSCC, and the enrichment analysis was performed using clusterProfiler (v4.0.5) package in R (16), the analysis content of which included molecular function (MF), cellular component (CC), and biological process (BP) terms of gene ontology (GO) and Kyoto encyclopedia of genes and genomes (KEGG).





Survival analysis and construction of prediction model for prognosis

The deCRLs were analyzed using univariate Cox regression to screen the survival-related risk factors. Kaplan–Meier curves were used to validate the analysis results of Cox regression. To estimate the integrated effects of CRLs on the prognosis of HNSCC patients, LASSO algorithm was used to construct the prognostically predicted model for HNSCC patients. LASSO was implemented using the glmnet (v4.1-4) package in R. A formula for the risk score of CRL-related signature model was constructed, and the risk score for each patient was calculated as follows:  , where expCRLsi is the expression level of the risk factor CRLsi; coeCRLsi is the coefficient of CRLsi; and n is the quantity of CRLs in CRL-related signature. Time-dependent receiver operating characteristic (ROC) analysis was employed to estimate the ability of CRL-related signature for prognosis prediction and was performed using timeROC (v0.4) package in R. Furthermore, the synergistic ability of CRL-related signature model and clinical features on prognostic prediction in clinical utilization was analyzed, and a nomogram was also established. Nomogram was plotted using rms (v6.3-0) package in R. The calibrate curves and decision curves were used to assess the performance and reliability of the nomogram and were implemented using rms package and rmda (v1.6) package in R, respectively.





Immune cell infiltration analysis

CIBERSORT algorithm was utilized to analyze the effects of CRL-related signature on immune cell infiltration in HNSCC. Analysis pipeline of CIBERSORT algorithm in R and leukocyte signature matrix (LM22, including 22 immune-related cells) were manually collected from published literature (17). Boxplot with jitter points of CIBERSORT analysis results was plotted using ggpubr (v0.4.0) package in R. p ≤ 0.05 was the significantly differential cutoff.






Results




Signification of CRLs on HNSCC progression in clinic

To investigate the effects of CRLs on HNSCC, We comprehensively analyzed the underlying regulatory mechanisms of CRLs in HNSCC based on bioinformatic method and cell experiments (Figure 1). Ten CRGs including FDX1, LIAS, LIPT1, DLD, DLAT, PDHA1, PDHB, MTF1, GLS, and CDKN2A were manually curated for analysis in the current study (Figure 2A, Supplemental Figure S1A). The expression patterns of MTF1, GLS, and CDKN2A, especially MTF1, were opposite of those of remaining CRGs, results of which were consistent with a previous study (2). Correlation analysis was performed to identify the lncRNAs correlated with CRGs, and 99 CRLs were finally selected (Figure 2B, Supplemental Figure S1B, Supplemental Table S2). The heatmap in Figure 2C and Supplemental Figure S1C shows that the expression pattern between HNSCC and normal tissue was different. Differential analysis was also performed to screen the deCRLs in HNSCC tissues. There were some deCRLs in HNSCC tissues compared to normal tissues (Figure 2D, Supplemental Figure S1D). A total of 39 deCRLs respectively served as univariate factors in subsequent clinical correlation analysis. Figures 2E, F show that the expressions of EIF3J-DT, lnc-IAH1-2, and lnc-ENDOU-7 were upregulated in the advanced pathologic stage (stage III–IV) in HNSCC patients. EIF3J-DT, PDCD4-AS1, ARIH2OS, CDKN2A-DT, TIAM1-AS1, MIR9-3HG, LINC01269, KDSR-DT, lnc-SOS1-1, ENSG00000270147, lnc-TCEA3-1, lnc-RBM12B-4, lnc-ACTR8-1, and HNRNPD-DT had a tight correlation with the development of tumor grade in HNSCC (Figures 2G, H). lnc-KMT2E-12 had a higher expression level in clinical stage III–IV than that in clinical stage I–II (Supplemental Figures S1E, F). Moreover, EMSLR, lnc-KMT2E-12 and lnc-SOS1-1, CDKN2A-DT and lnc-SOS1-1, MIR9-3HG, EIF3J-DT, TIAM1-AS1, MIR9-3HG, lnc-USHBP1-1, ENSG00000270147, lnc-CDCA7-1, lnc-TCEA3-1, and HNRNPD-DT had a close correlation with clinical N stage, clinical T stage, age, and gender, respectively (Supplemental Figures S2A–H). In summary, correlation analysis between clinical features and CRLs revealed that CRLs have a potential influence on the initiation and progression of HNSCC in clinical application.




Figure 1 | Schematic diagram of the study design.






Figure 2 | The effects of CRLs on developing and progressing HNSCC. (A) Correlation analysis among CRGs. (B) CRLs identified by correlation analysis. (C) The heatmap of CRLs expression between HNSCC and normal tissues. (D) Volcano plot of differential analysis of CRLs. (E, F) The effects of deCRLs on pathologic stage of HNSCC in training cohort (E) and in validation cohort (F). (G, H) The effects of deCRLs on tumor grade of HNSCC in training cohort (G) and in validation cohort (H). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.







DNA methylation status of CRLs in HNSCC

DNA methylation plays an essential role in gene expression and tissue differentiation and can act as the signature for the evaluation of immune response and prognosis of cancers (18). To assess DNA methylation status of CRLs in HNSCC tissue, K450 Illumina DNA methylation arrays data of HNSCC obtained from TCGA database were analyzed. Figure 3A shows that DNA methylation changes were widespread on chromosomes of HNSCC tissues. Furthermore, DNA methylation arrays showed that DNA region of CRLs had different methylated levels between HNSCC and normal tissues (Figure 3B). Differential analysis was also performed and indicated some methylated sites that showed significantly methylated changes in CRLs DNA region (Figure 3C). In addition, effects of CRL DNA methylation on survival prognosis of HNSCC patients were analyzed using univariate Cox regression method. Results showed that 66 methylated sites correlated with the prognosis of HNSCC patients (Figure 3D). The OS probability of HNSCC patients in 5-year survival was also analyzed to validate the results of univariate Cox regression. Kaplan–Meier curves showed that the methylation of cg02278768 (MIR9-3HG), cg07312099 (ASAH1-AS1), and cg16867777 (TIAM1-AS1) sites had significant effects on survival probability in the training cohort (Figures 3E–G) and the validation cohort (Supplemental Figures S3A–C).




Figure 3 | DNA methylation analysis of CRLs in HNSCC. (A) Methylation changes in all chromosomes of HNSCC tissues. (B) The heatmap of CRLs DNA methylation levels between HNSCC and normal tissues. (C) Volcano plot of differential analysis of CRLs DNA methylation. (D) Univariant Cox regression analysis for CRLs DNA methylation as an independent prognostic factor. (E–G) Kaplan−Meier OS curves for patients with HNSCC based on cg02278768 (MIR9-3HG) (E), cg07312099 (ASAH1-AS1) (F) and cg16867777 (TIAM1-AS1) (G) in training cohort.







Construction of CRL–pcRNAs interaction network and enrichment analysis

The biological functions of lncRNAs can be fulfilled through the regulation of targeted genes (19). To investigate the functional pathway of CRLs, correlation analysis was performed to screen CRL-related pcRNAs and construct the CRL–pcRNA interaction network. Based on the cutoff of |Pearson’ s r| ≥ 0.6 and p ≤ 0.05, 1475 CRL-related pcRNAs were selected (Supplemental Table S3), and a CRL–pcRNA interaction network was also finally established (Figure 4A). CRL-related pcRNAs were subsequently analyzed for functional enrichment. Results of GO enrichment analysis, including MF, CC, and BP terms, showed that pcRNAs regulated by CRLs mainly enriched in cell cycle, DNA replication, histone modification, nuclear division, and p53 signal pathway (Figures 4B–D). Furthermore, KEGG analysis validated the results that pcRNAs mainly enriched in cell cycle, DNA replication, and p53 signal pathway obtained from GO analysis (Figure 4E).




Figure 4 | Constructing CRLs−pcRNAs interaction network and enrichment analysis. (A) Constructing CRLs−pcRNAs interaction network. Yellow: CRLs, blue: pcRNAs. (B–D) BP (B), CC (C) and MF (D) terms of GO enrichment analysis. (E) The dotplot of KEGG enrichment analysis.







lnc-FGF3-4 was upregulated and affected survival prognosis of HNSCC patients

To evaluate the effects of each deCRL on HNSCC prognosis, univariate Cox regression was performed to analyze the correlation between survival prognosis and continuous changes of deCRL expression. Cox analysis showed that a total of 16 CRLs that included MIR9-3HG, BACE1-AS, lnc-FGF3-4, LINC01767, APLC4, lnc-RPS25-5, lnc-TCEA3-1, lnc-COG5-3, MSC-AS1, MAP4K3-DT, lnc-SOS1-1, LMF1-AS1, lnc-ACTR8-1, lnc-YARS2-4, SNHG20, and GAS5-AS1 were correlated with HNSCC prognosis (Figure 5A). Especially, lnc-FGF3-4 as a high-risk factor for HNSCC was upregulated in HNSCC tissues (Figures 5B, C). It also were confirmed that the upregulated expression of lnc-FGF3-4 in HNSCC cell lines, which included CAL-27, FaDu, AMC-HN-8 and WSU-HN30 cells (Figure 5D). Furthermore, the RNA-Seq data of 107 paired LSCC and matched ANM tissues showed the high expression of lnc-FGF3-4 in LSCC tissues (Figure 5E). Subsequently, Kaplan–Meier curves were used to validate the analysis results of Cox regression. Figure 5F shows that OS probability of HNSCC patients in high-lnc-FGF3-4-expression group was lower than those in low-lnc-FGF3-4-expression group. The upregulation of lnc-FGF3-4 was also observed to have a negative effect on OS probability of HNSCC patients in TCGA-B cohort (Figure 5G). The elevated expression of lnc-FGF3-4 also exhibited the adverse impacts on disease-specific survival (DSS) and progression-free interval (PFI) of HNSCC patients in the validation cohort (Figures 5H, I). Furthermore, lnc-FGF3-4 showed the significant correlations with SHANK2 in expression levels in both TCGA-A and TCGA-B cohort (Figures 5J, K).




Figure 5 | The effects of lnc-FGF3-4 on prognosis of HNSCC. (A) Univariant Cox regression analysis for CRLs as the independent prognosis risk factor. (B, C) Boxplot of lnc-FGF3-4 expression levels between HNSCC and normal tissues in training cohort (B) and in validation cohort (C). (D) The expression leves of lnc-FGF3-4 in HNSCC cell lines. (E) The expression leves of lnc-FGF3-4 in 107 paired LSCC and matched ANM tissues. (F) Kaplan−Meier curves for OS of HNSCC based on lnc-FGF3-4 expression in TGCA-A cohort. (G–I) Kaplan-Meier curves of OS (G), DSS (H) and PFI (I) of HNSCC based on lnc-FGF3-4 expression in TGCA-B cohort. (J, K) Protein-coding RNAs correlated with lnc-FGF3-4 expression in TGCA-A (J) and TGCA-B (K) cohort, |Pearson’ s r≥ 0.5 and p ≤ 0.05.







Construction and validation of CRL-related signature for OS prediction of HNSCC patients

The performance of multi-gene model for prognosis prediction is better than the single-gene model (20). To evaluate the integrated effects of CRLs on OS probability of HNSCC, CRLs were used to establish a predicted model based on the LASSO algorithm. A four-CRL signature, with MAP4K3-DT, lnc-TCEA3-1, MIR9-3HG, and CDKN2A-DT, was finally constructed, and the risk score of HNSCC patients was expressed as follows: risk scores = (0.0079 × expMAP4K3-DT) + (−0.0108 × explnc-TCEA3-1) + (−0.1030 × expMIR9-3HG) + (−0.1181 × expCDKN2A-DT) (Figure 6A). High-risk-score group of the four-CRL signature exhibited a significantly negative effect on OS probability of HNSCC patients in the 5-year survival (Figure 6B). ROC curves were used to assess the sensitivity and specificity of the four-CRL signature in different lengths of survival prognosis. The area under the curve (AUC) of ROC curve was 64.65%, 66.12%, and 89.48% in 2-, 3-, and 5-year OS prediction, respectively (Figure 6C). The four-CRL signature also had a poor impact on the probability of DSS, and the AUC of ROC for DSS prediction was 62.25%, 65.95%, and 80.99% in 2-, 3-, and 5-year survival, respectively (Figures 6D, E). Although the effect of the four-CRL signature on PFI was not statistically significant in Kaplan–Meier estimate, it was highly significant that the four-CRL signature as a risk factor had an adverse impact on PFI probability in univariate analysis (p(HR) = 0.0024, Figure 6F). In addition, the AUC of ROC for PFI prediction was 63.65%, 61.70%, and 92.67% in 2-, 3-, and 5-year survival, respectively (Figure 6G). Finally, the adverse effect of the four-CRL signature on OS probability was validated in the validation cohort (Figure 6H).




Figure 6 | A four-CRL signature was constructed based on LASSO method. (A) constructing multi-CRL signature for OS of HNSCC. (B) Kaplan−Meier OS curves for HNSCC patients based on the four-CRL signature in training cohort. (C) ROC curves of 2-, 3-, 5-year OS survival according to the four-CRL signature. (D) Kaplan−Meier DSS curves for HNSCC patients based on the four-CRLs signature in training cohort. (E) ROC curves of 2-, 3-, 5-year DSS survival according to the four-CRL signature. (F) Kaplan−Meier PFI curves for HNSCC patients based on the four-CRL signature in training cohort. (G) ROC curves of 2-, 3-, 5-year PFI survival according to the four-CRL signature. (H) Kaplan-Meier OS curves for HNSCC patients based on the four-CRL signature in validation cohort.







High-risk scores of the four-CRL signature suppressed the immune status of HNSCC

In the initiation and development of cancer, the peripheral immune system is often weak (21). To assess the effects of the four-CRL signature on the immune status of HNSCC, CIBERSORT method was used to analyze the correlation between the four-CRL signature and immune cell abundance. Figure 7A displays the different proportions of 22 immune-related cells in HNSCC tissues. The distributed trends of 22 immune-related cells in TCGA-B cohort have confirmed the analysis results in the training cohort (Figure 7B). T cells follicular helper is a specific subgroup of CD4+ T cells that help B cells produce antibodies against foreign antigens (22). The proportion of T cells follicular helper was significantly suppressed in high-risk score of the four-CRL signature (Figure 7C). In addition, trends of T cells follicular helper weakened by the four-CRL signature were confirmed in the validation cohort (Figure 7D).




Figure 7 | Effects of the four-CRL signature on immune cells status in HNSCC tissues. (A, B) The proportion of 22 immune cells in HNSCC tissues in training cohort (A) and in validation cohort (B). (C, D) The proportional difference of 22 immune cells between high and low four-CRL signature risk-score in training cohort (C) and in validation cohort (D). *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.







Construction of a CRL-related nomogram for clinical application

Combining biomarkers and clinical features can improve the efficiency of disease diagnosis or prognosis prediction compared with that obtained using a single indicator (23). To screen the clinical features correlated with HNSCC prognosis, univariate Cox regression was employed for risk factor analysis. Results revealed that pathologic T and pathologic N stages were significantly correlated with the prognosis of HNSCC (Supplemental Figure S4). In this study, a nomogram consisting of the four-CRL signature and pathologic T and pathologic N stages was constructed for survival prognosis prediction in clinical use (Figure 8A). The calibrate curves were used to evaluate the prediction ability of the nomogram model, and the nomogram exhibited a great prognostic predictive validity of OS in 2-, 3-, and 5-year survival (Figure 8B). Moreover, decision curves showed the net benefit of the four-CRL signature and nomogram model in OS prediction (Figure 8C). Figure 8D shows the high-risk group in the nomogram model had significantly negative effects on OS probability in 5-year survival. TCGA-B cohort validated the performance of the nomogram model in OS prediction in the training cohort (Figure 8E).




Figure 8 | Constructing a nomogram consisted of the four-CRL signature and clinical characters. (A) The nomogram for OS survival prediction of HNSCC patients. (B) The calibrate curves evaluated the prediction ability of nomogram model. (C) The decision curves for evaluating the four-CRL signature and nomogram model in OS prediction. (D, E) Kaplan−Meier curves for OS based on the nomogram model in training cohort (D) and in validation cohort (E).








Discussion

In this study, 99 CRLs were analyzed in 501 HNSCC and 43 normal tissue samples. The expression pattern, differential profile, clinical correlation, DNA methylation, functional enrichment, univariate prognosis factor, and the immune status were analyzed. A four-CRL signature for OS probability prediction was constructed using LASSO algorithm. Furthermore, a nomogram consisting of the four-CRL signature and clinical features was established for clinical utilization of HNSCC.

lncRNAs play a crucial role in the regulation of most cellular processes at various levels, such as epigenetic modification, and the regulation of transcription, post-transcription, translation, and post-translation. lncRNAs also regulate the initiation and progression in cancers of diverse tissues through various molecular mechanisms (9). Certain deCRLs, namely, EIF3J-DT, lnc-IAH1-2, lnc-ENDOU-7, PDCD4-AS1, ARIH2OS, CDKN2A-DT, TIAM1-AS1, MIR9-3HG, LINC01269, KDSR-DT, lnc-SOS1-1, ENSG00000270147, lnc-TCEA3-1, lnc-RBM12B-4, lnc-ACTR8-1, HNRNPD-DT, lnc-KMT2E-12, EMSLR, lnc-USHBP1-1, and lnc-CDCA7-1 were significantly correlated with clinical features in the current study. In the lncRNAs above, EIF3J-DT, PDCD4-AS1, CDKN2A-DT, MIR9-3HG, LINC01269, and EMSLR have been reported to play a critical role in the regulation of cancers (24–29). In particular, a previous study revealed that LINC01269 could be a tumor inhibitor as it triggered therapeutic efficacy in HNSCC (28), which validated the analysis result that LINC01269 was significantly correlated with the progression of HNSCC tumor grade in the current study. These results fully demonstrated that CRLs have potential effects on the initiation and progression of HNSCC in clinical applications and can be used to construct the progression or prognosis prediction model.

DNA methylation, as one of the epigenetic modifications, regulates gene expression without changing the DNA sequence and is actively involved in the progression of cancers (30). DNA methylation has also been reported to impact the stage progression of HNSCC (31). In the current study, many methylation probes that targeted DNA sequence of CRLs brought significant changes in HNSCC tissues. More particularly, it was identified that DNA methylation changes of cg02278768 (MIR9-3HG), cg07312099 (ASAH1-AS1), and cg16867777 (TIAM1-AS1) sites were correlated with the prognosis of HNSCC. Based on the published literature, the expression of MIR9-3HG was regulated by its DNA methylation changes in prostate cancer (32). MIR9-3HG was hypomethylated in DNA sequence and upregulated in the transcriptome level in this study. The results of DNA methylation analysis revealed that DNA methylation levels of CRLs might regulate their expression levels. Particularly, DNA hypomethylation elevated the expression of MIR9-3HG, and the change of methylated site in MIR9-3HG DNA sequence even affected the OS of HNSCC patients.

Certain CRLs have already been used to analyze the effects on the progression of cancers and predict the prognosis of patients (5, 33, 34). However, the regulatory mechanisms of CRLs in HNSCC are still unclear until now. In our study, 99 CRLs were utilized for functional enrichment analysis. Results of GO and KEGG analysis showed that CRLs mainly enriched in histone modification, nuclear division, cell cycle, DNA replication, and p53 signal pathway. The dysregulation of histone modification can generate the inappropriate activation of oncogenes or tumor suppressors (35). Abnormal nuclear division is an important event in the development of cancers and can be used to assess the initiation of cancers (36, 37). DNA replication stress is one of the hallmarks of cancers, induced by tumor driver genes to result in a rapid proliferation of tumor cells (38). It is well known that disturbed regulation of the cell cycle is one of the main causes of tumorigenesis (39). P53 signal pathway has preeminent importance in regulating cell proliferation, and its mutation directly promotes the initiation of cancers (40). These results suggest that CRLs play an essential role in the regulation of cancers and have the potential as biomarkers or targets in the prediction and therapy of cancers.

In our study, independent risk factors were identified using univariate Cox proportional hazards models. A total of 16 CRLs, which included MIR9-3HG, BACE1-AS, lnc-FGF3-4, LINC01767, APLC4, lnc-RPS25-5, lnc-TCEA3-1, lnc-COG5-3, MSC-AS1, MAP4K3-DT, lnc-SOS1-1, LMF1-AS1, lnc-ACTR8-1, lnc-YARS2-4, SNHG20, and GAS5-AS1 had significant effects on OS probability of HNSCC patients. The overexpression of BACE1-AS promoted the invasive and metastatic capacity of hepatocellular carcinoma (41). MSC-AS1 enhances the proliferation and glycolysis of gastric cancer (42). MAP4K3-DT was positively correlated with the VEGF-C/VEGFR3-induced lymph node metastasis of bladder cancer (43). SNHG20 is an aberrant expression in various cancers and promotes the development and progression of tumors, such as hepatocellular carcinoma, ovarian cancer, colorectal cancer, and bladder cancer (44). Downregulation of GAS5-AS1 can suppress the development and metastasis of cervical cancer (45). Particularly, a novel lncRNA lnc-FGF3-4 as a single risk factor was upregulated in HNSCC tissues and had a significantly negative impact on the patient’s prognosis. Deletion of GLS confer sensitivity to copper-induced cell death in cuproptosis mechanism (2). Because lnc-FGF3-4 is a significantly expression-associated lncRNA with GLS, lnc-FGF3-4 may maintain the cells survival by elevating the expression of GKL to suppress the copper-induced cell death. Moreover, lnc-FGF3-4 also show a significant positive correlation with SHANK2 in expression levels. SHANK2 is upregulation in cancer cells and can suppress the Hippo signaling pathway (46). lnc-FGF3-4 may promote tumor cell proliferation by upregulating SHANK2 to inhibit the Hippo signaling pathway. The above results reveal that CRLs could affect the OS probability of HNSCC patients and exhibit promising potential in the prognosis prediction of HNSCC.

The multi-gene model for prognosis prediction performs better than the single-gene model (20). We have constructed a four-CRL signature that included MAP4K3-DT, lnc-TCEA3-1, MIR9-3HG, and CDKN2A-DT using the LASSO algorithm. In the 2-, 3-, and 5-year survival prediction, the AUC values of the four-CRL risk score for OS were 64.65%, 66.12%, and 89.48%, for DSS were 62.25%, 65.95%, and 80.99%, and for PFI were 63.65%, 61.70%, and 92.67%, respectively. MAP4K3-DT, MIR9-3HG, and CDKN2A-DT have been reported to have the predictive ability of cancer prognosis and regulate the development and progression of cancers (26, 27, 43). The knockout of FDX1 resulted in cancer cells becoming sensitive to the copper ion concentration, conversely, the knockout of CDKN2A improved the tolerance of cancer cells to copper ion (2). As the expression-correlated lncRNAs of FDX1, MAP4K3-DT is significantly downregulated in HNSCC, and perhaps suppresses the death of HNSCC cells through attenuating the expression of FDX1 that a core gene in cuproptosis. Moreover, MIR9-3HG and CDKN2A-DT, the expression-correlated lncRNAs of CDKN2A, are upregulated in HNSCC and may be improve the resistance of HNSCC cells to copper-induced cell death through regulating expression of CDKN2A.

Immunoevasion and immunosuppression are ubiquitous in malignant cancer and serve as emerging hallmarks (40). HNSCC has an immunosuppressive tumor microenvironment that is accompanied by low tumor‐infiltrating lymphocytes (47). In our study, the proportion of T cells follicular helper was significantly suppressed in high-risk score of the four-CRL signature. T cells follicular helper is a specific subgroup of CD4+ T cells that helps B cells produce antibodies against foreign antigens (22). Some recent studies indicated that the mediatory effect of follicular helper T cells on diverse cancers. For instance, a functional analysis in non-small cell lung carcinoma revealed that follicular helper T cells were capable of promoting the differentiation of regulatory B cells and CD14+ human leukocyte antigen (HLA) - DR - cells. Furthermore, a analysis in the same study uncovered a negative association between follicular helper T cells and disease-free survival in patients with non-small cell lung carcinoma (48). One study uncovered that the infiltration of follicular helper T cells in HPV+ HNSCC patients was higher than who in HPV- HNSCC patients cohort (49). Moreover, a investigation based on HNSCC patients showed genes expression signature related with CD4+T follicular helper cells could affect the progression-free survival of HNSCC patients (50). These results suggest that follicular helper T cells may play an important role in the initiation and development of HNSCC. Therefore, the effect of the four-CRL on follicular helper T cells may be one of its regulatory pathways in HNSCC. Combining molecular biomarkers and clinical characteristics can improve the efficiency of disease diagnosis or prognosis prediction compared with that obtained using a single indicator (23). We also established a nomogram consisting of a four-CRL signature and clinical characteristics for clinical application. The calibrate curves and decision curves have validated the prediction ability of the nomogram model in HNSCC. The above results fully demonstrate that the four-CRL signature has promising potential in the prognosis prediction of HNSCC and as the treatment targets in clinical therapy.

Notwithstanding its novel findings, the current study has a few limitations. First, the cohorts of HNSCC patients analyzed in our study were retrospective data based on the public database. Our prospective multi-center clinical data will be used to further verified the prognostically predictive model in the future. Second, it is inevitable that relying on only a limited number of genes to build a prognostic model has the inherent weaknesses. As the public data grows, more CRLs will also be incorporated in future studies. Finally, it must be emphasized here that the correlation between the four-CRL signature and promotion of HNSCC has not yet been experimentally addressed. The experimental investigation of CRLs in HNSCC will act as a new object for further exploration.





Conclusion

In this study, the expression pattern, differential profile, clinical correlation, DNA methylation, functional enrichment, univariate prognosis factor, and immune status were analyzed. DNA methylation changes of cg02278768 (MIR9-3HG), cg07312099 (ASAH1-AS1), and cg16867777 (TIAM1-AS1) sites were correlated with the prognosis of HNSCC. lnc-FGF3-4, as a single risk factor, was upregulated in HNSCC tissues and negatively impacted the prognosis of HNSCC. A four-CRL signature that included MAP4K3-DT, lnc-TCEA3-1, MIR9-3HG, and CDKN2A-DT was constructed. This four-CRL signature has exhibited significantly negative effects on the immune status and survival prognosis of HNSCC. Finally, a nomogram consisting of the four-CRL signature and clinical features was also established for clinical applications. CRLs have exhibited promising potential in the prognosis prediction of HNSCC and as the treatment targets in immunotherapy.
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Supplementary Figure 1 | The validation of CRLs’s role in developing and progressing HNSCC. (A) Correlation analysis of among CRGs in validation cohort. (B) Correlation analysis among CRLs in validation cohort. (C) The heatmap of CRLs expression between HNSCC and normal tissues in validation cohort. (D) Volcano plot of differential analysis of CRLs in validation cohort. (E, F) The effects of deCRLs on clinical stage of HNSCC in training cohort (E) and in validation cohort (F). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.

Supplementary Figure 2 | The effects of CRLs on clinical features of HNSCC patients. (A, B) The effects of deCRLs on clinical T stage of HNSCC in training cohort (A) and validation cohort (B). (C, D) The effects of deCRLs on clinical N stage of HNSCC in training cohort (C) and validation cohort (D). (E, F) The correlation between deCRLs and age of HNSCC patients in training cohort (E) and validation cohort (F). (G, H) The correlation between deCRLs and gender of HNSCC patients in training cohort (G) and validation cohort (H). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns, not significant.

Supplementary Figure 3 | DNA methylation analysis validation of CRLs in HNSCC in validation cohort. (A–C) Kaplan−Meier OS curves for HNSCC patients based on cg02278768 (MIR9-3HG) (A), cg07312099 (ASAH1-AS1) (B) and cg16867777 (TIAM1-AS1) (C) methylation levels in validation cohort.

Supplementary Figure 4 | Univariant Cox regression analysis of OS based on clinical features.

Supplementary Table 1 | Clinical characters of HNSCC patients in the current study.

Supplementary Table 2 | A list of cuproptosis-related lncRNAs.

Supplementary Table 3 | A list of protein conding RNAs correlated with CRLs.





Abbreviations

HNSCC, Head and neck squamous cell carcinoma; CRLs, Cuproptosis-related lncRNAs; LASSO, Least absolute shrinkage and selection operator; OS, Overall survival; TCGA, The Cancer Genome Atlas; deCRLs, Differentially expressed CRLs; DMPs, Differentially methylated probes; pcRNAs, Protein-coding RNAs; MF, Molecular function; CC, Cellular component; BP, Biological process; GO, Gene ontology; KEGG, Kyoto encyclopedia of genes and genomes; ROC, Receiver operating characteristic; LM22, Leukocyte signature matrix; DSS, Disease-specific survival; PFI, Progression-free interval; AUC, Area under the curve.




References

1. Li, S, Bu, L, and Cai, L. Cuproptosis: lipoylated TCA cycle proteins-mediated novel cell death pathway. Signal Transduct Target Ther (2022) 7:158. doi: 10.1038/s41392-022-01014-x

2. Tsvetkov, P, Coy, S, Petrova, B, Dreishpoon, M, Verma, A, Abdusamad, M, et al. Copper induces cell death by targeting lipoylated TCA cycle proteins. Science (2022) 375:1254–61. doi: 10.1126/science.abf0529

3. Mo, X, Hu, D, Yang, P, Li, Y, Bashir, S, Nai, A, et al. A novel cuproptosis-related prognostic lncRNA signature and lncRNA MIR31HG/miR-193a-3p/TNFRSF21 regulatory axis in lung adenocarcinoma. Front Oncol (2022) 12:927706. doi: 10.3389/fonc.2022.927706

4. Zhang, Z, Zeng, X, Wu, Y, Liu, Y, Zhang, X, and Song, Z. Cuproptosis-related risk score predicts prognosis and characterizes the tumor microenvironment in hepatocellular carcinoma. Front Immunol (2022) 13:925618. doi: 10.3389/fimmu.2022.925618

5. Shen, J, Wang, L, and Bi, J. Bioinformatics analysis and experimental validation of cuproptosis-related lncRNA LINC02154 in clear cell renal cell carcinoma. BMC Cancer (2023) 23:160. doi: 10.1186/s12885-023-10639-2

6. Johnson, DE, Burtness, B, Leemans, CR, Lui, VWY, Bauman, JE, and Grandis, JR. Head and neck squamous cell carcinoma. Nat Rev Dis Primers (2020) 6:92. doi: 10.1038/s41572-020-00224-3

7. Li, W, Liu, J, Hou, L, Yu, F, Zhang, J, Wu, W, et al. Liquid biopsy in lung cancer: significance in diagnostics, prediction, and treatment monitoring. Mol Cancer (2022) 21:25. doi: 10.1186/s12943-022-01505-z

8. Dai, F, Dai, L, Zheng, X, Guo, Y, Zhang, Y, Niu, M, et al. Non-coding RNAs in drug resistance of head and neck cancers: a review. BioMed Pharmacother (2020) 127:110231. doi: 10.1016/j.biopha.2020.110231

9. Nandwani, A, Rathore, S, and Datta, M. LncRNAs in cancer: regulatory and therapeutic implications. Cancer Lett (2021) 501:162–71. doi: 10.1016/j.canlet.2020.11.048

10. Li, S, Zhang, J, Lu, S, Huang, W, Geng, L, Shen, Q, et al. The mechanism of allosteric inhibition of protein tyrosine phosphatase 1B. PloS One (2014) 9:e97668. doi: 10.1371/journal.pone.0097668

11. Lu, S, Qiu, Y, Ni, D, He, X, Pu, J, and Zhang, J. Emergence of allosteric drug-resistance mutations: new challenges for allosteric drug discovery. Drug Discovery Today (2020) 25:177–84. doi: 10.1016/j.drudis.2019.10.006

12. Wang, Y, Wong, GL, He, F, Sun, J, Chan, AW, Yang, J, et al. Quantifying and monitoring fibrosis in nonalcoholic fatty liver disease using dual-photon microscopy. Gut (2020) 69:1116–26. doi: 10.1136/gutjnl-2019-318841

13. Zheng, X, Gao, W, Zhang, Z, Xue, X, Mijiti, M, Guo, Q, et al. Identification of a seven-lncRNAs panel that serves as a prognosis predictor and contributes to the malignant progression of laryngeal squamous cell carcinoma. Front Oncol (2023) 13:1106249. doi: 10.3389/fonc.2023.1106249

14. Gao, W, Guo, H, Niu, M, Zheng, X, Zhang, Y, Xue, X, et al. circPARD3 drives malignant progression and chemoresistance of laryngeal squamous cell carcinoma by inhibiting autophagy through the PRKCI-Akt-mTOR pathway. Mol Cancer (2020) 19:166. doi: 10.1186/s12943-020-01279-2

15. Tian, Y, Morris, TJ, Webster, AP, Yang, Z, Beck, S, Feber, A, et al. ChAMP: updated methylation analysis pipeline for illumina BeadChips. Bioinformatics (2017) 33:3982–4. doi: 10.1093/bioinformatics/btx513

16. Wu, T, Hu, E, Xu, S, Chen, M, Guo, P, Dai, Z, et al. clusterProfiler 4.0: a universal enrichment tool for interpreting omics data. Innovation (Camb) (2021) 2:100141. doi: 10.1016/j.xinn.2021.100141

17. Newman, AM, Liu, CL, Green, MR, Gentles, AJ, Feng, W, Xu, Y, et al. Robust enumeration of cell subsets from tissue expression profiles. Nat Methods (2015) 12:453–7. doi: 10.1038/nmeth.3337

18. Zou, Q, Wang, X, Ren, D, Hu, B, Tang, G, Zhang, Y, et al. DNA Methylation-based signature of CD8+ tumor-infiltrating lymphocytes enables evaluation of immune response and prognosis in colorectal cancer. J Immunother Cancer (2021) 9:e002671. doi: 10.1136/jitc-2021-002671

19. Liu, T, Feng, H, Yousuf, S, Xie, L, and Miao, X. Differential regulation of mRNAs and lncRNAs related to lipid metabolism in duolang and small tail han sheep. Sci Rep (2022) 12:11157. doi: 10.1038/s41598-022-15318-z

20. He, L, Chen, J, Xu, F, Li, J, and Li, J. Prognostic implication of a metabolism-associated gene signature in lung adenocarcinoma. Mol Ther Oncolytics (2020) 19:265–77. doi: 10.1016/j.omto.2020.09.011

21. Shi, Y, and Lammers, T. Combining nanomedicine and immunotherapy. Acc Chem Res (2019) 52:1543–54. doi: 10.1021/acs.accounts.9b00148

22. Cui, C, Wang, J, Fagerberg, E, Chen, P, Connolly, KA, Damo, M, et al. Neoantigen-driven b cell and CD4 T follicular helper cell collaboration promotes anti-tumor CD8 T cell responses. Cell (2021) 184:6101–18.e13. doi: 10.1016/j.cell.2021.11.007

23. Sun, Y, Goodison, S, Li, J, Liu, L, and Farmerie, W. Improved breast cancer prognosis through the combination of clinical and genetic markers. Bioinformatics (2007) 23:30–7. doi: 10.1093/bioinformatics/btl543

24. Luo, Y, Zheng, S, Wu, Q, Wu, J, Zhou, R, Wang, C, et al. (lncRNA) EIF3J-DT induces chemoresistance of gastric cancer via autophagy activation. Autophagy (2021) 17:4083–101. doi: 10.1080/15548627.2021.1901204

25. Wang, D, Wang, Z, Zhang, L, and Sun, S. LncRNA PDCD4-AS1 alleviates triple negative breast cancer by increasing expression of IQGAP2 via miR-10b-5p. Transl Oncol (2021) 14:100958. doi: 10.1016/j.tranon.2020.100958

26. Zhao, Q, Dong, D, Chu, H, Man, L, Huang, X, Yin, L, et al. lncRNA CDKN2A-AS1 facilitates tumorigenesis and progression of epithelial ovarian cancer via modulating the SOSTDC1-mediated BMP-SMAD signaling pathway. Cell Cycle (2021) 20:1147–62. doi: 10.1080/15384101.2021.1924947

27. Li, F, Liang, Y, and Ying, P. Knockdown of MIR9−3HG inhibits proliferation and promotes apoptosis of cervical cancer cells by miR−498 via EP300. Mol Med Rep (2021) 24:748. doi: 10.3892/mmr.2021.12388

28. Zhao, Y, Huang, X, Zhang, Z, Li, H, and Zan, T. The long noncoding transcript HNSCAT1 activates KRT80 and triggers therapeutic efficacy in head and neck squamous cell carcinoma. Oxid Med Cell Longev (2022) 2022:4156966. doi: 10.1155/2022/4156966

29. Priyanka, P, Sharma, M, Das, S, and Saxena, S. E2F1-induced lncRNA, EMSLR regulates lncRNA LncPRESS1. Sci Rep (2022) 12:2548. doi: 10.1038/s41598-022-06154-2

30. Zhu, C, Zhang, S, Liu, D, Wang, Q, Yang, N, Zheng, Z, et al. A novel gene prognostic signature based on differential DNA methylation in breast cancer. Front Genet (2021) 12:742578. doi: 10.3389/fgene.2021.742578

31. Ghafarpour, V, Khansari, M, Banaei-Moghaddam, AM, Najafi, A, and Masoudi-Nejad, A. DNA Methylation association with stage progression of head and neck squamous cell carcinoma. Comput Biol Med (2021) 134:104473. doi: 10.1016/j.compbiomed.2021.104473

32. Tonmoy, MIQ, Fariha, A, Hami, I, Kar, K, Reza, HA, Bahadur, NM, et al. Computational epigenetic landscape analysis reveals association of CACNA1G-AS1, F11-AS1, NNT-AS1, and MSC-AS1 lncRNAs in prostate cancer progression through aberrant methylation. Sci Rep (2022) 12:10260. doi: 10.1038/s41598-022-13381-0

33. Yang, M, Zheng, H, Xu, K, Yuan, Q, Aihaiti, Y, Cai, Y, et al. A novel signature to guide osteosarcoma prognosis and immune microenvironment: cuproptosis-related lncRNA. Front Immunol (2022) 13:919231. doi: 10.3389/fimmu.2022.919231

34. Huang, J, Xu, Z, Teh, BM, Zhou, C, Yuan, Z, Shi, Y, et al. Construction of a necroptosis-related lncRNA signature to predict the prognosis and immune microenvironment of head and neck squamous cell carcinoma. J Clin Lab Anal (2022) 36:e24480. doi: 10.1002/jcla.24480

35. Audia, JE, and Campbell, RM. Histone modifications and cancer. Cold Spring Harb Perspect Biol (2016) 8:a019521. doi: 10.1101/cshperspect.a019521

36. Lee, S, Ahn, Y, Kim, J, Cho, Y, and Park, J. Downregulation of NOP53 ribosome biogenesis factor leads to abnormal nuclear division and chromosomal instability in human cervical cancer cells. Pathol Oncol Res (2020) 26:453–9. doi: 10.1007/s12253-018-0531-4

37. Ionescu, ME, Ciocirlan, M, Becheanu, G, Nicolaie, T, Ditescu, C, Teiusanu, AG, et al. Nuclear division index may predict neoplastic colorectal lesions. Maedica (Bucur) (2011) 6:173–8.

38. Macheret, M, and Halazonetis, TD. DNA Replication stress as a hallmark of cancer. Annu Rev Pathol (2015) 10:425–48. doi: 10.1146/annurev-pathol-012414-040424

39. Kolb, S, Fritsch, R, Saur, D, Reichert, M, Schmid, RM, and Schneider, G. HMGA1 controls transcription of insulin receptor to regulate cyclin D1 translation in pancreatic cancer cells. Cancer Res (2007) 67:4679–86. doi: 10.1158/0008-5472.CAN-06-3308

40. Hanahan, D, and Robert, AW. Hallmarks of cancer: the next generation. Cell (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

41. Liu, C, Wang, H, Tang, L, Huang, H, Xu, M, Lin, Y, et al. LncRNA BACE1-AS enhances the invasive and metastatic capacity of hepatocellular carcinoma cells through mediating miR-377-3p/CELF1 axis. Life Sci (2021) 275:119288. doi: 10.1016/j.lfs.2021.119288

42. Jin, X, Qiao, L, Fan, H, Liao, C, Zheng, J, Wang, W, et al. Long non-coding RNA MSC-AS1 facilitates the proliferation and glycolysis of gastric cancer cells by regulating PFKFB3 expression. Int J Med Sci (2021) 18:546–54. doi: 10.7150/ijms.51947

43. Zheng, H, Chen, C, Luo, Y, Yu, M, He, W, An, M, et al. 1Tumor-derived exosomal BCYRN1 activates WNT5A/VEGF-C/VEGFR3 feedforward loop to drive lymphatic metastasis of bladder cancer. Clin Transl Med (2021) 11:e497. doi: 10.1002/ctm2.497

44. Zhao, W, Ma, X, Liu, L, Chen, Q, Liu, Z, Zhang, Z, et al. SNHG20: a vital lncRNA in multiple human cancers. J Cell Physiol (2019) 234:14519–25. doi: 10.1002/jcp.281432

45. Wang, X, Zhang, J, and Wang, Y. Long noncoding RNA GAS5-AS1 suppresses growth and metastasis of cervical cancer by increasing GAS5 stability. Am J Transl Res (2019) 11:4909–21.

46. Xu, L, Li, P, Hao, X, Lu, Y, Liu, M, Song, W, et al. SHANK2 is a frequently amplified oncogene with evolutionarily conserved roles in regulating hippo signaling. Protein Cell (2021) 12:174–93. doi: 10.1007/s13238-020-00742-6

47. Jia, L, Wang, Y, and Wang, C. circFAT1 promotes cancer stemness and immune evasion by promoting STAT3 activation. Adv Sci (Weinh) (2021) 8:2003376. doi: 10.1002/advs.202003376

48. Qiu, L, Yu, Q, Zhou, Y, Zheng, S, Tao, J, Jiang, Q, et al. Functionally impaired follicular helper T cells induce regulatory b cells and CD14+ human leukocyte antigen-DR- cell differentiation in non-small cell lung cancer. Cancer Sci (2018) 109:3751–61. doi: 10.1111/cas.13836

49. Xu, L, Jin, Y, and Qin, X. Comprehensive analysis of significant genes and immune cell infiltration in HPV-related head and neck squamous cell carcinoma. Int Immunopharmacol (2020) 87:106844. doi: 10.1016/j.intimp.2020.106844

50. Cillo, AR, Kürten, CHL, Tabib, T, Qi, Z, Onkar, S, Wang, T, et al. Immune landscape of viral- and carcinogen-driven head and neck cancer. Immunity (2020) 52:183–99.e9. doi: 10.1016/j.immuni.2019.11.014




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Zheng, Zheng, Zhang, Guo, Zhang, Xue, Shi, Zhang, Zeng, Wu and Gao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 23 August 2023

doi: 10.3389/fonc.2023.1046951

[image: image2]


Three-dimensional ultrasound-based radiomics nomogram for the prediction of extrathyroidal extension features in papillary thyroid cancer


Wen-Jie Lu †, Lin Mao †, Jin Li, Liang-Yan OuYang, Jia-Yao Chen, Shi-Yan Chen, Yun-Yong Lin, Yi-Wen Wu, Shao-Na Chen, Shao-Dong Qiu *‡ and Fei Chen *‡


Department of Ultrasound, The Second Affiliated Hospital of Guangzhou Medical University, Guangzhou, China




Edited by: 

Sharon R. Pine, University of Colorado, United States

Reviewed by: 

Jie Ren, Third Affiliated Hospital of Sun Yat-sen University, China

Pietro Giorgio Calo', University of Cagliari, Italy

*Correspondence:
 
Shao-Dong Qiu
 shaodongqiu@126.com 

Fei Chen
 flyly@126.com


†These authors have contributed equally to this work and share first authorship


‡These authors have contributed equally to this work



Received: 17 September 2022

Accepted: 21 July 2023

Published: 23 August 2023

Citation:
Lu W-J, Mao L, Li J, OuYang L-Y, Chen J-Y, Chen S-Y, Lin Y-Y, Wu Y-W, Chen S-N, Qiu S-D and Chen F (2023) Three-dimensional ultrasound-based radiomics nomogram for the prediction of extrathyroidal extension features in papillary thyroid cancer. Front. Oncol. 13:1046951. doi: 10.3389/fonc.2023.1046951






Purpose

To develop and validate a three-dimensional ultrasound (3D US) radiomics nomogram for the preoperative prediction of extrathyroidal extension (ETE) in papillary thyroid cancer (PTC).





Methods

This retrospective study included 168 patients with surgically proven PTC (non-ETE, n = 90; ETE, n = 78) who were divided into training (n = 117) and validation (n = 51) cohorts by a random stratified sampling strategy. The regions of interest (ROIs) were obtained manually from 3D US images. A larger number of radiomic features were automatically extracted. Finally, a nomogram was built, incorporating the radiomics scores and selected clinical predictors. Receiver operating characteristic (ROC) curves were performed to validate the capability of the nomogram on both the training and validation sets. The nomogram models were compared with conventional US models. The DeLong test was adopted to compare different ROC curves.





Results

The area under the receiver operating characteristic curve (AUC) of the radiologist was 0.67 [95% confidence interval (CI), 0.580–0.757] in the training cohort and 0.62 (95% CI, 0.467–0.746) in the validation cohort. Sixteen features from 3D US images were used to build the radiomics signature. The radiomics nomogram, which incorporated the radiomics signature, tumor location, and tumor size showed good calibration and discrimination in the training cohort (AUC, 0.810; 95% CI, 0.727–0.876) and the validation cohort (AUC, 0.798; 95% CI, 0.662–0.897). The result suggested that the diagnostic efficiency of the 3D US-based radiomics nomogram was better than that of the radiologist and it had a favorable discriminate performance with a higher AUC (DeLong test: p < 0.05).





Conclusions

The 3D US-based radiomics signature nomogram, a noninvasive preoperative prediction method that incorporates tumor location and tumor size, presented more advantages over radiologist-reported ETE statuses for PTC.
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Introduction

Papillary thyroid cancer (PTC) is the most common endocrine malignant tumor, and its incidence rate is increasing all over the world (1). The reason for this increase in incidence is partly because of the popularization of routine physical examination and the improvement of high-frequency ultrasound (US) (2). Most PTC patients have a good prognosis; more than 90% of them have survived for more than 10 years (3). Although PTC has a favorable prognosis, some cases show aggressive clinical features, such as lymph node and distance metastases, and poorer prognosis (4). Extrathyroidal extension (ETE) has long been considered to be an independent predictor of poor prognosis in PTC patients (5). Also, ETE is regarded to be an important risk factor associated with recurrence and metastasis, and it has an important impact on staging and the choice of operation (6). The recurrence and mortality after surgery will increase in an ETE patient. The 15-year survival rate among PTC patients with ETE was significantly worse than that in patients without ETE (7, 8). Traditional surgical setting includes total and subtotal thyroidectomies for PTC, according to the National Comprehensive Cancer Network (NCCN) Guidelines for Thyroid Carcinoma (Third Edition, 2018); total thyroidectomy is the best method to treat ETE patients in PTC (7). Although both surgical procedures have no significant effect on distant metastasis and cancer-specific mortality rates, subtotal thyroidectomies can retain some functionality of the thyroid gland and prevent injuries of the parathyroid and contralateral laryngeal recurrent nerve (9). Therefore, predicting ETE preoperatively is critical for clinicians to choose the surgical approach.

Currently, only pathological biopsy is the gold standard for the diagnosis of ETE (10). Imaging methods such as magnetic resonance imaging (MRI), computerized tomography (CT), single-photon emission computed tomography (SPECT), and US are commonly used for the diagnosis of ETE. MRI has a high resolution of soft tissue and spatial resolution. In a previous study, Wei et al. (11) used multiparametric MRI for preoperative assessment of ETE in 132 cases of PTC, with areas under the receiver operating characteristic curve (AUCs) of 0.96 and 0.87 in the training and testing sets, respectively. However, MRI is relatively expensive and time-consuming; it is also not suitable for patients with implants or who have claustrophobia (12). CT has a certain advantage in evaluating the relationships between the lesions and surrounding tissue, but CT has a potential risk of radiation exposure. From the SPECT examination, the anatomic location of the tumor can be shown clearly. Moreover, a study suggested that SPECT also exhibits promising advantages including higher sensitivity (50%) and specificity (100%) (13). Although several studies have suggested the value of the nuclear medicine method, it could not be widely used clinically in thyroid carcinoma for reasons of universality, radiation, and cost-effectiveness. At present, US examination has become the most frequently used imaging method in PTC patients because of a series of advantages, such as being inexpensive, being noninvasive, and using non-ionizing radiation. Kwak et al. (14) reported that the sensitivity of US examination was 65.2% and the specificity was 81.8% when more than 25% of thyroid nodules contacts with the adjacent capsule. For >50% contact between the tumor and capsule, Lee et al. (15) reported that US findings of capsule disruption had a better AUC (0.674 vs. 0.638) in predicting ETE than CT in 377 PTC patients, while CT combined with US imaging to detect ETE could get the best diagnostic accuracy, with an AUC of 0.744.

With the development of US technology, the emergence of three-dimensional (3D) US provides more possibilities in choosing the imaging method of thyroid disease. Through scanning the target organs by a single sweep of a US beam, it can easily provide the images in multiple slices and planes from the stored data. Therefore, 3D imaging can provide significantly more information about lesions than the traditional two-dimensional (2D) imaging. According to several previous research reports, 3D US examination may help to overcome the limitations of 2D US in various organs (16, 17). Kim et al. (18) reported that compared to 2D thyroid US, 3D had higher sensitivity for predicting ETE (66.7% vs. 46.4%, p = 0.03). Consequently, 3D US may have diagnostic potential in predicting ETE status in PTC patients.

Radiomics is an emerging and burgeoning subject in medical research, especially in oncology. Radiomics analysis was first reported by Lambin et al. (19) in 2012. By extracting and analyzing a large number of quantitative features from medical images, radiomics can improve the ability of disease diagnosis and prediction (20, 21). Studies have shown that image feature-based radiomics extraction has objective characteristics and great value in predicting clinical outcomes (19). Radiomics analysis has been applied in various diseases, such as cervical cancer, breast cancer, prostate cancer, lung cancer, rectum cancer, and musculoskeletal tumors (22–27). In the thyroid grand, Wang et al. (28) believe that 2D US radiomics can effectively evaluate whether ETE occurs in papillary thyroid carcinoma, and the AUC is 0.824. But at present, there are no reports applying 3D US radiomics to evaluate ETE in PTC.

Therefore, the purpose of this study is to construct a 3D US radiomics nomogram to predict ETE to help the doctors select the most appropriate strategy of treatment in PTC patients.





Materials and methods




Patient data

This retrospective study was approved by the institutional review board of our institution. Informed consent was obtained from participants before the examination. Between November 2020 and October 2021, a total of 168 individuals who underwent preoperative 2D and 3D thyroid US at our institute were included in this study. All patients underwent subtotal or total thyroidectomy within 1 week after US examination. PTC was confirmed by pathology postoperatively. Exclusion criteria were as follows: 1) the clinical information of the patients was incomplete; 2) the patients had been submitted to thyroidectomy; 3) the entire lesion was not covered by the scan; 4) the images had poor quality; 5) the patients only had routine preoperative 2D or 3D US examination; 6) the maximum diameter of the primary tumor was <5 mm.




US examination and US-reported ETE status

Figure 1 shows the study procedure. Before receiving total and subtotal thyroidectomies, all patients underwent 2D US with 12-5 MHz linear array transducer and 3D US with 13-5 MHz dedicated volume transducer (Philips IU Elite Ultrasound System). The patients were placed in a supine position appropriately with a pillow underneath the neck, with their neck stretched sufficiently to expose the anterior region of the neck. All images were obtained at identical instrument settings for depth, focus position, and gain setting. Clinical data, such as age, sex, and body mass index (BMI), were obtained during the US examination.




Figure 1 | Flowchart of patient selection in this study. PTC, papillary thyroid cancer; ETE, extrathyroidal extension.



After completing the 2D thyroid examination, all subjects underwent 3D examination by two experienced radiologists who were blinded to the data sample identity (8 and 10 years of experience in thyroid US). For 3D US, a volume box size was chosen to cover the tumor lesion. The sectorial and mechanical transducer with a scanning angle of 30° was used for automatic acquisition of tilt-series and 3D images. The two radiologists received a training course consisting of 20 unregistered cases to familiarize themselves with 3D scanning before this study. During the 2D and 3D US examination, they recorded the size of the lesion, nodule position (upper pole, middle pole, or lower pole), primary site (left lobe, right lobe, or isthmus), nodule border (clear or fuzzy), internal echo pattern (nonuniform or uniform), and nodule location (unilateral or bilateral). And they independently reviewed the US imaging features of every patient and recorded a final diagnosis. In case of disagreement, additional reading sessions were used until a consensus was reached. Based on the American Joint Committee on Cancer (AJCC) guidelines (29–32), ETE can be diagnosed when one of the following criteria presents: 1) >25% of the primary tumor perimeter is in contact with the thyroid capsule; 2) the glands between the lesions and thyroid disappear; 3) the primary tumor exceeds the thyroid capsule and extends to the surrounding structures, such as the larynx, recurrent laryngeal nerve, trachea, vasculature, the strap muscles, or esophagus.






Tumor segmentation and radiomic feature extraction

The two abovementioned radiologists were informed about the tumor location confirmed by operation and were blinded to other pathologic results and clinical information. The regions of interest (ROIs) of the 3D images were drawn layer by layer manually by the radiologists using the software ITK-SNAP (version 3.8.0, http://www.itksnap.org). Lastly, all final tumor regions could be defined by the overlapping region of two ROIs independently drawn by the two radiologists. In case of disagreement, additional reading sessions were used until a consensus was reached. Figure 2 shows a typical case with 2D and 3D US images and the ROIs. Texture analysis was performed on the acquired US images of 168 patients. All feature extraction methods were performed using PyRadiomics package, which was imported from the Python programming language. Subsequently, a total of 1,693 features were extracted for each patient, including First Order Statistics (19 features), Shape-based (3D) (16 features), Shape-based (2D) (10 features), Gray-Level Co-Occurrence Matrix (24 features), Gray-Level Run Length Matrix (16 features), Gray-Level Size Zone Matrix (16 features), Neighboring Gray Tone Difference Matrix (5 features), and Gray-Level Features Matrix (14 features).




Figure 2 | Schematic diagram for region of interest (ROI) delineation of ultrasound image: (A) was the original two-dimensional image during ultrasound (US) examination; (B) was the ROI delineated in the largest section of the tumor based on the original two-dimensional ultrasound image. (C–E) are transverse, coronal, and sagittal planes, respectively, and (F–H) are corresponding three-dimensional ROIs.







Feature selection and radiomics signature building

All data were divided into training and validation sets at a ratio of 7:3 according to random stratified sampling strategy. First, Levene tests were performed to verify variance homogeneity. For two groups, we used the independent-sample t-test or Mann–Whitney U test to acquire significant features with p-values <0.05. After that, the least absolute shrinkage and selection operator (LASSO) regression method with 10-fold cross-validation was applied to select the most useful predictive ETE status-related features from the training cohort. The LASSO is a machine learning regression analysis technique; it not only can reduce model overfitting and improve the results of prediction but also is regarded as a promising method to select significant features through regularization and variable selection (33). A formula was generated using a linear combination of selected features that were weighted by their respective LASSO coefficients, and the formula was then used to calculate a risk score (defined as the radiomics score or radiomics signature). The radiomics signature was then used to build a nomogram combining with clinical predictors.





Development of the ultrasound radiomics nomogram

The chi-square test (categorical variables) and Student’s t-test (continuous variables) were adopted to identify the association between the clinical risk factors and ETE. In this study, clinical predictors including age, sex, BMI, lesion, nodule location, nodule position, nodule border, internal echo pattern, and radiological ETE diagnosis were used to conduct a multivariate logistic regression model. To find the incremental value of the radiomics signature for prediction of ETE in PTCs, the radiomics model was built by combining the radiomics signature with clinical predictors with p < 0.05. Next, the model was converted into a radiomics nomogram to help clinicians predict ETE visually in PTC patients. We calculated the AUC for predictive analysis. Then, the DeLong test was performed to compare the differences between the receiver operating characteristic (ROC) curves of the nomogram and the radiologists.





Assessment of nomogram performance

The 3D US-based radiomics nomogram incorporating selected clinical predictors was developed on the training cohort and then tested in the validation cohort. The calibration curve and Hosmer–Lemeshow (H-L) test were used to assess the calibration of the radiomics nomogram. The discriminative performance of the radiomics nomogram was evaluated by using Harrell’s concordance index (C-index).




Histopathologic analysis

Two experienced pathologists with 9 and 12 years of experience, respectively, evaluated the histopathology of the tumor specimens. PTC specimens of paraffin embedding slice were followed by hematoxylin and eosin (H&E) dyeing. According to the guidelines published by the American Thyroid Association (ATA), the pathologists evaluated the ETE features (34). Then, the patients were divided into two groups: ETE and non-ETE groups.





Statistical analysis

All statistical tests in this study were conducted using R software (version 4.0.3, https://www.r-project.org). Statistical analysis of clinical data, multivariate logistic regression, and H-L test were performed using SPSS software (version 22.0, SPSS Inc.). The corresponding 95% confidence interval (CI) was used to describe the correlation results. If the measurement data satisfy normal distribution, we use mean ± standard deviation (SD) to express. Other values were reported as median and interquartile range (IQR). Independent-sample t-test was adopted for normally distributed measurement data; otherwise, Mann–Whitney U test was used for non-normally distributed measurement data. The count dates were expressed as frequency (percentage) and compared by chi-square test or Fisher exact test. The factors of ETE in PTC patients were analyzed by multivariate logistic regression (stepwise forward) method. Next, the goodness of fit for logistic regression models was assessed by the H-L test.

ROC was employed to quantify the discriminative capability of the nomogram by comparing nomogram-predicted versus the observed ETE probability. A two-sided p < 0.05 was considered statistically significant.







Results




Clinical characteristics

A total of 168 PTC patients aged 41.96 ± 0.881 years (range, 20–72 years) were enrolled in this research. In this study, 90 patients (41.71 ± 12.73 years old) and 78 patients (42.24 ± 11.22 years old) were assigned to the non-ETE and ETE groups, respectively, based on pathologic results. There was no significant difference in the tumor size, nodule location, nodule position, nodule border, and internal echo pattern between the ETE group and non-ETE group (all p > 0.05). According to the degree of the diagnostic criteria of ETE, there were 10 patients with thyroid capsule contact approximately >25% of the primary tumor perimeter, 47 patients with the glands between the lesions and thyroid disappear, 21 patients with the primary tumor that exceeds the thyroid capsule and extends to surrounding structures. The 168 patients were divided into a training group (n = 117) and a validation group (n = 51) by stratified sampling. Table 1 shows the clinical data of the 168 patients.


Table 1 | Basic clinical data for our group.







Radiomics score

A total of 1,693 features were extracted from the original 3D US images in the training cohort. In this study, LASSO regression with L1 regularization was further used to select the optimal radiomic features. The complexity depends on the lambda (λ). According to 10-fold cross-validation, the results indicated that when extracting 3D image features, the models had the lowest mean squared error (MSE) when λ was 0.037. After LASSO regression analysis, 691 radiomic features were reduced to 16 potential predictors. As Figure 3 shows, the 16 features were included in the radiomics score formula. Table 2 shows the 16 best radiomic features in 3D US image.




Figure 3 | Radiomic feature selection using the least absolute shrinkage and selection operator (LASSO) regression model. The LASSO regression with 10-fold cross-validation (A) was used to reduce the dimension of the grouping characteristics (B). Finally, 16 radiomic features with non-zero coefficients were selected.




Table 2 | The 16 best radiomic features in 3D US image.







Development and performance of the prediction model

In this study, the AUC of the radiologists is 0.67 (95% CI, 0.580–0.757) in the training cohort and 0.62 (95% CI, 0.467–0.746) in the validation cohort. Then, according to the forward Logistic regression (LR) method, bilateral tumor (p = 0.004)and tumor size (p = 0.005) were identified as independent predictive factors to predictive ETE. Then, we could get a radiomics nomogram with the predictive factors (Figure 4). The prediction model was constructed as follows:




Figure 4 | The radiomics nomogram was developed by incorporating the radiomics scores and selected clinical predictors. The radiomics nomogram incorporated tumor location (unilateral or bilateral), tumor size, and the radiomics signature.



Linear predictor = -27.722 - 1.153 × X1 -1.148 × X2 + 57.033 × X3. X1 being tumor location, X2 being tumor size, X3 being radiomics signature.

In the training cohort, the radiomics nomogram showed good discrimination with an AUC 0.810 (95% CI, 0.727–0.876), which was significantly higher than that of the radiologists (DeLong test, p = 0.0136). In the validation set, it also shows better discrimination with an AUC of 0.798 (95% CI, 0.662–0.897; DeLong test, p = 0.0296). The ROC curves of the two models for both the training and validation sets are presented in Figure 5. The calibration curve and the H-L test showed good calibration in the training cohort (Figure 6A, p = 0.828) and the validation cohort (Figure 6B, p = 0.071). The C-index of the radiomics nomogram is 0.831. From the result, we could know that the above-described radiomics nomogram performed well in differentiating ETE from non-ETE and may help in the clinical decision-making process.




Figure 5 | Performance of the nomogram. (A) ROC curves of US-reported ETE status and radiomics nomogram for predicting ETE in the validation cohort and in the primary cohort (B). nomo, nomogram; US, ultrasound; ROC, receiver operating characteristic; ETE, extrathyroidal extension.






Figure 6 | Calibration curves for the radiomics nomogram in the training (A) and validation (B) sets. The calibration curve and the Hosmer–Lemeshow test showed good calibration in the training cohort (p = 0.828) and in the validation cohort (p = 0.071).








Discussion

Due to the prevalence of coronavirus disease 2019 (COVID-19), delayed investigations and treatment may further lead to an increase in the incidence and mortality of thyroid carcinoma (35). As the most common pathological type of differentiated thyroid carcinoma (DTC), PTC has a low degree of malignancy and a high cure rate if detected and treated in a timely manner. The presence of ETE is considered to be significantly important in PTC patients, and it is included in almost all prognostic scoring systems as a staging variable. Literature reported that the incidence of ETE in PTC ranges between 5% and 45%, and in our patient population, the incidence of ETE was 46% (78/168); the values did not differ much (36). Moreover, PTC patients with ETE have poor prognosis and a high risk of recurrence in the near future (37). And a study found that patients with a history of ETE display a poorer therapeutic effect following 131I ablation (38). The thyroid capsule is closely adjacent to the surrounding tissues such as recurrent laryngeal nerve, the patients who are not diagnosed correctly before surgery often need reoperation, which increases the pain and economic burden of PTC patients. Taken together, it is very important to identify the presence of ETE before thyroid surgery.

At present, only pathological diagnosis is the gold standard of ETE diagnosis. Reliable and accurate preoperative imaging examination of ETE will help in accurate diagnosis and selection of the optimum therapeutic strategy. Although fine-needle aspiration biopsy (FNAB) is the most widely used method for the assessment of thyroid nodules preoperatively, it is an invasive procedure, and its samples cannot always reach satisfying diagnostic power. Alternatively, the diagnostic capacity for ETE in PTC patients is limited (39). Noninvasive imaging examinations such as ultrasonic imaging, MRI, CT, and positron emission tomography not only play an increasingly important role in the diagnosis of ETE but also can be useful to guide treatment and patient follow-up. Among them, US is the sole fundamental imaging modality for the assessment of thyroid nodules. US examination is noninvasive, fast, and reliable and can help to enhance the early detection of pathologies (40–42). However, these traditional imaging examinations depend on the experience and subjective judgments of the radiologists, which limit the ability to make an objective decision.

Therefore, a noninvasive sample and quantitative methods are needed to help clinically predict ETE. Radiomics is a hot topic; it allows the quantitative extraction of high-throughput features from radiographic images, with the advantage of objectivity. Numerous studies have confirmed the usefulness of 3D US in clinical settings. Based on the transverse and longitudinal views of 2D US, 3D US technology improves the visualization of target lesions by adding a new dimension, coronal view. In a study involving 85 PTC patients, Kim et al. (18) believed that 3D US not only had higher sensitivity (66.7% vs. 46.4%, p = 0.03) but also showed better agreement (k 0.53 vs. 0.37) than 2D for predicting ETE, and 3D thyroid US saved time for scanning compared with 2D. But at present, there are no reports applying 3D US radiomics to compare the diagnostic performance to evaluate ETE in PTC, which is the main novelty of this research paper.

Kim et al. (43) found that the tumor size ≥1 cm was considered to be a dependent prognostic factor to predict ETE in PTC. In our study, after forward LR method, we found that the PTC patients with tumor size ≥1 cm had been associated with ETEs, which was in line with the above findings. We also found that the location of the nodules (unilateral or bilateral) was another clinical predictor. Then, we built a radiomics nomogram based on the clinical risk factors, tumor size and tumor location, to predict ETE. As the result showed, the AUC of the radiomics nomogram in diagnosing ETE was higher than that of the radiologists in both the training cohort and the validation cohort. In addition, the C-index and calibration curve also showed good consistency in the primary group and validation group. Hence, the 3D US-based radiomics signature nomogram, a noninvasive preoperative prediction method that incorporates tumor location and tumor size, presented more advantages over radiologist-reported ETE statuses for PTC, which could be a visualization tool for the clinic to choose a suitable surgical modality.

Inevitably, our present study has several limitations. First, this study was a retrospective and single-center study, lacking external validation. Therefore, these results are not necessarily suitable to all patients with PTC preoperatory; multicenter studies are warranted to further validate the results. Moreover, to improve the diagnostic capability, the algorithm and models will be further optimized to improve the accuracy of external validation. Second, in this study, the radiomic features might not be sufficient because we only used grayscale US images to perform the radiomics nomogram. In future research, we will add radiomic characteristics of multimodal US such as elastography and contrast-enhanced US images to the nomogram. Finally, the ROI segmentation was obtained manually, which might be affected by the radiologist’s subjective bias. And it may be resolved by semiautomatic/automatic segmentation.

Our 3D US-based radiomics nomogram combining clinical predictors, tumor location and tumor size, shows favorable predictive accuracy for preoperative ETE in patients with PTC. This nomogram is a promising tool to improve the diagnostic accuracy.
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Objective

When active surveillance (AS) is developed in the patients with low-risk papillary thyroid microcarcinoma (PTMC), a medical center needs to ensure the delayed operation that is caused by PTMC clinical progression to have the same prognosis as that of immediate operation. The objective of this study was to investigate the efficacy of delayed surgery by simulating clinical progression (tumor size enlargement and appearance of lymph node metastasis) of PTMCs with AS in a single medical center.





Methods

We retrospectively analyzed the response to therapy in 317 papillary thyroid carcinoma patients treated with total thyroidectomy and post-operative radioactive iodine ablation. They were classified into three groups according to tumor size (group A ≤0.5 cm; group B >0.5 cm and ≤1 cm; group C >1 cm and ≤1.5 cm) or two groups according to the presence (cN1) or absence (cN0) of the clinical lymph node (LN) metastasis. Groups C and cN1 were regarded as simulated clinical progression of observational PTMC and the operation for them was assumed to be “delayed surgery”. However, Groups A, B and cN0 were regarded as no clinical progression and the operation for them was considered as immediate surgery.





Results

There were no significantly differences in excellent response to therapy and recurrence-free survival not only among the group A, B and C, but also between the group cN0 and cN1. In other words, these insignificant differences were found between immediate and simulated “delayed” surgeries.





Conclusion

For the PTMC patients suitable for AS, the oncological outcomes were also excellent even if surgery was delayed until after the presence of clinical progression, according to our clinical simulation. Furthermore, we consider that it was feasible for medical centers to assess the ability to implement AS for PTMC patients by retrospectively analyzing their own previous clinical data using the described simulation.





Keywords: papillary thyroid carcinoma, microcarcinoma, active surveillance, lymph node, response to therapy





Introduction

Papillary thyroid carcinoma (PTC) is the most common endocrine malignancy, and it usually has an indolent biological nature. When the cancer measures ≤10 mm in its largest diameter, it is called a papillary thyroid microcarcinoma (PTMC). A rapid increase in the incidence of PTC has been reported in the past several decades in many countries, and approximately 50% of PTCs are PTMCs (1). However, a majority of PTMCs are occult and detected because of overscreening in the healthy population. On this basis, in 1993, Professor Miyauchi of Kuma Hospital in Japan proposed that low-risk PTMC patients could be followed with active surveillance (AS) rather than immediately undergo surgery; their later study showed that the incidence rates of size enlargement, novel appearance of node metastasis, and progression to clinical disease in 1,235 PTMC patients were 8.0%, 3.8%, and 6.8% over a 10-year observation period, respectively (2). Therefore, presently AS is the first-line management of low-risk PTMC patients at Kuma Hospital (3).

Although AS is an option for PTMC patients, as stated in the 2015 guidelines of the American Thyroid Association (ATA) (4), questions remain as to how to identify low-risk patients, how to deal with 30%~40% subclinical metastasis in central neck lymph nodes (LNs), and how to relieve the anxiety of patients and their families during the observation period. The major concerns are, for PTMC patients under AS, whether the prognosis of immediate operation is the same as that of delayed surgery due to clinical progression, whether the medical center has an ability to reach, and how to assess this ability. However, few studies in this area have been published.

The recurrence risk estimate is one of the most important ways of evaluating prognosis in PTC patients; therefore, a response to therapy system was proposed in the 2015 ATA guidelines (4). According to the clinical data obtained from imaging examinations and biochemical and cytopathological findings, the postoperative clinical responses of PTC patients to therapy are described as follows: an excellent response, a biochemical incomplete response, a structural incomplete response, and an indeterminate response. In this study, we retrospectively analyzed the response to therapy in PTMC patients initially eligible for AS, with different size tumors and with or without LN metastasis, to investigate the efficacy of delayed surgery by simulating clinical progression (tumor size enlargement and appearance of LN metastasis) in a single medical center.





Materials and methods




Patients

Between January 2013 and December 2015, 562 PTC patients underwent unilateral lobectomy or total thyroidectomy (TT) and central neck dissection (CND), with or without lateral neck dissection (LND), as an initial surgical treatment at our hospital (Figure 1). Among them, 524 patients with a primary tumor size ≤1.5 cm and who had undergone thyroidectomy were enrolled in this study. Exclusion criteria were as follows: no PTC diagnosis, aggressive histology (e.g. tall cell, hobnail variant, columnar cell carcinoma), distant metastasis, extrathyroidal extension to nearby organs (e.g. trachea or esophagus), a poorly differentiated PTC (diagnostic criteria were on the basis of the Turin consensus proposal) (5), a coexisting malignancy, a thyroid lobectomy, a tumor size >1.5 cm, and no radioactive iodine (RAI) ablation. Finally, 317 patients met the selection criteria and included 286 cN0 and 31 cN1 patients. The current definition of “clinically apparent” LN metastasis (cN1 disease) includes any metastatic LN identified by palpation or imaging either before initial surgery or intraoperatively (6). When a suspicious LN appeared at level VI or II-IV, it was defined as cN1a or cN1b, respectively. Accordingly, patients without cN1 disease were defined as cN0. Therefore, 286 cN0 and seven cN1a patients underwent TT+CND, and 24 cN1b patients underwent TT+CND+LND. These 286 cN0 patients were enrolled to analyze the clinicopathologic characteristics associated with the size of their primary tumors and to compare them with 31 cN1 patients to analyze the clinicopathologic differences caused by clinically involved neck LN metastasis. After surgery, a histological diagnosis was confirmed by two experienced pathologists from the Department of Pathology. The study was approved by the Ethics Committee of the Affiliated Sir Run Run Shaw Hospital, Zhejiang University School of Medicine, and all enrolled patients provided informed consent.




Figure 1 | Flow diagram of included papillary thyroid carcinoma patients.







Treatment protocol

The indication of TT was strictly in accordance with the 2009 ATA guidelines (7). Shi L et al. described the indications of CND and modified LND (8). RAI remnant ablation was performed postoperatively in all patients with TT according to the 2009 ATA guidelines (7).





Assessment of treatment response

The response to the therapy re-staging system has been designed for the follow-up of PTC patients in the 2015 ATA guidelines. According to biochemical, imaging, and cytopathologic findings, for patients treated with TT and RAI remnant ablation, there were four response-to-therapy categories, including excellent, biochemical incomplete, structural incomplete, and indeterminate responses (4). In this study, we rearranged them into two categories consisting of excellent response and non-excellent response. The latter included biochemical incomplete, structural incomplete, and indeterminate responses. According to the ATA guidelines, the recurrence rate for the excellent response group is 1%–4%, which is much lower compared with that for other groups (biochemical incomplete response: 20% develop structural disease, structural incomplete response: 50%–85% continue to have persistent disease despite additional therapy, and indeterminate response: 15%–20% will have structural disease) (4).

All PTC patients were followed after completion of RAI remnant ablation. Routine neck ultrasound examinations and measurement of serum thyroglobulin (Tg) and anti-Tg antibodies were performed in a state of thyroid-stimulating hormone suppression every 3 months in the first year and every 6–12 months thereafter. When biochemical or structural incomplete responses occurred, more frequent follow-up was recommended, and additional examinations (e.g. computed tomography scan and fine needle aspiration) were proposed. Postoperative follow-up periods for the 317 patients ranged from 35–75 months (median follow-up time, 57 months), and the assessment of response to therapy was on the basis of the latest examination results. Serum Tg (normal range, 1.15–35.00 ng/mL) and Tg antibodies (normal range, 0–4.11 IU/mL) were measured using an electrochemiluminescence immunoassay in an Abbott Aeroset® automated instrument analyzer (Toshiba Medical Systems, Tochigi, Japan) (9–11). When TgAb exceeded the upper limit of its normal value, the value of TgAb was considered as positive.





Study design

The patients were classified into three groups according to tumor size (group A ≤0.5 cm; group B >0.5 cm and ≤1 cm; group C >1 cm and ≤1.5 cm) or two groups according to the presence (cN1) or absence (cN0) of clinical LN metastasis. Groups C and cN1 were regarded as simulated clinical progression of observable PTMC and the operation for them was assumed to be “delayed surgery”, whereas Groups A, B and cN0 were regarded as no clinical progression and the operation for them was considered as immediate surgery. The response-to-therapy and recurrence-free survival (RFS) were analyzed among these groups in order to compare the safety and effectiveness between immediate and simulated “delayed” surgeries.





Statistical analysis

Continuous variables and categorical variables were determined using the Mann–Whitney U and chi-squared tests (including Fisher’s exact probability tests, if needed), respectively. The results were presented as medians with range and numbers with percentages. Univariate logistic regression analyses were performed on gender, age, tumor size, tumor multifocality, ETE, chronic lymphocytic thyroiditis (CLT), and N stage. The variables exhibiting p<0.05 in univariate analysis were then selected and analyzed using multivariate logistic regression analysis. The results are represented as odds ratios (ORs) with 95% confidence intervals (CIs). For all analyses, two-sided tests were employed, and differences with p<0.05 were regarded as statistically significant. Statistical analyses were performed using SPSS software (version 23.0, Inc., Chicago, IL, USA).






Results




Characteristics of PTC patients who underwent TT

It is shown in Figure 1 that 524 PTC patients with tumor sizes ≤1.5 cm were enrolled, but 207 cN0-PTC patients who underwent lobectomy and CND were excluded from our study. The remaining 317 PTC patients who underwent TT and CND or together with LND were enrolled and included 286 cN0 and 31 cN1 cases.

The clinicopathological characteristics of the 317 PTC patients are summarized in Table 1; Figure 1. The median age of the cohort was 43 years (range, 13–72 years). Most patients were women (77.6%), and most were less than 55 years old (82.6%). Patients were grouped according to tumor size: ≤0.5 cm (22.7%), >0.5 cm and ≤1 cm (51.1%), >1 cm and ≤1.5 cm (26.2%). Multifocality, CLT, and ETE were found in 58.0% (184/317), 26.5% (84/317), and 30.3% (96/317) of patients, respectively. The clinical N stage included 286 cN0 (90.2%), seven cN1a (2.2%), and 24 cN1b (7.6%) patients, whereas the pathological N stage included 155 pN0 (48.9%), 138 pN1a (43.5%), and 24 pN1b (7.6%) patients. An excellent response to primary therapy was observed in 249 patients (78.6%). According to ATA risk stratification, there were 155 (48.9%), 82 (25.9%), and 80 (25.2%) patients in the low, intermediate, and high-risk categories, respectively.


Table 1 | Characteristics of 317 PTC patients with total thyroidectomy.







Patient clinicopathologic features associated with the primary tumor size of cN0-PTC

There were 286 cN0-PTC patients who were divided into three groups according to their primary tumor size: group A ≤0.5 cm (n=70), group B >0.5 cm and ≤1 cm (n=144), and group C >1 cm and ≤1.5 cm (n=72). As shown in Table 2, P1 represents the statistical difference between group A and group B, and P2 represents the statistical difference between group B and group C. Because group B was used in the statistical analysis twice, we subsequently used Bonferroni correction and defined P<0.025 (P<0.05/2) as statistically different.


Table 2 | Characteristics of pN1a and pN0 patients according to primary tumor size.



Comparison of the postoperative pathologic results revealed that most clinicopathologic factors were not statistically different (P>0.025) between group A and group B (P1) or group B and group C (P2). These factors were gender, age, multifocality, ETE, CLT, temporary vocal cord paralysis (VCP), temporary hypoparathyroidism (hypoPT), and response to therapy. To describe the features of the mLNs, a statistical analysis was performed for the presence and number of central mLNs (CmLNs). We found that these two factors were significantly different between group A and group B (P1<0.001, both) but not different between group B and group C (P2 = 0.083, P2 = 0.105, respectively). According to the 2015 ATA guidelines, patients with mLNs ≤5 belong to the low-risk category. Therefore, we regarded mLNs ≤5 as an index, and we found no difference among these three groups (P1 = 0.273, P2 = 0.423). Furthermore, no significant difference was presented in staging of the response to therapy among these three groups. Therefore, it could be seen that the incidence and the number of mLNs in the central area were increasing when the tumor increased in size, especially from 0.5–1 cm, and that the incidence of excellent response was the same in three groups with different size primary tumors ranging from 0–1.5 cm.





A comparison of clinicopathologic features between cN0-PTC and cN1-PTC patients with tumors ≤1.5 cm

We divided 317 patients with primary lesions ≤1.5 cm into two groups according to whether their neck LN was clinically metastatic: cN0-PTC (n=286) and cN1-PTC (n=31). A comparison of the clinicopathologic features between the two groups is shown in Table 3.


Table 3 | Characteristics of PTC patients with tumors ≤1.5 cm according to cN0 and cN1.



The results showed that cN1-PTC patients comprised significantly more males (48.4% vs. 19.6%, P<0.001), younger ages (37 vs. 43, p=0.004), and larger sized tumors (1.0 cm vs. 0.7 cm, P=0.002) than cN0 patients. There was no statistical difference between the two groups regarding multifocality, ETE, CLT, temporary VCP, temporary hypoPT, or response to therapy (P>0.05, all). Therefore, cN1 was associated with larger tumor size, but was unassociated with other aggressive characteristics, and the incidence of excellent response was the same whether PTMC patients had clinical metastasis or not.





Risk factors for non-excellent response to therapy in PTC patients with TT

Risk factors for non-excellent response to therapy was analyzed in 317 PTC patients (286 cN0 and 31 cN1). As shown in Table 4, univariate analysis indicated that CLT (<0.001) and >5 pathological CmLNs (p=0.002) significantly increased the risk of classification into the non-excellent response to therapy category. Furthermore, these two factors were independent variables for response to therapy in multivariate analysis (p<0.001). Therefore, we determined that CLT (absent vs. present) and the number of pathological CmLNs (≤5 vs. >5) represented independent risk factors for predicting clinical outcome, rather than tumor size or cN1.


Table 4 | Relationships between clinicopathologic variables and non-excellent response to therapy in PTC patients with total thyroidectomy.







Recurrence-free survival according to tumor size and clinical N stage

Four cases of disease recurrence were identified during the median follow-up period of 57 months (range 35–75 months) across all PTC patients. The mean time of recurrence was 29.5 months. The RFS were not significantly different among the three groups of 1~1.5cm, 0.5~1cm and ≤0.5 cm (97.2% vs. 98.6% vs. 100%, log-rank P>0.05) (Figure 2A) and between cN1 and cN0 groups (100% vs. 98.6%, log-rank P=0.528) (Figure 2B).




Figure 2 | Recurrence-free survival by Kaplan-Meier curves for different groups: (A) Tumor sizes of 1~1.5cm, 0.5~1cm and ≤0.5 cm, (B) cN1 and cN0 groups.








Discussion

At Kuma Hospital, the indications for surgery in low-risk PTMC patients under AS are tumor enlargement ≥3 mm, tumors that are 1.2 cm in diameter, or LN metastasis (called clinical progression) (13). Therefore, we used our data to simulate clinical progression and designed this study in two parts. Part one involved dividing the cN0 patients into three groups according to tumor size (≤0.5 cm, 0.5~1 cm and 1~1.5 cm) to simulate tumor size increase. We found the incidence and the number of mLNs in the central area were increasing when the tumor increased in size, especially from 0.5–1 cm, but there was no significant difference in the incidences of excellent response and RFS among these three groups. Part two involved setting up two groups: cN0 and cN1 to simulate metastatic LN appearance. We found cN1 was associated with larger tumor size, but was unassociated with other aggressive characteristics, and the incidences of excellent response and RFS were the same whether PTMC patients had clinical metastasis or not. Additionally, we determined that CLT (absent vs. present) and the number of pathological CmLNs (≤5 vs. >5) represented independent risk factors for predicting clinical outcomes, rather than tumor size or clinical lymph node metastasis. If we set tumors with 1~1.5cm in size or cN1 as clinical progression of observable PTMC, then their corresponding surgeries can be considered as simulated “delayed surgery”. Our results suggested, therefore, that the oncologic outcome of “delayed surgery” for PTMC with AS showing clinical progression was as good as that of immediate operation.

Woolner and his colleagues from the Mayo Clinic were the first scientists to coin the term occult papillary carcinoma for PTCs ≤1.5 cm in size in 1960 (14). Their study showed that occult papillary carcinoma patients had a good prognosis on the basis of 30 years of follow-up of 140 cases. In 1989, the World Health Organization introduced the term papillary microcarcinoma to replace the term occult papillary carcinoma, and they defined papillary microcarcinomas as being PTCs ≤1 cm in diameter (15). PTMC was regarded as an important variant of PTC because of its low malignancy and exceptionally rare distant metastasis: 6%~35% frequency as incidental findings in autopsy studies, and increasing frequency in life by modern methods of investigation. Hence the size of low-risk PTMCs suitable for observation generally range between 1 cm and 1.5 cm. However, the Chinese Association of Thyroid Oncology (CATO) suggests that the size of observed low-risk PTMCs should be not greater than 0.5 cm (16). CATO’s view is on the basis of a contrastive study of two screening criteria for AS in 1,001 low-risk PTMC patients. Compared with that in the Kuma low-risk PTMC group (≤1 cm), Qian et al. found a lower incidence of multifocal lesions, ETEs, central LN metastasis, progression rates, and prolonged DFS in the CATO low-risk PTMC group (≤0.5 cm). Therefore, in our study on PTMC, the PTC patients with primary tumors ≤1.5 cm were chosen and were divided into three groups according to tumor size, and the tumors sized 1 to 1.5 cm were assumed to be clinical progression of observable PTMC.

The emergence of “delayed surgery” is accompanied by AS practiced for PTMC, so it has been well-known. However, in fact, there are few relative articles found and the long-term clinical outcomes after delayed surgery remain unclear (17). Korean scholars did an interesting study. A total of 2863 PTMC patients were assigned into three groups due to a delay period of ≤6 months, 6–12 months, and >12 months. They found that there were no significant differences in the development of structural recurrent/persistent disease and disease-free survival among the groups (18). Actually, they simulated a situation that patients with PTMC could be observed for a period of time before operation. The reason of their delayed operations was not clinical progression of PTMC, so it had nothing to do with “delayed operation” for the PTMCs with simulation clinical progression in our article. In addition, “delayed surgery” was really mentioned in some articles, but it was often taken in one stroke (19, 20).

Miyauchi and his colleagues found that rapid or slow growth happened in approximately one quarter of PTMCs (21), which will be likely switched to delayed surgery. Therefore, another issue facing surgeons is whether delaying surgery will increase surgical complications or not. In the study of Oda et al., they analyzed the incidence of unfavorable events in PTMC patients between AS and immediate surgery groups, and they showed that the oncological outcomes of the immediate surgery and AS groups were similarly excellent, but the incidence of unfavorable events were higher in the immediate surgery group (20). However, by further analyzing their data on surgical complications in all patients who were operated on, we found that the incidences of temporary VCP and hypoPT in the delayed surgery group were actually higher than in the immediate surgery group, although the incidences of permanent ones were similar between the two groups. This result from their data is logical, because larger or more lesions must also increase surgical difficulty. As for our study, there were no significant differences in the incidence of surgical complications among the groups (see Table 2). However, we also emphasized that certain PTMCs that occur in anatomically sensitive sites should be identified and treated surgically, such as those located in the area adjacent to the entrance of the recurrent laryngeal nerve to the larynx, the so-called “danger triangle” (22).

Although still controversial, more and more endocrinologists and some thyroid surgeons and medical teams are beginning to use AS in low-risk PTMC patients. Therefore, the choice of AS is a very serious issue not only for the patients and their families, but also for doctors, especially in China (23, 24). Prescribing AS is a decision that involves considering three aspects, namely inherent tumor characteristics, patient characteristics, and medical team characteristics. Among these three aspects, we think that an experienced medical group is a vital factor in performing AS smoothly. It should not only include multidisciplinary cooperation, an excellent sonographer, and an active management of patients and their data, but also the ability to retrospectively analyze the medical group’s own patients previously surgically treated, like in this study, to answer the question “whether the therapeutic result of delayed surgery is the same as that of immediate surgery in my medical center”. We would suggest that only if the result of its data analysis is acceptable should the medical team propose AS for low-risk PTMC patients.

This study had several limitations. First, there were not many relapsed cases in our consecutive patients from 2013–2015, and therefore we had to choose the index of response to therapy to evaluate the therapeutic effect. Because this assessment system is usually performed in PTC patients treated with TT and RAI ablation in a majority of published studies (25–27). Therefore, in our study we just enrolled the PTMC patients treated with TT and RAI ablation, and we excluded those with thyroid lobectomy. Second, the treatment for our PTC patients from 2013–2015 was performed according to the 2009 ATA guidelines. If we refer to the 2015 ATA guidelines, our disease management at that time must be regarded as over-treatment, and thyroid lobectomy should have been enough for the majority of them. Presently, we cannot use our data to answer the question of whether thyroid lobectomy performed after the presence of clinical progression is also feasible. Third, generally speaking, the evolution of papillary thyroid carcinoma is a very slow process and a patient with the same tumor size may not have the same tumor evolution process. However, a tumor with 1cm in size must have grown from a tumor with 0.5cm in size, and a tumor with lymphatic metastasis must have developed from no metastasis. Therefore, this study was done by simulating clinical progression of PTMCs with AS. Groups C and cN1 were regarded as simulated clinical progression of observable PTMC and the operation for them was assumed to be “delayed surgery”, whereas, Groups A, B and cN0 were regarded as no clinical progression and the operation for them was considered as immediate surgery. Forth, there were only 317 consecutive patients enrolled from 2013-2015 with a relatively short follow-up period. Therefore, additional studies with longer follow-up and multicenter data are needed.

To some extent, this study reflected that the oncological outcomes were also excellent even if surgery was delayed until after the presence of clinical progression (tumor size enlargement and appearance of LN metastasis), according to our clinical simulation. Furthermore, we considered that it was feasible for medical centers to assess the ability to implement AS in PTMC patients by retrospectively analyzing their own previous clinical data in the described simulation.
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Aim

To investigate the multimodal ultrasound(MMUS) features of cervical lymphadenopathy and to assess its value in the differential diagnosis of benign and malignant cervical lymph nodes.





Methods

A retrospective analysis of 169 patients with cervical lymph node enlargement who attended Hangzhou Red Cross Hospital from March 2020 to October 2022. All patients underwent conventional ultrasound (CUS), contrast-enhanced ultrasound (CEUS), and real-time elastography (RTE), and were divided into training set and validation set. Univariate analysis was applied to screen out statistically significant parameters, and CUS model and MMUS model were constructed by multifactorial logistic regression analysis. The receiver operator characteristic (ROC) curve was established, and the area under the curve (AUC) was used to compare CUS model with MMUS model to assess the value of MMUS.





Results

Of the cervical 169 lymph nodes in 169 patients included in the study. The 169 enrolled patients were divided into a training set (132 patients) and a validation set (37 patients). In the training set, univariate analysis showed statistically significant differences in long diameter/short diameter(L/S), border, margin, hilus, dermal medulla boundary, blood flow type, enhancement mode, enhancement type, and RTE score (all p< 0.05). Multifactor logistic analysis showed that L/S, blood flow type, enhancement mode and enhancement type were correlates of malignant lymph nodes (all p< 0.05). The comparison of AUC demonstrated that the discriminative ability of the MMUS model was superior to using the CUS model, both in the training set(p = 0.004) and validation set (p<0.001).





Conclusion

In this study, MMUS shows higher diagnostic efficiency than CUS. Ultrasound features such as L/S, blood flow type, mode of enhancement, type of enhancement are helpful in distinguishing benign and malignant lymphadenopathy. The addition of CEUS can greatly improve the sensitivity and specificity of ultrasonic diagnosis of malignant cervical lymph nodes. RTE score is of limited value in the diagnosis of malignant cervical lymph nodes.
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1 Introduction

Cervical lymphadenopathy is a common group of diseases that occur in the head and neck. Referral patterns and treatment strategies are different for different types of lymphadenopathy. Accurate identification of lesion type is important for follow-up treatment and clinical management (1). However, most cervical lymph nodes lack specific clinical manifestations, and it is difficult to distinguish benign and malignant cervical lymphadenopathy by interrogation and physical examination (2).

In the diagnosis of lymphadenopathy, ultrasound is the preferred modality of examination (3, 4). Conventional ultrasonography (CUS) allows assessment of the size, border, margin, and internal echogenicity of lymph nodes, as well as obtaining information on blood flow in the major vessels within the lymph nodes by color Doppler flow imaging. Contrast-enhanced ultrasound (CEUS) can further reveal the small vessels as well as capillaries within the diseased lymph nodes, as well as identify areas of necrosis. Real-time elastography (RTE) can assess the stiffness (elastic modulus) of the lymph nodes. However, due to the diversity and complexity of cervical lymphadenopathy, the diagnostic value of various ultrasound features for the diagnosis of benign and malignant lymph nodes remains controversial. This makes it difficult for ultrasonographers to diagnose benign and malignant lymph nodes.

Therefore, we planned to collect and integrate various ultrasound features that may be associated with malignant lymph nodes and construct a multimodal ultrasound (MMUS) model to assess cervical lymph nodes by logistic regression analysis. The value of MMUS in diagnosing the benignity and malignancy of cervical lymph node disease was determined by comparing it with CUS. The purpose of our study was to reduce the difficulty of diagnosing benign and malignant lymph nodes by ultrasonographers.




2 Materials and methods



2.1 Patients

This retrospective study was approved by the institutional review board of Hangzhou Red Cross Hospital. The requirement for the patients’ informed consent was waived. All enrolled patients underwent core-needle biopsy (CNB) between March 2020 and October 2022 at the Department of Ultrasound, Chest Hospital, Zhejiang University School of Medicine. In this study, pathological or pathogenic findings in the cervical lymph nodes were used as the gold standard for diagnosis. Inclusion criteria were as follows: (1) Patients with complaints of enlarged lymph nodes in the neck. (2) All patients underwent core-needle biopsy. (3) All patients underwent CUS, RTE and CEUS within 24h before the biopsy. Exclusion criteria were as follows: (1) Patients who cannot be diagnosed by pathological or etiological findings. (2) Poor image quality or image data loss. (3) Incomplete clinical data. (4) Received radiotherapy or chemotherapy.

All enrolled patients were divided into a training set and a validation set according to the time of diagnosis. Patients enrolled from January 2021 to October 2022 are included in the training set. Patients enrolled from March 2020 to January 2021 are included in the validation set. The relevant flow chart is shown in Figure 1.




Figure 1 | Flowchart of 169 lymph nodes included in the study.






2.2 Ultrasound examination

An iU22 diagnostic ultrasound instrument (Philips Healthcare, Bothell) with L12-5 and L9-3 probes, corresponding to 5-12 MHz and 3-9 MHz, respectively, was used. patients were placed in a supine position with the neck fully exposed. The cervical lymph nodes were then scanned. Ultrasound characteristic data of the lymph nodes, such as lymph node size, borders, morphology, internal echogenicity and corticomedullary demarcation, were recorded on the largest longitudinal and transverse sections. The flow types of lymph nodes were also recorded by color Doppler flow imaging, and we classified the flow types of lymph nodes as central, avascular or spot flow, peripheral, and mixed (4–6). Where the central type is defined as vessels located mainly in the central location of the lymph node, with branching vessels disperse to the periphery. The avascular or spot flow type is defined as no blood flow signal is detected in the lymph node or a small amount of spot flow signal can be detected, the peripheral type is defined as the vascular signal of the lymph node travels along the edge of the lymph node, and the mixed type is defined as the presence of both peripheral and central blood flow.

RTE is performed by manual rhythmic compression of the lymph nodes in the vertical direction using the same equipment and probe. The elastogram is examined in dual mode on the screen in parallel with the real-time B-mode image. Bring the surrounding adipose tissue with lymph nodes into the region of interest (ROI). Real-time tissue elasticity was recorded with color charts. RTE assessment was performed referring to the protocol described by Tanaka et al, using a simplified quadruple scale for each lymph node to score RTE based on the proportional distribution of hard (blue areas) and soft (green areas) areas in the examined lymph nodes (7). The quadruple scale is shown in Table 1.


Table 1 | Four subscales of real-time elastography(RTE) score.



CEUS examination with low mechanical index (0.06) pulsed reverse harmonic imaging and the sulfur hexafluoride microbubble ultrasound contrast agent SonoVue (Bracco SpA, Milan, Italy) was used for patient examination. After intravenous injection of 2.4 ml of contrast agent, lymph node enhancement was dynamically observed and continuously observed for 2 minutes. The images were stored on the hard disk of the instrument, and the enhancement mode of each lymph node and the enhancement type at the time of peak were analyzed and recorded. We classified enhancement modality into centripetal and non-centripetal enhancement, and enhancement type at peak into homogeneous enhancement, asynchronous enhancement, beehive or divider enhancement, and rim-like enhancement (8–10). Homogeneous enhancement is defined as diffuse enhancement of the entire lymph node with uniform perfusion. Asynchronous enhancement is defined as diffuse enhancement of the entire lymph node but with heterogeneous perfusion. Beehive enhancement is defined as the presence of multiple non-enhancing areas within the lymph nodes in a foveal pattern. Divider enhancement is defined as the presence of multiple larger non-enhancing areas within the lymph node in a compartmentalized pattern. Rim-like enhancement is defined as lymph node circumferential enhancement with no central enhancement.




2.3 Core-needle biopsy

The puncture procedure was strictly adhered to the puncture protocol. After routine disinfection and spreading of the towel, local anesthesia was administered subcutaneously with 2% lidocaine at the puncture site. A Bard automatic puncture biopsy gun (Carvington, USA), 18G, with a sampling length of 2.0 cm, was used for real-time ultrasound-guided puncture biopsy. The tissue strips obtained by puncture were fixed with 10% formaldehyde and sent to the pathology department for examination. Generally, 1 to 3 stitches were punctured, and the pathologist was on site to observe whether the material was taken satisfactorily. Tissue strip samples are shown in Figure 2. To prevent puncture complications, all patients were observed for 30 min after puncture was completed.




Figure 2 | (A, B) show a lymph node was punctured twice by an 18G core-needle (arrowheads). (C, D) show two punctured tissue strips.






2.4 Data processing

The information of patients’ age, gender, clinical diagnosis, and ultrasound reports were removed, and only the corresponding ultrasound imaging data (including CUS, CEUS, and RTE) were retained. The data were then randomly numbered, and two sonographers (JH T and PJ C) observed the data and recorded the ultrasound imaging characteristics of each data separately. After completing the above operation, the observation results of both of them were compared, and the imaging data with inconsistent observation results were given to a senior (more than 20 years of experience) sonographer (BP W) to review and give the final results.




2.5 Statistical analysis

Continuous data were expressed as mean ± standard deviation. Percentages and composition ratios were used to represent categorical parameters. Parametric data were compared using t-tests. Univariate analyses of categorical variables were compared using the chi-square test and Fisher’s exact test. A multivariate logistic regression analysis incorporating all the parameters in the training cohort was performed to establish the MMUS prediction model. At the same time, The CUS model was developed to compare the value of the MMUS model. The ability of the MMUS and CUS models to identify malignant lymph nodes was assessed using the area under the receiver operating characteristic curves (ROC). The method of DeLong et al. was used to compare the area under curve(AUC). The Youden index was applied to determine the optimal cut-off point for the logistic regression model. All statistical analysis was performed using R 3.4.3 software package. p<0.05 was considered to be statistically significant.





3 Results

After applying the following inclusion and exclusion criteria, 169 enrolled patients were divided into a training set (132 patients) and a validation set (37 patients). The ultrasound characteristics of all patients in the training set were shown in Tables 2, 3. Of the 132 patients, 74 patients (male to female ratio 30:44; Mean age 42.7 ± 18.7 years) had benign lymph node lesions, 58 cases (male to female ratio 43:15; Mean age 59.5 ± 16.3 years) with malignant lymphadenopathy. There were significant differences in age and gender between the two groups (p< 0.001).


Table 2 | Pathological results of the enrolled lymph nodes.




Table 3 | Comparisons of multimodal ultrasound  (MMUS) characteristic parameters of the cervical lymph nodes.



In univariate analysis, the following imaging characteristics showed significant associations with malignancy compared with benign lymphadenopathy: Length to short diameter ratio(L/S)(p<0.001), border(p=0.011), margin(p=0.022), hilus(p=0.002), demarcation of the cortex and medulla (p<0.001), blood flow type(p<0.001), enhancement mode(p<0.001), enhancement type(p<0.001), and RTE score (p=0.024).

In the multivariate logistic regression analysis performed on the training set, four variables remained as the independent predictors in the MMUS model: L/S(OR = 0.140; 95% CI, 0.047-0.423; p<0.001), mixed blood flow(OR = 20.220; 95% CI, 2.224-183.825; p=0.008), centripetal enhancement mode (OR = 14.005; 95% CI, 3.711-52.858; p<0.001), rim-like enhancement type (OR = 0.124; 95% CI, 0.017-0.924; p = 0.042). Shown in Table 4. According to the regression coefficient, the prediction model with a statistical significance was constructed as follows:


Table 4 | Logistic regression analysis of relevant factor for cervical lymph nodes.



	

X1 indicates L/S; X2 indicates blood flow type (other = 0; mixed =1); X3 indicates enhancement mode (other = 0; centripetal = 1); X4 indicates enhancement type (other = 0; rim-like =1).

The AUC of the MMUS model was 0.891 (95% CI: 0.835-0.947) in the training set and 0.957 (95% CI: 0.903-1) in the validation set, both demonstrating a good discrimination. By maximizing the Youden index, the optimal cut-off value of the MMUS model was identified and applied to obtain the measurements of sensitivity, specificity in the training set. 0.483 was determined as the optimal cut-off value for the MMUS model, and the sensitivity and specificity were 81.0% and 85.1%, respectively.

We also calculated the AUC of CUS model for the diagnosis of malignant lymph nodes. Regarding the CUS model, the AUC was 0.763 (95% CI: 0.682-0.844) in the training set and 0.744 (95% CI: 0.582-0.905) in the validation set. The comparison of AUC demonstrated that the discriminative ability of the MMUS model was superior to using the CUS model, both in the training set(p = 0.004) and validation set (p<0.001). Figures 3, 4 shows the ROC curve of the CUS model and the MMUS model in the training set and validation set.




Figure 3 | Receiver operating characteristic(ROC) curve alignment of multimodal ultrasound(MMUS) model and conventional ultrasound(CUS) model in the training set. The area under the curve(AUC) values of MMUS is 0.891, the area under the curve(AUC) values of CUS is 0.763.






Figure 4 | ROC curve alignment of MMUS model and CUS model in the validation set. AUC values of MMUS model is 0.958, AUC values of CUS model is 0.744.






4 Discussion

The overlap between benign and malignant lymph nodes, both in terms of clinical presentation and imaging features, makes the diagnosis of malignant lymph nodes difficult on ultrasound (4, 11). Previous studies have shown that CUS alone cannot accurately differential diagnosis benign and malignant lymph nodes, and CEUS can help improve the accuracy of ultrasound diagnosis (9). In this study, we established a MMUS model by logistic regression analysis and compared it with CUS model, which confirmed that MMUS has higher diagnostic efficacy than CUS, and also found that the addition of RTE did not help to identify the benignity and malignancy of lymph nodes.

Among characteristics of CUS, L/S and blood flow type are related factors in the diagnosis of malignant lymph nodes. In recent years, a large number of studies have proved that L/S is an ultrasound index for the diagnosis of malignant lymph nodes, and the smaller the value of L/S, the lower the possibility of malignant lymph nodes (12–15). In addition, mixed blood flow can also help to diagnose malignant lymph nodes (14, 16). Tumor cells infiltrate lymph nodes and produce tumor angiogenesis factor (TAF) inside lymph nodes, causing the proliferation of peripheral blood vessels (6, 17–19). Mixed blood flow can help diagnose malignant lymph nodes in the early stage. Since the lymphatic portal vessel are not invaded in the early stage, mixed blood flow can be seen in malignant lymph nodes, but such manifestations will disappear in the later stage due to the destruction of tumor cells (6). In this study, we did not find an association between avascular or spot flow, peripheral flow and malignant lymph nodes. The invasion of tumor cells into the internal vessels of lymph nodes can lead to increased blood flow resistance in lymph nodes (20). Because color Doppler ultrasound cannot show the tiny, slow-flowing sinusoid vessels in the lymph nodes, malignant lymph nodes may show avascular or spot blood flow (4). In addition, when the internal lymph node necrosis occurs, there will also be avascular or spot blood flow, peripheral blood flow and other manifestations.

In univariate analysis, there was no significant difference in the presentation of benign and malignant lymph nodes in terms of lymph node fusion, absence of echogenicity, hyperechoic islands, and calcification (p > 0.05). The presence of hyperechoic islands in lymph nodes has been shown to be specific for metastatic lymph nodes, with a specificity of 77.8% for differentiating lymph node metastases from benign lymph nodes (11, 16). However, hyperechoic islands are usually associated with papillary thyroid cancer metastases and their presence is uncommon in practice; only 7.2% (2/24) of metastatic lymph nodes in this study had hyperechoic islands in them (11).

CUS can help identify the benignity and malignancy of lymph nodes, but does not fully reflect the characteristics of malignant lymph nodes. Similarly, color Doppler flow imaging has limitations in detecting low-velocity blood flow and cannot fully assess the internal blood supply of lymph nodes. Compared with CUS, CEUS can detect tissue necrosis with higher sensitivity and show the internal blood perfusion of lymph nodes.

As qualitative characteristics of CEUS, both centripetal enhancement and rim-like enhancement can be used to differentially diagnose benign and malignant lymph nodes (9). Centripetal enhancement is an independent risk factor for the diagnosis of malignant lymph nodes. Pathological studies have shown that the vessels of normal lymph nodes enter by lymphatic portals and spread in all directions. In contrast, tumor cells reach the periphery of the lymph node through the afferent lymphatics, proliferate and generate new vessels (5, 6). Current studies suggest that the abnormal blood supply to malignant lymph nodes is responsible for the centripetal enhancement (16, 21). Circumferential enhancement as an independent protective factor for malignant lymph nodes is more commonly seen in benign lymph nodes. Perfusion defects are often associated with the development of necrosis within the lymph nodes, which occurs in both malignant and benign lymph nodes (9). The types of beehive, divider, and rim-like enhancement represent different stages of lymph node necrosis, and as the disease progresses the type of enhancement in the diseased lymph node changes from beehive to rim-like enhancement until the onset of rupture (22). In the present study, 62.5% (15/24) of lymph node nodules showed necrosis, which was higher than 34.8% (15/43) of metastatic lymph nodes, and no necrosis was seen in lymphomas. In addition to this, of the 18 lymph nodes with rim-like enhancement, only 3 were metastatic lymph nodes and the remaining 15 were benign lymph nodes (12 lymph node tuberculosis, 2 reactive lymph nodes and 1 cat-scratch disease). It has been shown that necrosis within benign lymphadenopathy is more pronounced than in malignant lymph nodes (23). For beehive or divider enhancement as well as asynchronous enhancement, we did not find a correlation between these signs and malignant lymph nodes in the present study (p > 0.05). It has been suggested that asynchronous enhancement may be associated with metastatic lymph nodes, where tumor cells reach the lymph nodes via lymphatic vessels and form confined tumor colonies causing the manifestation of heterogeneous enhancement in the lymph nodes, but related studies also found that the diagnostic sensitivity and specificity of asynchronous enhancement were unsatisfactory, 64.6% and 64.8%, respectively (16, 21). Therefore, the potential of asynchronous enhancement needs to be further evaluated.

Although the RTE scores of benign and malignant lymph nodes were significantly different in the univariate analysis, we found that the inclusion of RTE scores did not change the diagnostic efficacy of the multimodal ultrasound model. The RTE scores in diagnosing benign and malignant cervical lymph nodes was not significant (12). In our study, the mean RTE score for benign lymph nodes was 3 (median(2, 4)), which indicates that the overall stiffness of benign lymph nodes was stiff. The increased stiffness of malignant lymph nodes is thought to be the result of tumor cell infiltration and proliferation of mesenchymal cells (24). However, the hardness of lymph nodes also increases when calcification occurs in malignant lymph nodes and adhesions occur between the lesion and the surrounding tissue (25). Lymphomas tend to show low stiffness due to their homogeneous structure, which may produce false negative results (26, 27). Invasion of Mycobacterium tuberculosis into lymph nodes induces abnormal proliferation of lymphocytes, macrophages, and mesenchymal cells, forming granulomas. As the disease progresses, fibrosis, calcification, and adhesions to surrounding tissues occur, leading to increased lymph node stiffness (28, 29). Different depths of the lymph nodes also affect the stiffness values. Pressure and frequency perception of some deep lymph nodes (e.g., supraclavicular lymph nodes) will be affected due to signal attenuation (30). Therefore, RTE is not suitable for screening malignant lymph nodes in clinical practice.

This study has several limitations. First, the relatively limited sample size of this retrospective study resulted in too few positive cases for further analysis of features such as anechoic, hyperechoic, and strong echogenicity. Second, only some qualitative features in CUS, CEUS, and RTE were collected in this study. Qualitative parameters such as vascular flow velocity, vascular resistance index, peak attainment time of ultrasonography, peak intensity, and strain index in elastic ultrasound were not included in the study. Third, only patients with enlarged lymph nodes were included in this study, while patients with lymph nodes that did not exhibit enlargement did not participate in our study. Although the MMUS model has shown high accuracy in the validation set, more external studies are still needed to validate and support it. Prospective studies with larger sample sizes will be needed in the future to address the above issues.




5 Conclusion

MMUS, as an effective noninvasive adjunct in the evaluation of cervical lymphadenopathy, has high diagnostic efficacy in differentiating benign from malignant cervical lymph nodes and helps to avoid unnecessary biopsies. CEUS is extremely helpful in improving the sensitivity and specificity of ultrasound in the diagnosis of malignant lymph nodes. In contrast, RTE is of limited value in differentiating benign and malignant cervical lymph nodes.
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Introduction

Head and neck squamous cell carcinoma (HNSCC) patients suffer from frequent local recurrences that negatively impact on prognosis. Hence, distinguishing tumor and normal tissue is of clinical importance as it may improve the detection of residual tumor tissue in surgical resection margins and during imaging-based surgery planning. Differences in O2 consumption (OC) can be used to this aim, as they provide options for improved surgical, image-guided approaches.





Methods

In the present study, the potential of a fluorescent sensor foil-based technology to quantify OC in HNSCC was evaluated in an in vitro 3D model and in situ in patients. 





Results

In vitro measurements of OC using hypopharyngeal and esophageal cell lines allowed a specific detection of tumor cell spheroids embedded together with cancer-associated fibroblasts in type I collagen extracellular matrix down to a diameter of 440 µm. Pre-surgery in situ measurements were conducted with a handheld recording device and sensor foils with an oxygen permeable membrane and immobilized O2-reactive fluorescent dyes. Lateral tongue carcinoma and carcinoma of the floor of the mouth were chosen for analysis owing to their facilitated accessibility. OC was evaluated over a time span of 60 seconds and was significantly higher in tumor tissue compared to healthy mucosa in the vicinity of the tumor.





Discussion

Hence, OC quantification using fluorescent sensor foil-based technology is a relevant parameter for the differentiation of tumor tissue of the head and neck region and may support surgery planning.
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1 Introduction

Standard treatment of head and neck tumors is based on surgical therapy with adjuvant radio (chemo) therapy, if necessary (1–3). The prerequisite for surgical treatment is the resectability of the tumor in the absence of distant metastases, as cases staged M1 are preferably subjected to systemic treatment. In the context of surgical resection, complete removal of tumor tissue, typically with a minimum resection margin of 5 mm, is of considerable prognostic importance (4–6). Complete removal of the tumor is currently based on intraoperative evaluation by the surgeon and histopathological assessment of frozen sections taken intraoperatively. The assessment of the extent of resection is thus dependent on the experience of the respective surgeons and pathologists. Despite an assessment as R0 in the final histological report of intraoperative frozen sections (in sano, no residual tumor cells detectable), minimal residual disease (MRD) must be assumed based on the frequency of local relapses (7). Even in the case of an R0 resection, 10-30% of patients will be diagnosed with a local recurrence within less than three years after treatment. Therefore, additional tools for the assessment of resection margins are in great demand, which could help identifying residual tumor cell depositions in R0-resections and potentially prevent local recurrences (8). Additionally, taking tissue samples from the correct regions for frozen section diagnosis is also dependent on the expertise of the surgeon. An objectifiable imaging method that indicates possible residual tumor tissue in situ intraoperatively could result in a considerable facilitation in the decision of the extent of resection and thus in optimized therapy for the patient with a presumably better prognosis. This refers to both, a sufficient tumor resection and to an avoidance of unnecessarily large resection margins with the ensuing increase in morbidity.

Several aspects of tumor biology have been assessed as sources of markers to improve resection margin recognition. These include the antibody-mediated detection of tumor-associated antigens such as the epidermal growth factor receptor EGFR and the epithelial cell adhesion molecule EpCAM in combination with near-infrared dyes (9, 10). Confocal laser endomicroscopy, second and third harmonic generation, Raman spectroscopy, and other technologies are under evaluation to address differences in morphology and collagen distribution between normal and malignant tissue (11). Endomicroscopic methods can be combined with 5-aminolevulinic acid (5-ALA)-induced protoporphyrin IX (PPIX) fluorescence, which accumulates more strongly in tumors (12). A meta-analysis of the sensitivity and specificity of various methods of non-invasive imaging methods for oral cancers has been summarized recently by Mendonca et al. (13).

Alternatively, metabolic changes in malignant cells may be harnessed to differentiate normal and tumor areas. From the 1920’s on, the Warburg effect has been widely discussed as a major driving force in tumor initiation and progression. Tumor cells use aerobic glycolysis for ATP generation, despite the availability of oxygen and thus of the more efficient energy supply through mitochondrial oxidative phosphorylation (OXPHOS) (14). The Warburg effect is still to date of great interest to better understand tumor metabolism (15, 16). The description of the Warburg effect led over time to the deduction that mitochondria and OXPHOS play an inferior if any role in the energy consumption of tumor cells (17). It must however be noted that numerous malignancies with strongly proliferating cells are characterized by a high O2 consumption (OC), including HNSCC (18–20). Reports on an association of the OXPHOS pathway with a gene signature of recurrent oral squamous cell carcinoma (OSCC) support an important function of the OC in head and neck tumor and their progression (21). Consequently, genes associated with aerobic glycolysis and OXPHOS are both found up-regulated in malignant HNSCC cells with differences between classical and human papillomavirus (HPV)-associated tumors (19, 22).

High OC and insufficient re-oxygenation via a frequently leaky and poorly structured intratumoral neo-vasculature eventually result in oxygen depletion in tumor and surrounding tissues. This process enhances hypoxia along with the induction of transcription factors such as hypoxia inducible factors (HIFs) and the activation of signaling pathways. Hypoxia-related pathways impact numerous cellular functions such as apoptosis, necrosis, angiogenesis, the metastatic cascade via induction of epithelial-to-mesenchymal transition (EMT), and others (23–26). The knowledge of hypoxia markers has been used to assess surgical resection margins. Adjacent dysplastic tissue of HNSCC has shown an overexpression of hypoxia marker carbonic anhydrase 9 (CA IX), indicating high OC and insufficient O2 replenishment not only in the tumor tissue itself, but also in dysplastically altered surrounding tissue (27). High-grade dysplasia often occurs in peritumoral areas of HNSCC in the sense of field cancerization. Even though not yet invasively growing, these dysplasia need to be completely surgically removed due to the risk of the development of malignancy (28, 29). The fact that not only intratumoral, but also dysplastically altered peritumoral areas show signs of high OC and resulting hypoxia underlines the importance of adequate resection margins and the relevance of OC as a tool to optimize tumor margin recognition. Even though methods like immunohistology can provide relevant information on the tumor and its surroundings, i.e. the tumor microenvironment (TME), these methods are invasive to the tissue and require time-consuming preparations of the respective tissue. Non-invasively evaluating tissue oxygenation and OC via methods like fluorescent sensor foil technology could therefore bring further benefits to tumor diagnostics.

From the perspective of clinical management of patients with solid tumors, hypoxia resulting from high OC and poor re-oxygenation is recognized as a negative factor regarding therapeutical options. Particularly with respect to poor response to radiotherapy, hypoxia in tumor tissue has been the subject of previous and current research (30, 31). Hypoxia in tumor tissue is associated with poorer overall survival and poorer locoregional recurrence control, among others in HNSCC (32).

Similarly, the presence of a small safety margin during tumor resection, i.e. removal of the tumor with little surrounding healthy tissue, is associated with poorer overall survival. Such so-called “close margins” are usually defined as a resection margin of less than five millimeters (8). Ettl et al. described a 5-year overall survival in patients with head and neck tumors of 78% with a resection margin greater than five millimeters, but of only 51.7% when the resection margin was less than five millimeters (8). It is therefore of utmost importance to be able to clearly define the boundary between tumor and healthy tissue, preferably already intraoperatively.

The aim of the present study was to establish a high-resolution measurement of OC in HNSCC patients using a fluorescent sensor foil technology. This technology has been used to assess oxygen content in chronic wounds (33). Furthermore, it has been used to monitor the perfusion of free flaps after reconstructive surgery (34). The focus of this project was a time-dependent, comparative evaluation of oxygen consumption in macroscopically normal and malignant tissue. Therefore, following a feasibility assessment in a 3D co-culture model of carcinoma cells and fibroblasts isolated from the periphery of HNSCCs, proof-of-concept measurements of OC were conducted in situ in six HNSCC patients.




2 Materials and methods



2.1 Cell lines and cell culture

FaDu (hypopharyngeal carcinoma) and Kyse30 cells (esophageal squamous cell carcinoma) used in this study were purchased from DSMZ (Braunschweig, Germany). Peritumoral fibroblasts (PtFs) were isolated from HNSCC patient biopsies from mucosa macroscopically free of cancer (35).

To create red fluorescent FaDu and Kyse30 cells, parental cells were transfected with the pCAG-ef1-mCherry plasmid and stable cell lines were created by drug selection with 1 µg/ml puromycin.

Cells were grown in T25 or T27 cell culture treated flasks (Sarstedt AG, Nümbrecht, Germany) in an incubator at 37°C, 5% CO2 and 100% humidity, and passaged 1:5 to 1:20 (FaDu, Kyse30) or 1:4 (NF8) two to three times weekly. Kyse30 cells were grown in RPMI 1640 with L-Glutamine (Gibco, Dublin, Ireland) supplemented with 10% FCS and 1% Penicillin/Streptomycin (final concentration: 100 µg/ml, Gibco, Dublin, Ireland). For FaDu cells, DMEM (Gibco, Dublin, Ireland) supplemented with 10% FCS (FBS Superior, Sigma Aldrich, St.Louis, USA) and 1% Penicillin/Streptomycin (final concentration: 100 µg/ml, Gibco, Dublin, Ireland) was used. NF8 cells were grown in Fibroblast Growth Medium 2 (FGM-2) (C-23220, PromoCell, Heidelberg, Germany) supplemented with Supplement Mix 2 (C-39325, PromoCell).




2.2 3D co-culture model

Spheroids from red fluorescent FaDu and Kyse30 cells were generated by seeding 1000-20.000 cells per well into BIOFLOAT 96-well U-bottom plates (F202003, faCellitate, Mannheim, Germany) and leaving the spheroids to form over 72 hours. Next, spheroids were embedded into a type I collagen matrix. First a layer of 250 µl type I collagen (diluted to 1.5 mg/ml in imaging medium (RPMI w/o phenol-red, 10% FBS, 1% Penicillin/Streptomycin), and 0.5% 1M NaOH) was pipetted into the inner well of an ibidi 35mm glass bottom dish (81218-200, Ibidi GmbH, Gräfelfing, Germany) and allowed to form a gel at 37°C for 30 minutes. Two to five spheroids were carefully placed on top of the collagen layer and covered with 200 µl type I collagen at 1.5 mg/ml mixed with 2x105 NF8 cells. After one hour at 37°C, 1.5 ml FGM was added, and the matrix-embedded co-culture was incubated over night at 37°C and 5% CO2.

For generating z-stacks of type I matrix-embedded spheroids, 10 µg/ml fluorescein (F6377, Sigma-Aldrich, St. Louis) was added to the 1.5 mg/ml collagen I solution. Z-stacks were acquired using the z-stack function of the LASX software and a Leica SP8 confocal laser scanning microscope using a 10x objective and the 488 nm laser for excitation of fluorescein and a 540 nm laser for excitation of mCherry.




2.3 In vitro OC measurements

Before OC measurement, FGM was replaced with 1.5 ml of above-mentioned imaging medium. Measurements were performed using the STOp-Q method, as described previously (36), including the VisiSens TD Mic (PreSens Precision Sensing Technology GmbH, Regensburg, Germany) readout unit for microscopic O2 imaging. Ibidi dishes containing the spheroids embedded in type I collagen and NF8 cells were inserted into 6-well plates to fit into the imaging apparatus. Microscopic images over the entire area containing the spheroids and collagen/cell matrix were acquired using the tile scan function of the LASX software and a Leica DMi8 widefield fluorescence microscope (Leica, Wetzlar, Germany). Images were acquired with a 5x objective in the TXR channel (Excitation: 560/40, Emission: 639/75) and phase contrast. After a one-hour equilibration at 37°C in the incubator containing the STOp-Q device, measurements were performed in 10 second intervals for one hour using an exposure time of 150 ms (Figure 1).




Figure 1 | Schematic representation of the in vitro 3D model. Tumor cell spheroids were embedded in type I collagen containing HNSCC patient-derived fibroblasts. Oxygen consumption was measured with a sensor foil and an LED/camera system and recorded using the VisiSens software.






2.4 Software, data analysis and statistics

Oxygen heatmaps for the in vitro measurements were exported from the VisiSens VS software after noise correction, which is conducted using a gaussian blur image filter with a kernel box size of 3*3 pixels on the processed delayered RGB image, and a 2*2 pixel software binning on the overall analyte image.

Microscopic images were processed by adjusting brightness/contrast, size and adding scale bars using Fiji (“FIJI Is Just ImageJ”) (37). Figures were generated using Inkscape (www.inkscape.org).




2.5 In vivo measurements

OC was measured in vivo in tumors of the head and neck area and macroscopically healthy tissue of patients that were treated at the department of otorhinolaryngology of the university hospital of LMU Munich. Six patients diagnosed with tumors of the head and neck area, four males and two females, were enrolled in this proof-of-concept study. Three patients suffered from lateral tongue carcinoma and three patients from carcinoma of the floor of the mouth. For detailed clinical and demographic parameters of all patients see Table 1. All examined tumors were HPV-negative tumors with a T-status ranging from T1 to T4. As a common risk factor, all patients smoked cigarettes and four of the six included patients drank alcohol daily. Two patients suffered from secondary carcinoma and had already undergone surgical tumor resection and adjuvant radiochemotherapy several years before. The macroscopically normal mucosa that was measured in conjunction with tumor areas for each patient were located several centimeters apart from the tumor areas. With measurements of lateral tongue carcinoma for example, normal mucosa was measured from the opposite side of the tongue. With measurements from the floor of the mouth, normal mucosa was measured either from a macroscopically healthy area from the floor of the mouth or – if the tumor consumed a large part of the floor of the mouth – from parts of the tongue.


Table 1 | Patient profiles, clinical characteristics of patients included into the study (n=6).



Measurements were performed either in an intraoperative setting before tumor biopsy/resection or preoperatively. All measurements were performed after detailed patient information and verbal and written consent of the patients. The project was in accordance with the ethical standards of the institutional ethics committee of the Medical faculty of the LMU Munich (project 20-244) and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards.

Luminescence imaging of oxygen was performed with the VisiSens 2D imaging System A1 (PreSens Precision Sensing Technology GmbH, Regensburg, Germany). The imaging setup including samples, sensor foil, and camera/lens is schematically depicted in results section. A handheld device to record the datasets and sensor foils for measuring oxygen consumption were used. The sensor foils were cut in adequate size and shape with sterile scissors (Fuhrmann GmbH, Bövingen 139, Munich, Germany), to fit on the respective regions of interest (tumor and healthy tissue). Data recording and evaluation was performed via the VisiSens AnalytiCal software (PreSens, Regensburg, Germany) provided with the systems.





3 Results



3.1 Discrimination of cancer cell spheroids and fibroblasts in a 3D in vitro co-culture model

In a comparison of esophageal and HNSCC cell lines comprising Kyse30, FaDu, Cal27, and Cal33, Kyse30 and FaDu showed the highest oxygen consumption rates (OCR) using the STOp-Q technology. Furthermore, high OCR for these two cell lines were confirmed using the Seahorse technology and were significantly higher than primary human nasal epithelial cells that served as normal controls (36). We opted for these two cell lines to provide optimal measurement conditions and thus allow for the highest sensitivity in the present 3D reconstruction model (Figure 1).

PtFs were used in the present model to incorporate peritumoral fibroblasts as a major cell type of non-malignant stromal cells and thereby mimic closely the situation in vivo. Tumor spheroids were visualized based on the constitutive expression of mCherry fluorescent protein following stable transfection (Figures 2A, B). To measure the thickness of the collagen matrix and the localization of tumor cell spheroids, the matrix was stained using fluorescein and z-stacks were acquired by confocal laser scanning microscopy. The total thickness of the matrix was approximately 2.5 mm, and the distance from the spheroid to the surface of the matrix was approximately 1.5 mm (Figure 2A, left panels).




Figure 2 | Oxygen consumption measurements in a 3D in vitro tumor model. (A) Z-stack of a FaDu mCherry expressing spheroid in a fluorescein labelled collagen I matrix. Left image represents side view, central and right images represent top view. Overlay of mCherry signal and phase contrast of a Kyse30 mCherry expressing spheroid within a collagen I and fibroblast (NF8) matrix are shown in the right panel. (B) Overlay of mCherry signal and phase contrast of FaDu/Kyse30 mCherry expressing spheroids within a collagen I and NF8 matrix. Spheroid diameters are indicated on the left (left panels). Oxygen heatmaps of the area shown in the microscopic images after 5 and 30 minutes of oxygen measurement (middle and right panels). Data of FaDu cells are depicted in the top row, data for Kyse30 cells in the bottom row. Arrowheads indicate the location of spheroids. Scale bars: 5 mm. Color bar indicating oxygen concentrations are shown on the right. Shown are representative images of n = 3 independent experiments performed with multiple spheroids for each cell line.



Oxygen measurements were performed over a time period of one hour in ten second intervals and with an exposure time of 150 ms using the STOp-Q technology (36). Oxygen heatmaps depicted in Figure 2B represent the oxygen concentration after 5 minutes and 30 minutes of measurement, respectively. FaDu cell spheroids embedded in type I collagen and PtF matrix were detected down to a diameter of 440 µm within 5 minutes of measurement. Smaller spheroids were not detected even after 30 minutes of measurement (Figure 2B; Figure S1). Under identical conditions, Kyse30 cell spheroids with a minimum diameter of 630 µm were detected after five minutes of measurement (Figure 2B; Figure S2). After 30 minutes also spheroids with a diameter of 440 µm were identified based on OC measurements (Figure S2).

In summary, STOp-Q-based OC measurements allowed the spatial discrimination of tumor cell spheroids from surrounding stromal fibroblasts in ECM. Hence, 3D tumor cell depositions in the sub-millimeter range were detected based on their oxygen consumption and could be distinguished from fibroblasts in a type I collagen-based matrix.




3.2 In situ OC measurement of tumor tissue and healthy mucosa in HNSCC patients

Measurement of OC was performed as described in detail in the Materials and Methods section for n = 6 HNSCC patients. The sensor foil placed on the sample surface contains a red fluorescent oxygen indicator dye, a stable green reference fluorescent dye, embedded in an oxygen-permeable and transparent membrane. The red indicator fluorescence decreases with increasing oxygen content, whereas the green fluorescence remains stable regardless of changes in oxygen content and serves as reference. The red-to-green fluorescence signal ratio informs about the oxygen content of tissue and in time dependence also about the OC. The detector unit is a small handheld USB-powered camera system with incorporated excitation LEDs and fluorescence filters. The excitation LEDs illuminate the respective sensor foil with blue light and excite the luminophores that are enclosed in the sensitive layer of the foil. Optical filters separate excitation and emission light. The sensor foils emit red and green signals (indicator signal and reference signal, respectively), which are collected in the wavelength-separated red and green channels of the RGB camera detector and stored in a RGB color image (Figures 3A, B).




Figure 3 | Oxygen consumption rate measurements in situ on HNSCC of the tongue and mouth. (A) Schematic of the VisiSens A1 detector camera connected to a laptop with the VisiSense software for image recording and evaluation. The handheld camera records the oxygen consumption rate measured by the sensor foil that is placed on the tissue (tumor and healthy mucosa). (B) Schematic of the measurement principle of the used sensor foils. The foil has two components: a sensitive layer with incorporated fluorescence dyes and a transparent support layer. The foil is placed on the tissue with the sensitive layer facing the tissue. Tissue oxygen and with it the OC are detected by a shift in the indicator fluorescence signal of the sensor foil. The reference dye fluorescence signal emits a steady signal. The excitation light derives from the detector camera. (C) Heatmaps of oxygen consumption of a representative patient showing measurements of healthy mucosa (upper image) and tumor (lower image). Note, that peripheral areas with continuously high O2 values are a result of fresh oxygen at the border of the handheld camera entering via the air and have been excluded from the measurements. Scale bars: 100 mm. (D) Example of in situ measurement of mucosa of the lateral tongue with the sensor foil and detecting camera.



Sensor foils were carefully applied to the regions of interest of all six HNSCC patients without pressure to avoid tissue hypoxia due to external application of pressure onto the tissue, but firmly enough to avoid fresh air – and with that, ambient oxygen – to reach the sensor foils while measuring. With such a setup, the camera creates an airtight seal, so that only the tissue oxygen consumption is measured without any replenishment from the surrounding oxygen. Due to the uneven surface of tumor tissue with possible exulcerations, the adhesion of the sensor foils and the contact of the handheld device with the sensor foils and the tissue underneath can be more difficult than with evenly flat mucosa. This might alter the measurements due to difficulties in creating an airtight seal. Therefore, areas where proper adhesion of the sensor foils was impossible were excluded from the measurements. In situ measurements were performed in three second intervals with a maximum measurement time of two minutes. Data recording and evaluation was performed via the VisiSens analytical software (PreSens, Regensburg, Germany) provided with the system.

The detector was placed on the O2 sensor foil, which was applied on the area of interest (i.e., normal mucosa or carcinoma areas). OC were measured in tumor and macroscopically normal mucosa of the tongue or floor of the mouth in all six patients. Figure 3D shows a representative picture of an in situ measurement of mucosa of the lateral tongue with the sensor foil and detecting camera. Oxygen heatmaps depicted in Figure 3C represent the oxygen consumption of healthy mucosa (upper panel) and tumor (lower panel) in one exemplary measurement of one of the six measured patients in this study. Heatmaps start with bright yellow colors, indicating a high oxygen content in the tissue. The darker the color of the heatmaps develop, the lower the oxygen content in the tissue gets over time, with deep blue colors at the end of the measurement indicating the lowest oxygen content of the measurement over time.

Quantified OC of tumor and healthy tissues were plotted against time and standardized to the initial O2 percentage (Figure 4). Both, healthy mucosa, and tumor areas showed a measurable consumption of oxygen within the time frame of the assessment. Oxygen partial pressure levels in normal mucosa gradually decreased over time and reached values below 5% air saturation (7.46 torr) after approx. 48 seconds on average. Oxygen levels in tumor areas dropped sharply to levels below 5% air saturation within 15 seconds of measurement on average and stayed at this low level throughout the remaining measurement time. Differences of OC between healthy mucosa and tumor areas were analyzed for statistical significance with a two-sample t-test assuming different variances. With a p-value of 0,01168221 at a time point of 15 seconds into the measurement and a p-value of 0,01623259 at a time point of 30 seconds into the measurement, the differences between OC in tumor tissue versus healthy tissue were significant. 60 seconds into the measurement, most of the readings leveled off, so that a stable oxygen partial pressure value was reached. Interestingly, at this time point, all oxygen consumption values had reached almost 100% for carcinomas, whereas values for normal mucosa as low as < 50% were observed in patient #1 (Figure 4). Of note, measurements of the two patients that had suffered from secondary carcinoma and had undergone adjuvant radiochemotherapy several years back showed the lowest OC at t15 in tumor tissue (patients 2 and 6), but not in healthy tissue. In accordance with all other measurements of tumor though, these two measurements eventually leveled off at 100% OC after 60 seconds, too. Hence, these relevant differences can only be seen early into the measurements. Not all measurements started at 100% O2 saturation. However, the intra-individual measurements of each patient showed repeatedly steady starting points of O2 saturation, be it at 100% or below. In addition, the measurements of tumor and healthy tissue in each patient had similar saturation starting points. We believe that the differences in starting O2 saturation has to do with external factors like the patients’ body temperature and others. To demonstrate the temporal reproducibility of the measurements, we performed measurements of healthy mucosa in one volunteer at different time points (t=0 as first measurement, t=5 after 5 minutes, t=15 after 15 minutes and t=30 after 30 minutes in total, see Figure 5). The volunteer did not eat or drink in between the measurements, nor did they talk excessively or were otherwise physically active.




Figure 4 | In vivo measurements of air saturation and OC-rates. Measurements of air saturation and oxygen consumption of normal mucosa und tumor tissue of six individual patients. (A) depicts the raw measurement points, meaning a drop in oxygen (y-axis) over a time span of 60 seconds (x-axis) of normal mucosa (left panels) and tumor (right panels). All depicted heatmaps represent the last measurement of each individual measurement. Areas with poor adhesion of the sensor foil to the tissue were excluded from the measurements. Note, that peripheral areas with continuously high O2 values are a result of fresh oxygen at the border of the handheld camera entering via the air and have been excluded from the measurements. Scale bars: 10 mm. (B) depicts the oc-rate (y-axis) of the same patients (normal mucosa: left panels, tumor tissue: right panels) over a time span of 60 seconds (x-axis). The OC-rate starts at 0, indicating no consumption of oxygen at the beginning of the measurement and ends at a maximum value of 100%, indicating that all available tissue oxygen of the respective region of interest (ROI) has been consumed. For clearer separation, measurements of normal mucosa and tumor tissue are separated by dotted lines. In summary, (B) depicts the conversion from the raw data of (A) into oxygen consumption over time.






Figure 5 | Standardized measurement of OC in healthy mucosa at different time points. T=0 as first measurement, t=5 after 5 minutes, t=15 after 15 minutes and t=30 after 30 minutes in total. Measurements were performed in a healthy volunteer in the same area of the tongue (anterior part of the lateral tongue). The volunteer did not eat or drink in between the measurements, nor did they talk excessively or were otherwise physically active. Time in seconds is shown on the x-axis, air saturation in per cent is shown on the y-axis. Every point on the diagram represents a measurement point at an interval of three seconds each. The heatmap in each diagram represents the ending point of the measurement after 60 seconds. Note, that peripheral areas with continuously high O2 values are a result of fresh oxygen at the border of the handheld camera entering via the air and have been excluded from the measurements. Scale bars: 10 mm.



In conclusion, significant differences of OC were detected in matched pairs of normal mucosae and HNSCC in situ.





4 Discussion

Physiological homeostasis of oxygen supply and consumption assures balanced metabolic rates. In tumor tissue, however, this homeostasis frequently gets out of balance and oxygen consumption exceeds the available supply. A high OCR, thus, can result in a hypoxic TME and tissue hypoxia (20). In solid tumors, hypoxia has been recognized as a negative prognostic factor regarding therapeutical options, particularly regarding radiotherapy (30, 31). Subpopulations of tumor cells can survive in hypoxic conditions and play a major, unfavorable role in resistance to irradiation (30). Hypoxic conditions in the TME occur in several solid tumors (38–40). For HNSCC, tumor hypoxia is associated with a poorer overall survival and poorer locoregional recurrence control (41). Upregulation of the transcription factor (TF) GATA binding protein 3 (GATA3) in HNSCC leads to an inhibition of degradation of the TF HIF-1α and thereby creates hypoxic conditions in the TME (41). As a counter-regulating mechanism observed in HNSCC, hypoxic conditions induce the upregulation of a nucleotide excision repair protein, DDB2 (damaged DNA binding protein), which represses the transcription and expression of HIF-1α and other markers of hypoxia (42).

Hence, not only can hypoxia be used as a potential target in cancer therapy, but the visualization of OCR as a sign of hypoxia is of great diagnostical and therapeutic interest. This notion is further supported by reports on the implication of OXPHOS in tumor recurrences in HNSCC (21) and as metabolic vulnerability in highly aggressive triple-negative breast cancer that fail to respond to chemotherapy (43). OXPHOS also represents an attractive target for therapeutic strategies targeting cancer stem cells, which may preferentially rely on this energy source, for example in ovarian cancers, therapy-resistant metastatic breast cancer, and others (44). However, to reliably distinguish malignant from healthy tissue using pO2, it is mandatory to perform measurements in situ with high spatiotemporal resolution. In contrast to systems based on electrodes or soluble sensors, immobilized O2-sensitive fluorophores - as used in this research project – are deemed more suitable for such application (45). Main advantages of a setup with sensor foils in combination with a handheld camera are (a) that no preparation or treatment of the tissue is required, (b) measurements can be performed in situ in a time frame of a few minutes, and (c) topological assessment with high resolution is obtained. Sensor foils with immobilized fluorophores can be safely used on skin and mucosa without the harm of possible toxicity of applying soluble sensors. Another advantage is the spatiotemporal resolution in the sub-millimeter range as shown in vitro in the 3D co-culture tumor model presented in this study. These measurements showed promising results with a detection of tumor cell spheroids with two cell lines that had shown high OCR in previous studies via the STOp-Q method down to a diameter of 440 µm. It must be noted that FaDu (hypopharynx) and Kyse30 (esophagus) differ in their original sub-localization from the primary tumors measured in vivo. Although differences in the actual size limit of detection between in vitro and in vivo settings might result partly from malignant cells of varying sub-localization, the choice of upper aerodigestive tract carcinoma cell lines with higher OCR enabled us to provide detection limits under optimized conditions. It must however be noted that altered detection limits may result with additional cell lines and, even more so, in situ. In the latter situation, measurements may by further hindered by saliva, topology, and accessibility. The measurement of oral cavity cancers was designed as a proof-of-concept study with easily accessible malignancies under non-surgical conditions. Future aims comprise the transfer of this technology to intraoperative measurements of residual tumor cells to provide optimized tools for R0 resections.

For the case of disseminated tumor cells in lymph nodes, isolated tumor cells (ITCs), micrometastases, and (macro)metastases are distinguished according to size. ITCs are regarded as metastatic lesions of less than 0.2 mm and are staged pN0. Micrometastases are 0.2-2.0 mm in size and are staged pN1mi, whereas macrometastases, also termed metastases, are larger than 2.0 mm. Assimilating these criteria for residual tumor cells in the vicinity of primary cancers, OC measurements using sensor foils would potentially allow the detection of micro-/and macrometastases and could therefore help eradicate these malignant clusters during surgical procedures (46).

In situ measurements on a small cohort of HNSCC patients corroborated our in vitro results and allowed a distinction of matched normal epithelia from cancer tissue via OC measurements over a time frame of few seconds (i.e., 15 s). To our knowledge, this is the first implementation of measurements of OC over a defined timeline of HNSCC in situ. Since pO2 is a metabolic parameter of high clinical and prognostic value, devices that allow standardized and easy measurement of this parameter could represent a significant benefit for patients. Based on the proof-of-concept described in the present study, tissue imaging via sensor foils with immobilized fluorophores qualifies as a potential diagnostic imaging tool due to its high spatiotemporal resolution of tumor aggregates at the micrometastasis size range. Such measurements can be easily integrated in an intraoperative workflow as a non-invasive, rapid procedure to facilitate decisions concerning surgical margins intraoperatively. This could result in a higher treatment safety for the individual patient in terms of sufficient resection margins. Further projecting into the future, OCR measurements might be used as planning tools to detect optimal surgical margins prior to surgery. If a spatial resolution in the micrometer range could be reliably reached in vivo, the surgeon might have support in resecting the respective tumor oncologically as safe as possible and functionally as beneficial as possible.

Limitations to this study are the small cohort size and heterogeneity of the tumor stages within the cohort. Larger cohorts of patient samples with different tumor stages (T1-T4 after TNM classification) could give more information on tumor stage-specific OC and could strengthen the theory of higher OC in tumor tissue with higher statistical impact. Another limitation to the application is the handling and adherence of the sensor foils. The foils are placed onto the tissue manually; after placing the sensor foil onto the tissue, the handheld camera is placed onto the sensor foil. An incorporation of the foil into the handheld camera would simplify the measurement process. Additionally, measuring oropharyngeal tissue is always accompanied by the possibility of saliva, mucus or blood being trapped between tissue and sensor foil and influencing the measurements. The areas of interest were tapped dry before applying the sensor foils, but this remains a possible source of error. Furthermore, it must be mentioned that the measurements of different patients showed different starting values of O2. This must be critically evaluated. Different tissue temperature or moisture may alter the onset of the measurement. The standardized measurement of healthy mucosa at different time intervals in a volunteer as depicted in Figure 5 also shows a minimal change in the starting value of O2 in the last measurement at 30 minutes (90% at t=30 vs 100% at earlier time points). This might indicate a possible influence of a slight alteration in temperature of the tissue over time on pO2 measurement. In further experiments, possible factors that could alter the measurements need to be thoroughly evaluated and considered. Since this was a proof-of-concept study, further experiments will also focus on improvements in the execution of the experiments in situ.

Two of the six patients included in this study had undergone radiochemotherapy several years back for the treatment of oropharyngeal carcinoma. These two patients showed the lowest OC in tumor tissue of all patients at early time points of measurement. This is in line with previous studies that described differences in oxygenation of irradiated compared to non-irradiated skin. Auerswald et al. showed significantly decreased oxygen levels of chronic wounds of irradiated human skin in vivo compared to intact, non-irradiated skin (33). Therefore, a time-dependent measurement of oxygen consumption may provide information on the behavior of not only tumor tissue but generally on tissue that has undergone extensive treatment like radiotherapy.




5 Conclusion

In this project, we present an approach to distinguish tumor tissue of the head and neck area from healthy tissue via measurements of the oxygen consumption (OC). In an in vitro model, we performed a detection of tumor cell spheroids in a type I collagen matrix containing stromal cells down to a diameter of 440 µm with the STOp-Q-method, showing the high spatiotemporal resolution of this method. An in vivo proof-of-concept study concentrated on the distinction between matched healthy and tumor tissue of the head and neck area in oral cancers that were easily accessible in a pre- and intraoperative setting. We found a significantly higher OC in tumor tissue compared to macroscopically normal tissue. This approach harbors great clinical potential regarding an in vivo differentiation of normal and malignant tissue, especially with respect to resection margins.
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Supplementary Figure 1 | Oxygen measurements in a 3D in vitro tumor model with FaDu spheroids. Overlay of mCherry signal and phase contrast of FaDu mCherry expressing spheroids within a collagen I and NF8 matrix. Spheroid diameters are indicated on the left (left panels). Oxygen heatmaps of the area shown in the microscopic images after 5, 20 and 30 minutes of oxygen measurement (middle panels). Arrowheads indicate the location of spheroids. Scale bars: 5 mm. Color bar indicating oxygen concentrations on the right.

Supplementary Figure 2 | Oxygen measurements in a 3D in vitro tumor model with Kyse30 spheroids. Overlay of mCherry signal and phase contrast of Kyse30 mCherry expressing spheroids within a collagen I and NF8 matrix. Spheroid diameters are indicated on the left (left panels). Oxygen heatmaps of the area shown in the microscopic images after 5, 20 and 30 minutes of oxygen measurement (middle panels). Arrowheads indicate the location of spheroids. Scale bars: 5 mm. Color bar indicating oxygen concentrations on the right.
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Patients

Characteristics

Number
Age (median) 10-81(44)
Male 144 75.8
Female 46 24.2

ECOG performance status

0 57 30
1 113 59.5
2 20 10.5

UICC 2002 stage

I 16 8.4
1I 64 33.7

III 71 37.4
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No. of 10-y LRFS P 10-y NRFS P 10-y DMFS P 10-y 0S P

Characteristics

patients (C)] value (%) value (%) value (%) value
Sex
Female 16 95 95 83 75
0.67 0.97 0.047 0.128
Male 144 93 95 95 87
Age (y)
<30 22 91 95 80 77.3
30-65 154 95 0.56 96 071 83 0.056 812 0.001
265 14 96 86 59 429
T classification
T1-2 121 96.5 99 0.89 842
0.093 0.001 0.146 0.004
T3-4 69 905 88 0.82 66.7
N classification
NO 39 949 97 92 82.1
N1 69 942 98 89 79.7
0.867 0.003 0.021 0394
N2 70 943 95 85 77.1
N3 12 912 73 55 583
Concurrent chemotherapy
Yes 89 94 96 86 82
0.885 0.894 0.959 021
No 101 95 95 84 73
Anti-EGFR Mab treatement
Yes 81 96 96 81 86
0392 07 0.082 0756
No 109 93 95 90 82
Clinical stage
811 75 98 99 95 89
0.041 0.015 0.007 0.002

I-1v 115 92 92 80 70
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Variable No. of patients

Pattern of failure

Distant metastasis 25
Local and/or regional failures 18
Local failure alone 10
Regional failure alone 6
Local and regional failures 2
Distant and local/regional failures 4
Total 50
Cause of death
Distant metastasis 20
Local or regional failure 6
Radiation-related complications 11
Other malignant tumors 1
Non-cancer causes 2
Unknown causes 2
Total 42
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Populatiol Descriptiol

All screened All participants who sign the informed consent form.

Intent-to-treat All randomized participants whether or not the randomized intervention was administered.

(ITT) This population will be based on the study intervention to which the participant was randomized and will be the primary population for the analysis of
efficacy data.

Per-protocol All randomized participants completing at least two QoL questionnaires 6 months apart, as long as the study participant is disease-free.

Participants will be analyzed according to the intervention they actually received.
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Procedure/evaluation Randomization Continuous Months +6, +12, +18, +24

(up to 24 months from study entry) ( = 2 weeks)

Informed consent
Baseline evaluation
Randomization
Demographics

Concomitant medications and medical events review

Clinical data retrieval (stage, pathology, HPV status)

Physical/emotional/social monitoring apps e v
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QoL questionnaires

*for intervention arm only.
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Objective Endp

Primary

Secondary

To reduce the proportion of HNC subjects experiencing a
clinically meaningful deterioration of QoL between at least
2 visits during post-treatment follow-up.

To delay the time to the first clinically meaningful
deterioration of QoL between at least 2 visits during post-
treatment follow-up.

To reduce the proportion of HNC subjects experiencing a
clinically relevant deterioration in pre-specified QoL
domains between at least 2 visits during post-treatment
follow-up.

To reduce the proportion of HNC subjects experiencing a
clinically meaningful deterioration in pre-specified head
and neck cancer specific QoL domains between at least 2
visits during post-treatment follow-up.

To reduce the proportion of HNC subjects experiencing a
clinically meaningful deterioration in health status between
at least 2 visits during post-treatment follow-up.

The proportion of HNC survivors experiencing a clinically relevant deterioration in the global
health scale of the EORTC QLQ-C30 [decrease 210 points, as defined in (13,14)] within the study
observation (up to 24 months) period during post-treatment follow-up.

The time to first clinically relevant deterioration of EORTC QLQ-C30 global score [decrease 210
points, as defined in(13,14)] measured within the study observation (up to 24 months) period
during post-treatment follow-up.

The proportion of HNC survivors experiencing a clinically meaningful deterioration [as defined in
(13,14)] of pre-specified EORTC QLQ-C30 scales (emotional functioning, role functioning, sleep)
within the study observation (up to 24 months) period during post-treatment follow-up.

The proportion of HNC survivors experiencing a clinically relevant deterioration of pre-specified
EORTC QLQ-HN43 scales (swallowing, problems with teeth, problems opening mouth, speech,
social eating, fear of progression, emotional functioning, fatigue) within the study observation (up
to 24 months) period during post-treatment follow-up.

The proportion of HNC survivors experiencing a clinically meaningful deterioration [as defined in
(7)] of EQ-5D-5L domains (mobility, self-care, usual activities, pain/discomfort, anxiety/
depression) within the study observation (up to 24 months) period during post-treatment follow-
up
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Exploratory objec

To assess the association of clinically relevant variations in QoL [EORTC
QLQ-C30 and HN43 global scores (13, 14)] with disease recurrence and
survival in HNC survivors within the study observation (up to 24 months)
period during post-treatment follow-up.

To To analyze time-dependent variations of QoL (EORTC QLQ-C30 and
HN43 scores) within the study observation (up to 24 months) period during
post-treatment follow-up in HNC survivors assessing their association with
recurrence and survival.

To To analyze QoL scores (EORTC QLQ-C30 and HN43 scores) within the
study observation (up to 24 months) period during post-treatment follow-up
in nasopharyngeal cancer patients assessing their association with recurrence
and survival.

To reduce the proportion of HNC subjects experiencing a clinically
meaningful deterioration in pre-specified EORTC QLQ-HN43 scales (not
included in secondary endpoints) between at least 2 visits during post-
treatment follow-up.

For HNC survivors randomized in the BD4QoL platform group, using
artificial intelligence techniques to build models to predict a QoL
deterioration [EORTC QLQ-C30 and HN43 scores, EQ-5D-5L as defined in
(7, 13, 14)] between at least 2 visits during within the study observation (up
to 24 months) period during post-treatment follow-up.

To assess the association of clinically relevant variations of QoL [EORTC
QLQ-C30 and HN43 global scores (13, 14)] with self-efficacy for coping with
cancer in HNC survivors within the study observation (up to 24 months)
period during post-treatment follow-up.

To reduce the proportion of HNC subjects experiencing a clinically
meaningful deterioration of QoL between at least 2 visits during post-
treatment follow-up, stratifying according to patients completing treatment
within 12 months versus after 12 months.

To assess the economic impact on HNC survivor care and the viability,
usability, and trust of using the BD4QoL platform (Health Technology
Assessment, HTA).

Exploratory endpoint

Association of disease-free survival (DFS), event-free survival (EFS) and overall survival (OS)
with clinically relevant variations (either increase or decrease, as appropriate according to
scales) of EORTC QLQ-C30 and HN43 questionnaires, as defined in (13, 14).

Association of disease-free survival (DFS), event-free survival (EFS) and overall survival (OS)
with time-dependent clinically relevant variations (either increase or decrease, as appropriate
according to scales) of EORTC QLQ-C30 and HN43 questionnaires, as defined in (13, 14).

Association of disease-free survival (DFS), event-free survival (EFS) and overall survival (OS)
with clinically relevant variations (cither increase or decrease, as appropriate according to
scales) of EORTC QLQ-C30 and HN43 questionnaires, as defined in (13, 14), in
nasopharyngeal carcinoma patients.

The proportion of HNC survivors experiencing a clinically meaningful deterioration [as
defined in (13, 14)] of pre-specified EORTC QLQ-HN43 scales (pain in the mouth, problems
with senses, body image, dry mouth and sticky saliva, coughing, social contact, neurological
problems, sexuality, problems with shoulder, skin problems) within the study observation (up
to 24 months) period during post-treatment follow-up.

The association of all the health-related data recorded by the BD4QoL platform
Supplementary Material registered continuously within the study observation (up to 24
months) period during post-treatment follow-up with clinically relevant variations (either
increase or decrease, as appropriate according to scales) of EORTC QLQ-C30 and HN43
questionnaires, as defined in (7, 13, 14)

Association of clinically relevant variations (either increase or decrease, as appropriate
according to scales) of EORTC QLQ-C30 and HN43 questionnaires, as defined in (13, 14),
and self-efficacy for coping with cancer, defined as mean of the item scores at the CBI-B (11).

The proportion of HNC survivors experiencing a clinically meaningful global health-related
EORTC QLQ-C30 QoL deterioration [decrease 210 points, as defined in (13, 14)] within the
study observation (up to 24 months) period during post-treatment follow-up.

Stratification according to timing after study completion (less than 12 months versus more
than 12 months)

Incremental Cost-Effectiveness Ratio measured in €/QALY. Measures of viability, usability, and
trust.
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LRFS NRFS DMFS ©5

Characteristics HR (95%Cl) HR(95%Cl) P value HR (95%Cl) P value HR (95%Cl) P value
Sex

Male vs. female 1.25 (031 - 5.15) 0.75 1.28 (023 - 7.04) 0774 029 (0.7 - 13) 0.09 05 (02-12) 0.121
Age (y)

<30 vs. 30-65 vs. 265 8.1(0.5-19.1) 096 0214 (0.012 - 3.65) 028 0.21 (0.05 - 0.90) 001 3.1 (14-69) 0.005

T classification
7 T1-2 vs. T3-4 0.7 (0.1 - 4.2) 0.7 139 (171 - 52) 0.01 0.95 (0.38 - 2.4) 0.92 1.26 (0.53-3.01) 0.59
N classification
NO-1 vs. N2-3 0.13 (0.01 - 1.3) 0.08 3.01 (0.54 - 8.8) 021 0.74 (0.22 - 2.5) 0.62 0.82 (0.35-1.89) 0.63
Concurrent chemotherapy
Yes or No 0.6 (0.14 - 2.44) 0.47 0.326 (0.06 - 1.6) 0.171 0.62 (0.26 - 1.5) 0.28 0.42 (0.21-0.82) 0.01
Anti-EGFR Mab treatement
Yes or No 0.37 (0.08 - 1.66) 0.19 051 (0.10 - 2.49) 0.4 1.33 (0.57 - 3.1) 051 0.75 (0.4-1.41)) 038
Clinical stage

T+ vs. HI+IV 6.4 (1.81 -9.1) 0.02 48 (0.5 - 5.4) 0.96 39(1.3-114) 0.01 5.5 (1.57-13.9) 0.01
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Late complications

Grade I/lI Grade Il
Xerostomia 72 1
Hearing impairment 43 3
Subcutaneous fibrosis 63 10
Trismus 4 0
Temporal lobe necrosis 10 0
Cranial nerve palsies 34 0
Eyeball damage 22 0
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Variable

Preablation
MD (mm) 5.37 £ 1.96 1239 +2.11 ‘ < 0.001
Volume (mm®) 79.89 + 82.04 624.75 + 238.05 <0.001
Postablation
[ MD (mm)
6 month 4.27 £ 1.62 6.98 +1.96 <0.001
12 month 3.81+123 5.06 £ 1.34 0.003
Volume (mm?)
6 month [ 39.78 + 52.31 146.40 £ 116.68 < 0.001
12 month 2339 +£22.35 55.30 + 54.39 0.004
Disappearance rate* 72 (59%) 4 (20%) 0.001
Disease progression* 2 (1.6%) 1 (5%) 0.368

Data are means + standard deviation. * Data presented as number.
PTG, papillary thyroid carcinoma; MD, maximum diameter.
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Variable

Complication ‘ 4 0.518
Hematoma 1
Hypocalcemia 0
Dysphonia 3

Disease progression ‘ 3 0.652
New tumors 1
LNMs 2

Data are expressed as number of findings. RFA, radiofrequency ablation.
DS, delayed surgery; LNM, lymph node metastasis.
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metastasis (+) (

Age(year)* 46.79 £ 9.69 49.15 + 8.58 0.274
Sex(Female/Male) 15/4 94/29 0.807
MD (mm)* 9.58 + 358 6.51 +2.57 0.002
Volume (mm?®)* 422.71 £ 322.27 159.61 £ 271.02 0.003
Location

right/lift 13/6 60/63 0.218

upper/middle/lower 6/6/7 27/36/60 0.560

deep/middle/shallow 2/8/9 19/38/66 0.660
Clustered calcifications(-/+) 7/12 96/27 <0.001

Data are the number of patients. *Data presented as Means + standard deviation and use t test. CCLN, central compartment lymph node; MD, maximum diameter.
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Pathway Descipti Impact alue
D-Glutamine and D-glutamate metabolism 2 0.618 2.58E-05
Alanine, aspartate and glutamate metabolism 2 0.276 0.013
Arginine biosynthesis 2 0.092 0.009
Steroid hormone biosynthesis 2 0.010 0.016
Glycerophospholipid metabolism 10 0.009 0.006
Purine metabolism 2 0 0.082
Aminoacyl-tRNA biosynthesis 2 0.081 0.040
Retinol metabolism 1 0.263 0.103
Glyoxylate and dicarboxylate metabolism 2 0.019 0.041
Note: (1) Pathway Description is the name of the channel; (2) Total: the number of metabolites identified in the pathway; (3) Impact: comprehensive importance score of the path, with a ‘
total score of 1; Calculated according to the relative position of metabolites in the pathway; (4) P-value: the result of significance test of the difference of this metabolite between two
samples.
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LysoPA(0:0/18:0)
LysoPA(0:0/18:2(9Z,127))
LysoPA(20:4(8Z,11Z,14Z,17Z)/0:0)
LPC(18:1)

LPC(16:0)
LPC(16:1(92)/0:0)
LPC(17:0)
LPC(22:4(7Z,10Z,13Z,16Z))
LPC(20:2(11Z,14Z))
PA(20:3(8Z,11Z,142)/0:0)
PA(20:4(5Z,8Z,11Z,14Z)/0:0)
PA(20:5(5Z,8Z,117,147,177)/0:0)
PC(14:0/0:0)
PC(16:0/0:0)
FA(18:1(0H3))
SM(d18:0/12:0)
L-Glutamate
L-Glutamine
Retinol
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(1) Ton mode: the mode of substance detection by mass spectrometer, which mainly includes pos (positive ion mode) and neg (negative ion mode); (2) Metabolite: the name of the
metabolite identified; (3) VIP_OPLS-DA: the VIP value of this metabolite in the OPLS-DA model between two groups; (4) FC (Y/ X): the differential expression multiple of the
metabolite between the two groups.X, the expression of this metabolite in the control group X; Y, the expression of this metabolite in experimental group Y; X as control; (5) P-value: the
result of significance test of the difference of this metabolite between two samples.
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Solid nodular diverticu-

lum

Air-contained
nodular diverticu-
lum

Liquid-containing nodular diverticu- Atypical diverticular
lum alters

Age (years)

245 21 18 | 2 [ 2

<45 9 11 4 1
Sex

Male 12 11 1 1

Female 18 18 5 2
(ml“:)"g iR 177 £12.1 112453 121%47 164+ 11
Location

The right 6 4 1 0

The left 24 25 5 3
With thyroid nodules

Yes 26 20 2 | 2

No 4 9 4 1
Serum calcium

Normal 27 27 3 3

Abnormal 3 2 3 0

‘ thyroid hormone and related antibody

Normal 24 27 2 2

Abnormal 6 2 4 1
Diagnostic method

Barium meal test | 27 26 6 3

Follow-up 3 3 0 0
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Training Test Training Test Training Test Training Test

group group group group group group group group

AUC 097 97.92 097 0.85 0.93 0.74 0.94 0.93
Accuracy (%) 093 91.30 88.00 67.92 88.57 7167 89.47 87.65
Sensitivity (%) 93.91 98.39 80.52 70.00 92.65 76.00 89.78 90.48
Specificity (%) 89.79 92.00 93.75 86.96 84.72 6857 88.68 77.78
Positive predictive value 91.04 88.68 100.00 8421 85.14 6333 95.35 93.44
(%)
Negative predictive value 88.46 87.50 76.19 58.82 92.42 80.00 77.05 70.00
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Variable Model 2 Model 3

non-MLN P HLN 2
(n=77) value (n=68)  value
Age(mean:SD) 413£119 49212, <0001 | 40.9+127 46.6£11.0 0.008 47.2410.6 492¢122 0196
Sex(n, %) 0.065 0.016 0693
Male 14 (29.2) 9(13.4) 13(27.1) 7(9.1) 6(8.3) 8(11.8)
Female 34 (70.8) 58(86.6) 35(72.9) 70(90.9) 66(91.7) 60(88.2)
Short diameter of lymph node(mm) 6423 58+ 1.1 0051 64+23 58+ 11 0.036 55406 5711 0.109
Long diameter of lymph node(mm) 9.0 + 4.1 8421 0366 9.0 4.1 7.8+21 0.029 7417 83+2.1 0.004
CT value of arterial phase 1182 + 845+ <0.001 1190 + 81.0 £ 189 <0.001 813 £ 185 86.6 + 0079
19.7 163 527 169
CT value of venous phase 1227 + 1147 £ 0.147 1238 + 101.8 + 204 <0.001 1029 + 19.9 1164 + <0.001
36.8 222 376 219
CT difference between venous phase and 4.5 + 30.5 302+ <0001 | 49%3L7 20.8 £ 147 <0.001 216 + 141 298+ 0.002
arterial phase 177 175
Shape 0594 0.033 0.009
Regular 36(75.0) 16(68.7) 37(77.1) 71(922) 66(91.7) 50(73.5)

Irregular 12(25.0) 21(31.3) 11(22.9) 6(7.8) 6(8.3) 18(26.5)
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Author

Schmidt et
al. (32)

Melissaridou
et al. (33)

Azharuddin
et al. (34)

Essid et al.
(48)

Basheer et al.
(47)

Hagemann et
al. (54)

Gorican et
al. (55)

Magan et al.
(56)

Kochanek et
al. (57)

NS, not studied.

Aim

To compare the effect
of 2D and 3D culture
methods regarding
gene expression in
terms of cell
junctions, cell
adhesion, cell cycle,
and metabolism

To compare the effect
of 2D and 3D culture
methods on cell
proliferation,
response to
anticancer drugs, and
EMT profiles

To compare the effect
of 2D and 3D culture
methods regarding
chemoresistance

To compare the effect
of 2D and 3D culture
methods on EMT,
cancer stem cell, and
hypoxia markers

To compare the effect
of hypoxic and
normoxic culture
methods on HIF-lo—-
CCR7 correlation

To compare 2D and
3D methods as
chemotherapy and
radiotherapy testing
platforms

To evaluate a 3D
model as a therapy
testing platform

To evaluate a 3D
model as
chemotherapy and
immunotherapy
testing platforms

To evaluate a 3D
model as a
chemotherapy testing
platform

Drug
Stimulant

NS

-Cetuximab
-Cisplatin

-Cisplatin
-Doxorubicin
-Methotrexate

Hypoxia 1%
O, chamber
(monolayer)

Hypoxia, low
O, or CoCl,
to

cell culture
medium

-Cisplatin
-5-FU
-2-Gy
radiation

All-trans
retinoic acid
(ATRA)

-Cisplatin
-Cetuximab

-Doxorubicin

Culture Model Design and Components

Single vs.
Multicellular
Cultures

Single

Single

Tri-culture
(cancer cells)

Single

Multicellular

Single

Single

Two-culture

Single

Primary
vs. Cell
Lines

Primary:
NS

Cell lines:
- FaDu
-HLaC78
-Hep-2
-Hep-2-Tax
-HLaC79
-HLaC79-
Tax
-HPaC79
-HSmC78
-CAL-27
-PE/CA-
PJ41
-SCC4
-HNO210
Primary:
NS

Cell lines:
-LK0858B
-LK0902
-LK0917
-LK1108
-LK1122

Primary:
NS

Cell lines:
-LK0902
-LK0917
-LK1108

Primary:
NS

Cell lines:
-CAL-33

Primary:
NS

Cell lines:
-08C-19
-FaDu
-SCC-4
-A-253
-Detroit-
562
Primary:
-Tumor
biopsy
from H&N
squamous
cell
carcinoma
Cell lines:
-CAL-27
-FaDu
-PiCa

Primary:
NS

Cell lines:
-FaDu

Primary:
Patient-
derived
cancer-
associated
fibroblasts
Cell lines:
-LK0902
-LK0917
-LK1108

Primary:
NS

Cell lines:
-FaDu
-CAL-27
-CAL-33
-08C-19
-Detroit-
562
-BIRC-56
-PCI-13
-PCI-52
-UM-SCC-
1

UM-22B
-SCC-9
-HET-1A

2D vs.  Hypoxic
3D Cues

Geometry

2D: NS
Monolayer
control

3D:

Forced

floating

method

2D: NS
Monolayer
control

3D:

Forced

floating

method

2D: NS
Monolayer
control

3D:

Forced

floating

method

2D: v
Monolayer
control

3D:

Forced

floating

method

2D: v
Monolayer
control

3D:

Spheroid
formation

Not specified

2D: NS
Monolayer
control

3D:

-Forced

floating and
-Hanging

drop

methods

2D: NS
NS

3D:

Forced

floating

method

2D:

NS

3D:
Forced
floating
method

2D: NS
NS

3D:

Forced

floating

method

Analytic
Outputs

-RNA extraction
-RNA quality control
-Microarray analysis
-Real-time PCR
-Scanning electron
microscopy

-Clonogenic assay
-Tunel staining
~CellTiter 96®
Proliferation Assay
-Western blotting
-RT-qPCR

~CellTiter 96°
Proliferation Assay
-Live-cell imaging
calcein-AM

-Ros DCFDA assay
-Flow cytometry

-Clonogenic assay
-Western blotting
-Immunofluorescence
staining

-RT-PCR

-Immunofluorescence
staining
-Immunoblotting
-Flow cytometry

-WST-8 assay
-ELISA

-Immunofluorescence
staining

-qPCR

-Flow cytometry
-Western blotting
-HTS

-Immunofluorescence
staining

-TUNEL assay
-RT-qPCR

- CellTiter 96®
Proliferation Assay

-Immunofluorescence
staining

-Widefield
microscopy
-LIVE/DEAD staining
-Proliferation assay
-Mitochondrial mass
and membrane
potential assay

Main Findings

-Spheroid tight formation
was dependent on the
upregulation of E-
cadherin (cell adhesion)
and downregulation of
Ki67 (cell proliferation) in
comparison to monolayer
controls

-Spheroids presented a
cancer stem cell-like
phenotype (upregulation
of EMT-associated
proteins).

-Drug effects were
significantly different on
spheroids compared to
monolayer control.

-Drug vulnerability and
potential chemoresistance
was predicted by
analyzing efflux pump
(ABC pump) activities.
-Comparative response of
multidrug resistance, drug
efflux capability, and
reactive oxygen species on
treated cells.

-Serum in media was
reported to revert EMT,
cancer stem cell, and
hypoxia phenotype.
-Spheroids cultured under
hypoxia (1% O,) showed
increased carbonic
anhydrase IX, vimentin,
N-cadherin, glioma-
associated oncogene
homolog 1, and decreased
E-cadherin.

-HIF-10. expression
(hypoxia) was associated
with the expression of
CCR7 (migration
marker).

-Correlation between
HIF-1 oe and CCR7 was
noted in early histological
xenograft cancer samples

-Forced floating method
was reported to be safer
and more reliable than
the hanging drop method.
-Proof-of-concept data
concerning spheroids as a
therapy screening
platform.

-Spheroid growth was
reduced after
chemoradiation
treatment. Significant
negative impact was
noted with the cisplatin +
radiation treatment
compared to cisplatin
alone.

-A new cancer stem cell-
enriched spheroid model
adaptable for HTS of
anticancer stem cell
compounds

-ATRA treatment was
reported to reduce cancer
stem cell markers.

-Cancer-associated
fibroblasts increased
cancer cell proliferation
and EGFR expression in
cocultured tumor
spheroid
“EGFR-overexpressed
spheroids showed
increased response toward
cetuximab after 72-h
exposure

-Ki67 overexpression was
noted in tumor cells
treated with cisplatin for
72h

-Cells at the outer layer of
the spheroid showed
higher drug uptake
compared to cores after
1-day exposure

-Spheroid morphology
was altered after 1-day
drug exposure
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Author

Tanaka et
al. (60)

Driehuis et
al. (61)

Zhao et al.
(77)

Burghartz
et al. (78)

Ayuso et al.
79

Tuomainen
et al. (80)

Young et al.
(81)

Lee et al.
(82)

Engelmann
et al. (83)

Aim Drug
Stimulant
To compare -Cisplatin
2D vs. 3D -Docetaxel
methods as a
chemotherapy
sensitivity
platform
To compare Photosensitizer
2D vs. 3D (binds EGFR)
methods asa  for
photodynamic  photodynamic
therapy testing therapy
platform
To compare  Cisplatin
2D vs. 3D
methods as
chemotherapy
screening and
a regenerative
platform
To compare NS
2D vs. 3D
methods as in
vitro support
model
To compare -AZD8055
2D vs. 3D (mTOR
methods as inhibitor)
dual drug- -Cetuximab
screening (Erbitux)
platform
To compare -EGFR
2D vs. 3D (gefitinib,
methods as a erlotinib,
drug- cetuximab,
screening canertinib, and
platform afatinib)
-MEK
(trametinib,
TAK-733,
selumetinib,
refametinib,
pimasertib, and
binimetinib)
-mTOR
(temsirolimus,
sirolimus,
ridaforolimus,
PF-04691502,
omipalisib,
everolimus,
dactolisib, and
apitolisib)
To compare 5 or 10 Gray
2D vs. 3D
methods as
radiotherapy-
screening
platform
To compare -Cisplatin
2D vs 3D -Docetaxel
methods as
chemotherapy
testing
platform
To compare 2 Gray
HPV-
associated
organotypic
explants as
radiotherapy
testing
platform

S, not studied.

Culture Model Design and Components

Single vs.
Multicellular
Cultures

Single

Single

Single

Single

Two-culture

Single

Two-culture

Two-culture

Multicellular

Primary 2D vs. 3D Hypoxic
Cues

vs. Cell
Lines

Primary:
-Tumor
biopsy
from H&N
squamous
cell
carcinoma
Cell lines:
-MDA-
HN2016-2
-MDA-
HN2016-18
-MDA-
HN2016-21
Primary:
-Tumor
biopsy
from H&N
squamous
cell
carcinoma
Cell lines:

- UM-SCC-
14C
-CRL-1555
-human
cervical
carcinoma
cell line
HeLa
(CCL-2)
-human
embryonal
kidney cell
line
HEK293T
(CRL-3216)
Primary:
-Patient-
derived
tongue
squamous
cell
carcinoma
and cancer-
associated
fibroblasts
Cell lines:
-CAL-27

Primary:
Human
salivary
gland
epithelial
cells

Cell lines:
-CAL-27
Primary:
-Patient-
derived
cancer-
associated
fibroblasts
Cell lines:
-UM-SCC-
1
-UM-SCC-
47

Primary:
NS

Cell lines:
-UT-SCC-8
-UT-SCC-
14
-UT-SCC-
24A
-UT-SCC-
24B
-UT-SCC-
28
-UT-SCC-
42A
-UT-SCC-
42B
-UT-SCC-
40
-UT-SCC-
44
-UT-SCC-
73
-UT-SCC-
81
-T-SCC-
106A
Primary:
-Patient-
derived
Cancer-
associated
fibroblasts
Cell lines:
-CAL-27

Primary:
~Tumor
biopsy/
explants
from H&N
squamous
cell
carcinoma
Cell lines:
-N§

Primary:
-Tumor
biopsy/
explants
from H&N
squamous
cell
carcinoma
Cell lines:
-NS

Geometry

2D:
Monolayer
control

3D:

Forced floating
method and
then
transferred
into Matrigel®

2D:
Monolayer
control

3D:

Basement
Membrane
Extract type 2
(an ECM
mimetic agent)
in media

2D:
Monolayer
control

3D:
Decellularized
tongue
extracellular
matrix
From mice,
pig, and rat
collagen 1/
Matrigel®
matrix

2D:
Monolayer
control

3D:
Decellularized
porcine
jejunum
matrix

2D:
Monolayer
control

3D:
Spheroid
hanging drop
(cultured
without
fibroblasts)
3D collagen
hydrogel
(cultured
without
fibroblasts)

2D:
Monolayer
control

3D:

Matrigel® and
a leiomyoma-
derived matrix
“Myogel”

2D:
Monolayer
control

3D:

Tissue Roll for
the Analysis of
Cellular
Environment
and Response
(TRACER)
construct a
collagen gel
and cellulose
scaffold

2D:
Monolayer
control

3D:
Dissociated
epithelial cells
seeded on a
mixture of
solidified fibrin
glue and
tumor explants
2D:

NS

3D:

Dermal
equivalents
from viscose
fiber fabric
embedded
with fibroblast
for ECM
production
H&N
squamous cell
carcinoma as

tissue slices

NS

NS

NS

NS

NS

NS

NS

Analytic Outputs

-DNA extraction
-STR profiling
~Western blotting
-Clonogenic assay

-qPCR

-Flow cytometry
-Immunofluorescence
staining

-PDT assay

-Immunohistochemistry
and
immunofluorescence
staining

-Scanning electron
microscopy
-Transmission electron
microscopy

-Atomic force
microscopy

-DNA quantification
-Proteomic analysis
-MTT assay

-Scratch assay

-Immunofluorescence
staining

-Scanning electron
microscopy
-Transmission electron
microscopy

-Amylase Assay Kit
-RT-PCR

- CellTiter 96®
Proliferation Assay
-Immunofluorescence
staining

-Drug sensitivity and
resistance testing

- CellTiter 96®
Proliferation Assay
-Meta-analysis of
Clinical Data
-Immunoblot analysis

-MTT assay
-Immunofluorescence
staining

-Hypoxia (EF5) staining
~Live/Dead staining
~Cell migration
-Clonogenic assay

-Cell counting kit-8
(CCK-8)

-LIVE/DEAD assay
using

-LOX-1 a hypoxia probe

-H&E staining
-Immunohistochemical
staining
-Immunofluorescence
staining

-PCR

-Motility and
invasiveness analysis
-Cell viability,
proliferation, and
apoptosis assays

Main Findings

-Patient-derived
organotypic models were
useful as testing platforms
for chemotherapy agents.
-Seven 2D cell lines and 13
organoid cell lines
produced after this study
-Obtained cell lines
presented chemoresistance
cues as a tissue source

-Patient-derived
organotypic model had
similar EGFR expression as
a tissue source.

-These models were useful
as testing platforms for
EGFR-targeted therapy.

-3D scaffold derived from
tongue squamous cell
carcinoma as in vitro
culture support and
migration

-3D ECM-like platform for
drug testing
-Mouse-derived dECM
scaffold showed increased
cell adhesion, survival, and
differentiation compared to
control

-Cisplatin exposure data
showed the heterogeneity
of cisplatin response within
the muscle and basal layers
of the mouse-derived
dECM scaffold via cell
cytotoxicity and caspase 8
positive staining compared
to monolayer control.

-3D ECM:-like platform for
potential radiotherapy use
-Gene expression of -
amylase was higher in 3D
mono- and coculture
compared to 2D
monoculture

-3D ECM:-like platform as
coculture setup for drug
testing and EGFR pathway
analysis

-Cell cytotoxicity data
showed higher drug
resistance response in the
coculture (1.4-fold increase)
and 3D culture groups (2.6-
fold increase) compared to
2D monocultures

-3D ECM-like platform for
drug testing and pathway
analyses

-Cells seeded in Myogels
showed significantly lower
EGFR and MEK inhibition
activity

-Cells seeded in both
scaffolds showed a low
mTOR inhibition activity
in most of the cell lines

-3D ECM-like platform as
coculture setup for
radiotherapy and hypoxia
analysis

-Increased cell migration
and invasion of tumor-
stroma cocultures within
the layers of the tissue roll
construct

-No significant radiation
resistance of tumor-stroma
cocultures within the layers
of the tissue roll construct

~Tumor explants were
reported to present hypoxic
cues, and drug screening
sensitivity

~Tumor explants in fibrin
matrix survived over 10
days while those explants
without the matrix survived
less than 8 days

-3D ECM-like platform for
radiotherapy use
-Radioresistant tumor cells
and morphological
variations were noted after
5-day fractionated
irradiation exposure
-Tumor slices/explants in
dermal equivalents
remained viable for up to
21-day cultures
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Hattersley
et al. (49)

A dynamic
culture
method as
chemotherapy
screening
platform

Riley et al. A dynamic

(91) culture
method as
drug screening
platform

Al-Samadi
et al. (92)

A dynamic
culture
method as
drug screening
platform

Bower et al. A dynamic

(94) culture
method as
maintenance
platform

Lugo-
Cintron et
al. (95)

A dynamic
culture
method as
angiogenesis
platform

Sharafeldin
et al. (96)

A dynamic
culture
method as
biomarker
detection
platform

Jin et al.
(103)

A dynamic
culture
method as a
chemotherapy
screening
platform

NS, not studied.

Drug
Stimulant

-5-FU
-Cisplatin

-Etoposide
(topoisomerase
11 inhibitor)
-SP600125
(JNK inhibitor)

-PDL1
antibody
-IDO1
inhibitor

NS

NS

NS

-Paclitaxel
-Cisplatin
-5-FU

Culture Model Design and Components

Single vs.

Primary vs.

Multicellular ~ Cell Lines

Cultures

Single

Single

Single

Single

Two-culture

Single

Two-culture

Primary:
Patient-derived
H&N
squamous cell
carcinoma

Cell lines:

-N§

Primary:
Human
thyroid tissue
samples

Cell lines:
-NS

Primary:
Primary H&N
squamous cell
carcinomas,

T cells, B cells,
NK cells,
monocytes,
and dendritic
cells

Cell lines:
-HSC-3

Primary:
Human
biopsies of
laryngeal,
oropharyngeal,
or oral cavity
tumors staged
at T2-T4

Cell lines:

-NS

Primary:
Human tubular
lymphatic
vessels and
cancer-
associated
fibroblasts

Cell lines:
-HLEC2500
-HOrF2640

Primary:
NS

Cell lines:
-HN12
-HN13
-HN30
-CAL-27

Primary:
Patient-derived
tumor cells
from squamous
cell carcinoma
and salivary
gland adenoid
cystic
carcinoma
Cell lines:
-ACC-M
-UM-SCC-6
-HUVEC

2D vs.
3D
Geometry

2D:
Unexposed
control
Dynamic
flow

3D:
Multimicro
channels
Dynamic
flow
Syringe
pump

2D:
Unexposed
control
Dynamic
flow

3D:

Tissue
chamber
Dynamic
flow
Syringe
pump

2D:
Unexposed
control
Dynamic
flow

3D:
Chambers
coated with
ECM
substitute
Dynamic
flow
Unspecified
pump

2D:
Unexposed
control
Dynamic
flow

3D:

Biopsy
chamber
Dynamic
flow
Syringe
pump

2D:
Unexposed
control
Dynamic
flow

3D:
Collagen
hydrogel
adhesion
chamber
Dynamic
flow
Syringe
pump

2D:
Subtract
biomarker
control
signal

3D:

Sonic-
assisted
chemical
lysis
chambers
Dynamic
flow
peristaltic
micropump
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NS
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-Bottom
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an ECM
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Dynamic
flow
Double
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Hypoxic
Cues
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NS

NS
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NS

Analytic Outputs

-H&E staining

-Lactose dehydrogenase
release

-WST-1 metabolism
-Trypan blue
-Cytochrome C analysis

-Hematoxylin and eosin
-Flow cytometry
-Trypan blue
-Immunohistochemistry
staining

-Functional analysis

- Lactose dehydrogenase
release

-TUNEL assay
-Immunoblot analysis

~Migration assay
-Immunofluorescence
staining

- CellTiter 96®
Proliferation Assay
-Cell Trace kit

-H&E staining

-Trypan blue

-Flow cytometry

-MTS proliferation assay

-H&E staining
-Immunofluorescence
staining
-Immunohistochemistry
staining
-Proliferation assay
-Migration and
permeability assay
-RT-qPCR
-Multiphoton
microscopy

-Biomarker
quantification
(desmoglein 3, VEGF-A,
VEGE-C, B-Tub)

-Hoechst 33342 and
propidium iodide
-Immunofluorescence
staining

Main Findings

-Preclinical model for
personalized medicine and
testing

-H&E staining showed the
retention of multilayer
tissue strata

-Combination therapy
presented higher levels of
cytochrome C compared
to untreated control

-Preclinical model for
personalized medicine and
testing

-H&E staining showed the
retention of multilayer
tissue strata

-Thyroid biopsies were
considered functional due
to the production of T4
during the culture period
-Increased apoptosis on
thyroid samples after the
perfusion of both drugs in
comparison to untreated
control

-Preclinical organotypic
model for personalized
medicine and testing
-IDO 1 inhibitor
influences immune cell
migration to cancer cells
-Therapy response was
reported to be patient
dependent

-Patient-derived samples
were viable for 48 h after
placement in the
microfluidic chip

-No significance difference
concerning the average
proliferation of samples
pre- and postcultured in
the chip

-Preclinical organotypic
model for personalized
medicine and testing
-Cancer-associated
fibroblasts increased the
gene expression of
prolymphangiogenic
factors in the lymphatic-
like vessels

-Biomarker detection
model for cancer
metastasis diagnostic
-Limit of detection was
below 0.20 fg/ml of the
analyzed analyte in 20-
min evaluation

-Preclinical organotypic
model for personalized
medicine and testing
-High concentration of
drugs did not provide a
therapeutic effect as
HUVEC cells were killed.
A lower concentration was
recommended to provide a
therapy to kill cancer cells
(over 50% apoptosis) and
low HUVEC cytotoxicity
(over 50% viability)
-Therapy response was
reported to be patient
dependent concerning
different low drug
concentrations
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Patients with thyroid nodules underwent preoperatively thyroid ultrasound examination
from November 2020 and October 2021 (n=345)

Patients underwent subtotal or total thyroidectomy(n=325

Patients excluded(n=127) :

Benign thyroid nodules (n=121)

Thyroid metastatic carcinoma (n=1)
Follicular thyroid carcinoma (n=2)
Medullary thyroid carcinoma (n=1)
Undifferentiated thyroid carcinoma (n=2)

Pathological confirmed PTC(n=198)

Patients excluded (n=30) :

Poor image quality (n=17)

Incomplete clinical information (n=10)
Lesion size less than Smm (n=3)

Non-ETE patients (n=90)

ETE patients (n=78)
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Group Model C (95%Cl) Accuracy
Training set Rad-score 0.80 (0.71-0.89) 0.75 0.74
CUs 0.72 (0.62-0.81) 0.58 0.47 0.85
Clin + Rad-score 0.85(0.77-0.93) 0.84 0.89 0.72
CUS + Rad-score 0.83(0.75-0.91) 0.80 0.85 0.69
Clin + CUS + Rad-score 0.86(0.78-0.94) 0.80 0.78 0.85
Validation set Rad-score 0.77(0.61-0.92) 0.74 0.75 0.73
CuUs 0.80 (0.65-0.94) 0.71 0.70 0.73
Clin + Rad-score 0.82(0.69-0.94) 0.62 0.53 1.00
CUS + Rad-score 0.81(0.66-0.96) 0.74 0.70 0.91
Clin + CUS + Rad-score 0.85(0.74-0.96) 0.78 0.75 0.91

AUC, area under the curve;

I, confidence interval; Rad-score, radiomics score; Clin, Clinical; CUS, common ultrasound.
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Clinical information

Benign

Malign

Age (year) 57 (45, 67.5) 65.5 (54.75, 70) 0.093
Male/Female 13/26 50/42 0.044
Diameter (cm) 2.11 (1.28,2.77) 2.1 (1.35, 3.04) 0.678
Tumor history (N/Y) 33/6 49/43 0.001
CUS feature

i Boundary (clear/unclear) 31/8 54/38 0.038
Margin (well-defined/ill-defined) 24/15 34/58 0.016
Calcification (no calcification/calcification) 27/12 70/22 0.548
Shape (long/short diameter > 2/< 2) 21/18 22/70 0.002
Hilus (present/absent) 4/35 10/82 1.000
Structure (no cystic and hyperechoic nodule/cystic or hyperechoic nodule) 38/1 87/5 0.669
CUS-radiomics
Rad-score 0.64 (0.16,0.9) 1.08 (0.87,1.26) <0.001

CUS, conventional ultrasound.
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@ cteristic Training set Validation set P value

Age(year) 65 (51,70) 62 (52.25,68.75) 073

Diameter (cm) 2.11 (1.28,2.77) 2.19 (1.7,2.9)

Sex (%) 0.80
Male 63 (48%) 26 (45%)
Female 68 (52%) 32 (55%)

Location (%) 0.06
Left 74 (56%) 42 (72%)
Right 57 (44%) 16 (28%)

Tumor history 0.56
No 82 (63%) 33 (57%)
Yes 49 (37%) 25 (43%)

Pathology 017
Benign 39 (30%) 11 (19%)
Malignant 92 (70%) 47 (81%)

Boundary 0.12
Clear 85 (65%) 37 (64%)

| Unclear 46 (35%) 21 (36%)

Margin 0.19
Well-defined 58 (44%) 19 (33%)
1ll-defined 73 (56%) 39 (67%)

Calcification 0.99
No calcification 97 (74%) 43 (74%)
Calcification 34 (26%) 15 (26%)

Shape 061
Long/short diameter=>2 43 (33%) 22 (38%)
Long/short diameter<2 88 (67%) 36 (62%)

Hilus 0.71
Present 14 (11%) 8 (14%)
Absent 117 (89%) 50 (86%)

Structure 0.11
No cystic and hyperechoic nodule 125 (95%) 51 (88%)
Cystic or hyperechoic nodule 6 (5%) 7 (12%)

Rad-score 0.98 (0.71,1.19) 0.95 (0.77,1.15) 0.86

CUS, conventional ultrasound.
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Univariate

OR (95% ClI)

Characteristics

Multivariate

OR (95% CI)

Gender (Male vs Female) 1.882 (0.906-3.907) 0.090
Age of diagnosis (years) (<55 vs 255) ‘ 0.573 (0.257-1.279) : 0.174
Primary tumor size (cm) (<1 vs >1) 1.348 (0.748-2.429) 0.321
Multifocality (Absent vs Present) 1.317 (0.758-2.290) 0.329
ETE (Absent vs Present) [ 0.587 (0.312-1.104) 0.098
CLT (Absent vs Present) 5130 (2.892-9.099) <0.001 6.179 (3.365-11.343) <0.001
Clinical N stage (cNO vs cN1) 1.574 (0.689-3.598) 0.282
Pathological N stage (pNO vs pN1) 1.400 (0.815-2.405) 0.223
Number of pathological CmLN (<5 vs >5) 3.582 (1.571-8.167) 0.002 5.617 (2.292-13.768) ' <0.001

CLT, chronic lymphocytic thyroiditis; ETE, extra-thyroidal extension; CmLN, central neck metastatic lymph node.
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Characteristics cNO (n=286)  cN1 (n=31)

Gender
Male 56 (19.6%) 15 (48.4%) <0.001
Female 230 (80.4%) 16 (51.6%)

Age of diagnosis (years)

Median (range), year 43 (13-72) 37 (20-58) 0.004
<55 years 233 (81.5%) 29 (93.5%) 0.092
255 years 53 (18.5%) 2 (6.5%)

Tumor size (cm) 0.7 (0.2-1.5) 1.0 (0.5-1.5) 0.002
<0.5 70 (24.5%) 2 (6.5%) <0.001
>0.5 and <1 144 (50.3%) 18 (58.1%)
>1 and <1.5 72 (25.2%) 11 (35.4%)

Multifocality
Absent 122 (42.7%) 11 (35.5%) 0.442

Present 164 (57.3%) 20 (64.5%)

Extrathyroidal extension

Absent 203 (71.0%) 18 (58.1%) 0.137
Present 83 (29.0%) 13 (41.9%)

(elar
Absent 208 (72.7%) 25 (80.6%) 0.343
Present 78 (27.3%) 6 (19.4%)

Temporary VCP 2
Absent 282 (98.6%) 30 (96.8%) 0.404
Present 4 (1.4%) 1(3.2%)

Temporary Hypo-PT °
Absent 249 (87.1%) 31 (100%) 0.066
Present 37 (12.9%) 0 (0%)
Response-to-therapy ©
Excellent Response 227 (79.4%) 22 (71.0%) 0279

Non- Excellent Response 59 (20.6%) 9 (29.0%)

*No permanent VCP was found in any cases.

"No permanent hypoPT was found in any cases.

“Response to therapy based on the 2015 American Thyroid Association (ATA) management
guidelines for differentiated thyroid cancer patients treated with total thyroidectomy and RAI
remnant ablation.
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Characteristics Primary tumor size (cm) (n=286)

Group A <0.5 (n=70) Group B >0.5 and <1 (n=144) Group C >1 and <1.5 (n=72)

Gender
Male 11 (15.7%) 26 (18.1%) 19 (26.4%) 0671 0.155

Female 59 (84.3%) 118 (81.9%) 53 (73.6%)

Age of diagnosis (years)

Median (range), year 43 (23-69) 43 (23-72) 45 (13-66) 0.836 0.389
<55 years 55 (78.6%) 119 (82.6%) 59 (81.9%) 0.474 0.899
255 years 15 (21.4%) 25 (17.4%) 13 (18.1%)

Multifocality
Absent 27 (38.6%) 47 (32.6%) 48 (66.7%) 0.393 <0.001
Present 43 (61.4%) 97 (67.4%) 24 (33.3%)

Extrathyroidal extension

Absent 58 (82.9%) 101 (70.1%) 44 (61.1%) 0046 0.183
Present 12 (17.1%) 43 (29.9%) 28 (38.9%)

CLTe
Absent 47 (67.1%) 106 (73.6%) 55 (76.4%) 0325 0.659
Present 23 (32.9%) 38 (26.4%) 17 (23.6%)

Central lymph node metastasis

Absent (NO) 54 (77.1%) 74 (51.4%) 28 (38.9%) <0.001  0.083
Present (N1a) 16 (22.9%) 70 (48.6%) 44 (61.1%)

Number of CmLN
Median (range) 0(0-5) 0(0-18) 1(0-8) <0.001 | 0.105
<5 70 (100%) 139 (96.5%) 67 (93.1%) 0273% | 0423
>5 0 (0%) 5 (3.5%) 5 (6.9%)

Temporary VCP ?
Absent 70 (100%) 142 (98.6%) 70 (97.2%) 1.000° | 0.858°

Present 0 (0%) 2 (1.4%) 2 (2.8%)

I Temporary Hypo-PT ° )
Absent 59 (84.3%) 127 (88.2%) 63 (87.5%) 0426 | 0.882
Present 11 (15.7%) 17 (11.8%) 9 (12.5%)

Response-to-therapy ©

Excellent Response 54 (77.1%) 118 (81.9%) 55 (76.4%) 0.407 0.335

Non- Excellent Response | 16 (22.9%) 26 (18.1%) 17 (23.6%)

P1: P value of statistical analysis between group A and group B.

P2: P value of statistical analysis between group B and group C.

No permanent VCP was found in any cases.

®No permanent hypoPT was found in any cases.

“Response to therapy on the basis of the 2015 American Thyroid Association (ATA) management guidelines for differentiated thyroid cancer patients treated with total thyroidectomy and RAI
remnant ablation.

“Continuity correction”.

*Fisher’s exact test.

According to the Bonferroni correction test, P<0.025 (0.05/2) is defined as statistically different.
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Characteristics Total (n=317)

Gender
Male (22.4%) 71
Female (77.6%) 246

Age of diagnosis (years)

Median (range), year 43 (13-72)
<55 years (82.6%) 262
=55 years (17.4%) 55

Primary tumor size (cm)

<0.5 (22.7%) 72

>0.5 and <1 (51.1%) 162

>1 and <1.5 (26.2%) 83
Multifocality

Absent (42.0%) 133

Present (58.0%) 184
CLT

Absent (73.5%) 233

Present (26.5%) 84
ETE

Absent (69.7%) 221

Present (30.3%) 96

Postoperative complications

Absent (86.7%) 275
Temporary VCP (1.6%) 5
Permanent VCP (0.0%) 0
Temporary Hypo-PT (11.7%) 37
Permanent Hypo-PT (0.0%) 0

Clinical Node stage *°

cNO (90.2%) 286
cNla (2.2%) 7
cN1b (7.6%) 24

Pathological Node stage ?

pNO (48.9%) 155
pN1a (43.5%) 138
pN1b (7.6%) 24

ATA response-to-therapy categories °

Excellent Response (78.6%) 249
Biochemical Incomplete Response (0.3%) 1
Structural Incomplete Response (2.5%) 84
Indeterminate Response (18.6%) 59

ATA Risk stratification ©

Low Risk (48.9%) 155
Intermediate Risk (25.9%) 82
High Risk (25.2%) 80

*Tumor, node, metastasis (INM) classification system established by the American Joint
Commission on Cancer (AJCC; 2010, 7th edition).

PResponse to therapy according to the 2015 American Thyroid Association (ATA)
management guidelines for differentiated thyroid cancer patients treated with total
thyroidectomy and RAI remnant ablation.

“Risk stratification system according to the 2015 American Thyroid Association (ATA)
management guidelines for adult patients with thyroid nodules and differentiated thyroid cancer.
CLT, chronic lymphocytic thyroiditis; ETE, extra-thyroidal extension.

4Among these eight patients, recurrence was confirmed by reoperation in four patients, while
in other four patients, recurrence was highly suspicious by ultrasound examination but was
not proven by surgery or biopsy. In our study, recurrence was diagnosed if the lesion recurred
after 12 months of no evidence of disease, according to the guidelines of the Chinese Society of
Clinical Oncology (12).
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Characteristics

Number of patients
Age (year)
Mean (average + standard deviation)
Range
Sex
Female
Male
Histology, WHO type
1
I
I

Value

28
53+ 11

33-75

23

15
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Models

G

G+C
G+E
G+C+E
G+M
G+C+M
G+E+M
G+C+E+M
2

p2

ps

P4

ps

Ps

p7

Data in parentheses have 95% confidence intervals.

Accuracy %

78.9 (76.7-81.1)
83.8 (82.1-85.5)"
81.8 (79.0-84.6)
84.8 (82.3-87.3)
82.4 (81.7-83.1)*
86.2 (84.4-88.0)
82.5 (80.5-84.5)"
86.1 (85.5-86.7)**

0.264

0.145

0504

0.020"

0.099

0685

0342

Sensitivity %

77.5 (74.3-80.7)
80.4 (76.5-84.3
75.5 (69.7-81.3
79.8 (73.1-86.5
82.9 (81.5-84.3)"
86.9 (82.9-90.9)*
82 (79.2-84.8)
84.7 (83.6-85.8)"
0208

)
)
)
)

0362
0.894
0.017"
0.050
0.083
0.193

Specificity %

80.3 (78.5-82.1)
86.9 (86.0-87.8)**
87.6 (85.9-89.3)**
89.5 (87.0-92.0)**

81.9 (80.8-83.0)
85.6 (84.5-86.7)*

82.9 (80.4-85.4)
87.5 (86.3-88.7)**

0.501
0.254
0.099
0.196
0.087
0.013
0.193

PPV %

78.6 (76.6-80.6)
85.2 (84.5-85.9)**
85.0 (83.2-86.8)"
87.8 (85.8-89.8)"*
81.0 (80.1-81.9)
84.9 (84.0-85.8)"*
81.7 (79.5-83.9)
86.3 (85.2-87.4)*

0.889

0.083

0.045"

0.061

0.655

0.051

0255

NPV %

79.3 (76.8-81.8)
82.7 (80.0-85.4)
79.5 (75.6-83.4)
83.0 (78.7-87.3)
83.7 (82.6-84.8)
87.7 (84.5-90.9)*
83.2 (80.9-85.5)
86.0 (85.2-86.8)"
0.220
0.274
0.929
0.014"
0.051
0.143
0.205

AUC

0.825 (0.815-0.835)
0.909 (0.894-0.924)**
0.858 (0.844-0.872)*
0.906 (0.895-0.917)**
0.881 (0.870-0.892)*
0.918 (0.906-0.930)**
0.889 (0.880-0.898)*
0.928 (0.921-0.935)**

0.001"
0.002"
0.294
0.002"
0570
0215
0.284

US, ultrasound; G, grayscale ultrasound; C, color Doppler flow imaging; E, strain elastography; M, region of interest mask; AUC, area under the receiver operator characteristic curve; PPV,
positive predictive value; NPV, negative predictive value.
P1=G+Cvs. G+E p,=G+Evs. G+ C+E p3=G+Cvs.G+C+E ps=Gvs. G+ M,ps=G+Cvs. G+C+M,ps=G+Evs. G+E+M,p;=G+C+Evs. G+ C+E+ M.

The accuracy, sensitivity, specificity, PPV, NPV, and AUC of the DL-based multimodality was statistically compared to those of the DL-based single GSU.

*p< 0.05. **p<0.001. Tp-Values for statistical significance (<0.05).
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Radiologists

Accuracy %

First diagnosis without DL assistance

Senior

Junior

80.6 (77.2-84.0)*
72.7 (70.8-74.6)

Second diagnosis with DL assistance

Senior
Junior
)l
P2
ps
Pa
ps
Ps

Data in parentheses have 95% confidence intervals.

83.4 (80.9-85.9)**
80.2 (79.2-81.2)**
0.285
0.070
0.0411
0.856
0.491
0.106

Sensitivity %

79.5 (75.2-83.8)
73.5 (70.5-76.5)

82.9 (79.0-86.8)**
80.9 (77.9-83.9)*
0315
0.489
0.081
0411
0.465
0.446

Specificity %

81.7 (76.4-87.0)*
72.0 (69.8-74.2)

83.9 (80.0-87.8)**
79.5 (78.0-81.0)*
0.571
0.099
0.177
0.208
0.059
0.158

PPV %

80.5 (75.7-85.3)*
71.0 (69.2-72.8)

82.9 (79.5-86.3)**
78.6 (77.7-79.5)**
0.490
0.066
0.083
0.290
0.060
0.131

NPV %

81.1 (77.7-84.5)*
74.5 (72.2-76.8)

84.2 (81.2-87.2)**
81.8 (79.7-83.9)*
0.269
0.290
0.054
0.532
0.677
0.319

AUC

0.794 (0.758-0.830)*
0.720 (0.702-0.738)

0.822 (0.793-0.851)**
0.796 (0.786-0.806)**
0.141
0.465
0.512
0.019+
0.027+
0.010%

US, ultrasound; G, grayscale ultrasound; C, color Doppler flow imaging; E, strain elastography; M, region of interest mask; AUC, area under the receiver operator characteristic curve; PPV,
positive predictive value; NPV, negative predictive value.
p\ = (senior diagnosis standalone vs. senior diagnosis with DL assistance), p, = (junior diagnosis with DL assistance vs. senior diagnosis with DL assistance), ps = (senior diagnosis with DL
assistance vs. DL diagnosis [GSU], p, = (senior diagnosis with DL assistance vs. DL diagnosis [G + C]), e = (senior diagnosis with DL assistance vs. DL diagnosis [G + C + E]), s = (senior
diagnosis with DL assistance vs. DL diagnosis [G + C + E + M]).
The accuracy, sensitivity, specificity, PPV, NPV, and AUC were statistically compared with those of junior radiologists in the first diagnosis without DL assistance.
*p< 0.05. **p< 0.001. Tp-Values for statistical significance (<0.05).





OPS/images/fonc.2022.1047010/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.1047010/fonc-12-1047010-g001.jpg





OPS/images/fonc.2022.1012724/M2.jpg
R(Wyshy,+8y)





OPS/images/fonc.2022.1012724/table1.jpg
Characteristics

Size(mm)
Mean + SD
(Range)
Position 1
Left lobe
Right lobe
Isthmus
Position 2
Upper region
Mid region
Lower region
Isthmus
Position 3
Shallow side
Mid side
Deep side
Isthmus
Echotexture
Homogeneous
Heterogeneous
Echogenicity
Isoechoic or hyperechoic
Hypoechoic
Markedly hypoechoic
Composition
Predominantly solid
solid
Orientation
Parallel
Vertical
Punctate echogenic foci
No punctate echogenic foci
Punctate echogenic foci of undetermined significance
Microcalcifications
Margin
Circumscribed
Tll-defined
Irregular or extrathyroidal extension
Halo
Absent
Complete
Incomplete
Posterior features
No posterior features
Enhancement
Shadowing
Vascular distribution pattern
Avascularity
Peripheral vascularity
Mainly central vascularity
Mixed vascularity
Adler grade
0
1
2-3
Elastography score
2
3
4
C-TIRADS
3
4a
4b
4c
5

All nodules
(n = 1138)
n (%)

112+71
(3.0-59.0)

533 (46.84)
585 (51.41)
20 (1.76)

250 (21.97)

478 (42.00)

390 (34.27)
20 (1.76)

364 (31.99)

347 (30.49)

407 (35.76)
20 (1.76)

113 (9.92)
1025 (90.10)

359 (31.55)
671 (58.96)
108 (9.49)

142 (12.48)
996 (87.52)

589 (51.76)
549 (48.24)

872 (76.63)
70 (6.15)
196 (17.22)

473 (41.56)
88 (7.73)
577 (50.70)

954 (83.83)
53 (4.66)
131 (11.51)

932 (81.90)
46 (4.04)
160 (14.06)

171 (15.03)
643 (56.50)
121 (10.63)
203 (17.84)

119 (10.46)
385 (33.83)
634 (55.71)

559 (49.12)
495 (43.50)
84 (7.38)

110 (9.67)
255 (22.41)
320 (28.12)
360 (31.63)

93 (8.17)

Benign
(n =588)
n (%)

125+74
(3.0-44.5)

295 (50.17)
290 (49.32)
3(0.51)

117 (19.90)

264 (44.90)

204 (34.69)
3(0.51)

196 (33.33)

171 (29.08)

218 (37.07)
3(0.51)

61(10.40)
527(89.60)

307 (52.21)
259 (44.05)
2 (3.74)

131 (22.28)
457 (77.72)

451 (76.70)
137 (23.30)

523 (88.95)
21 (3.57)
44 (7.48)

354 (60.20)
61 (10.37)
173 (29.42)

504 (85.71)
38 (6.46)
46 (7.82)

530 (90.14)
6 (4.42)
32 (5.44)

70 (11.90)
330 (56.12)
71 (12.07)
117 (19.90)

50 (8.50)
166 (28.23)
372 (63.27)

386 (65.65)
186 (31.63)
16 (2.72)

108 (18.37)
219 (37.24)
159 (27.04)
93 (15.82)
9 (1.53)

Malignant
(n = 550)
n (%)

97 +64
(3.0-59.0)

238 (43.27)
295 (53.64)
17 (3.09)

133 (24.18)

214 (38.91)

186 (33.82)
17 (3.09)

168 (30.55)

176 (32.00)

189 (34.36)
17 (3.09)

52(9.50)
498(90.50)

52 (9.45)
412 (74.91)
86 (15.64)

11 (2.00)
539 (98.00)

138 (25.09)
412 (74.91)

349 (63.45)
49 (8.91)
152 (27.64)

119 (21.64)
27 (4.91)
404 (73.45)

450 (81.82)
15 (2.73)
85 (15.45)

402 (73.09)
20 (3.64)
128 (23.27)

101 (18.36)
313 (56.91)
50 (9.09)
86 (15.64)

69 (12.55)
219 (39.82)
262 (47.64)

173 (31.45)
309 (56.18)
68 (12.36)

2(0.36)
36 (6.55)
161 (29.27)
267 (48.55)
84 (15.27)

< 0.001

0.001

0.001

0.005

0.604

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.004

< 0.001

< 0.001

< 0.001
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Feature variable Coefficient

original_gldm_DependenceNonUniformityNormalized -0.067
7 gradient_glrlm_ShortRunEmphasis 0.031
11bp-2D_firstorder_InterquartileRange -0.031
squareroot_glrlm_ShortRunLowGrayLevelEmphasis -0.024
wavelet-LHL_firstorder_Kurtosis 0.001
wavelet-LHH_firstorder_Entropy 0.008
wavelet-LHH_firstorder_Maximum 0.054
wavelet-LHH_gldm_DependenceEntropy -0.027
wavelet-HLL_glszm_SmallAreaHighGrayLevelEmphasis 0.024
wavelet-HLH_glem_JointEnergy -0.010
| wavelet-HLH_glrim_LongRunHighGrayLevelEmphasis 0.037
wavelet-HHH_glem_MaximumProbability 0.037
wavelet-HHH_gldm_HighGrayLevelEmphasis -0.038
wavelet-HHH_glrlm_HighGrayLevelRunEmphasis 0.003
wavelet-HHH_glrlm_LowGrayLevelRunEmphasis -5.049

wavelet-LLL_glem_ClusterShade 0.033
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extrathyroidal extension; non-ETE, without extrathyroidal extension; SD, standard deviation.

Training Set(n=117) Validation Set(n=51)
Variable ETE(n=54) Non-ETE ETE(n=24) Non-ETE
63) (n=27)
Age 4250 £ 11.18 40.89 + 11.61 0.634 4233 £11.22 42,67 £11.34 0914
mean + SD,years
Sex
7 Women [ 28(51.85%) 42(66.67%) 0.103 17(70.83%) 21(77.78%) 0.570
Men 26(48.15%) 21(33.33%) 7(29.17%) 6(22.22%)
BMI 2345 £3.92 2279 £3.73 0.360 2297 £3.24 2267 +3.82 0.765
mean + SD kg/m*
Radiomics score mean 0.48 +0.02 0.51 +0.02 <0.001 0.50 +0.01 0.50 + 0.01 <0.001
Tumor size(cm)
21 31(57.41%) 16(25.40%) <0.001 20(83.33%) 10(37.04%) 0.001
<1 23(42.59%) 47(74.60%) 4(16.67%) 17(62.96%)
Tumor border
Clear 21(38.89%) 24(38.10%) 0.930 11(45.83%) 12(44.44%) 0921
Fuzzy 33(61.11%) 39(61.90%) 13(54.17%) 15(55.56%)
Tumor location
Unilateral 14(25.93%) 31(49.21%) 0.010 5(20.83%) 14(51.85%) 0.020
Bilateral 40(74.07%) 32(50.79%) 19(79.17%) 13(48.15%)
Internal echo pattern
7 Uniform 21(38.89%) 30(47.62%) 0342 12(50.00%) 12(44.44%) 0.692
Nonuniform 33(61.11%) 33(52.38%) 12(50.00%) 15(55.56%)
Radiological ETE diagnosis
ETE 25(46.30%) 16(25.40%) 0.018 5(20.83%) 13(25.49%) 0.042
Non- ETE 29(53.70%) 47(74.60) 19(79.17%) 14(27.45%)
Tumor position
Upper pole 12(22.22%) 9(14.29%) 0.148 5(20.83%) 2(7.41%) 0.104
Middle pole 22(40.74%) 37(58.73%) 10(41.67%) 19(70.37%)
Inferior pole 20(37.04%) 17(26.98%) 9(37.50%) 6(22.22%)
Primary site
Left lobe 27(50.00%) 24(38.10%) 0.198 9(37.50%) 12(44.44%) 0.524
Right lobe 26(48.15%) 34(53.97%) 14(58.33%) 15(55.56%)
Isthmus 1(1.85%) 5(7.93%) 1(41.67) 0
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Variable Before PSM P Value After PSM P Value

DS(n=411) RFA(n=142) DS(n=142)
Age (year)* 46.40 + 14.30 50.06 + 9.59 0.005 46.40 + 14.30 48.84 + 8.74 0.084
Sex
Female 106 (74.6) 327 (79.6) 0.221 106 (74.6) 109(76.8) 0.678
Male 36 (25.4) 84 (20.4) 36 (254) 33(232)
Location
Left/Right 63/79 191/220 0.664 63/79 66/76 0.721
upper/middle/lower 41/46/55 119/103/189 0.186 41/46/55 33/42/67 0.328
deep/middle/shallow 42/71/29 131/211/69 0.606 42/71/29 46/75/21 ‘ 0.456
Clustered calcifications(-/+) 40/102 149/262 0.080 40/102 41/101 0.895
Hypoechoic(-/+) 10/132 32/379 0.773 10/132 13/129 0.514
Diameter (mm)* 6.37 +3.14 7.73 £ 348 <0.001 6.37 £3.14 6.92 £291 0.124
Volume (mm?®)* 156.65 + 251.26 755.82 £ 1 424.97 <0.001 156.65 + 251.26 194.81 + 291.35 0.216

Thyroid function

FT3 (pmol/L) 4.89 +0.87 4.83 +1.01 0.489 4.89 +0.87 4.79 +1.02 0.362

FT4 (pmol/L) 12.80 +2.90 13.06 + 3.08 0.380 12.80 +2.90 1271 +321 0,795
TSH (ulU/ml) 331+ 157 328 + 1.57 0.855 331 £1.57 342+ 153 0.547
Time of diagnosis 18.17 £ 14.57 24.60 + 15.78 <0.001 18.17 £ 1457 20.75 + 14.10 0.131

Unless otherwise specified, data are the number of patients. * Data presented as Means + standard deviation. PSM, propensity score matching. Normal range: FT3 3.28~6.47 pmol/L,
FT4 7.90~18.40 pmol/L, TSH 0.56~5.91 ulU/ml.
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P Value Volume (mm P Value

Follow up time

Preablation (n=142) 6.37 £ 3.14 156.63 + 222.69

Postablation

1 month (n=142) 11.15 £ 4.78 <0.001 586.79 + 653.12 <0.001
3 month (n=142) 6.90 + 321 0.031 | 180.43 + 246.94 0.173
6 month (n=117) 4.73 £ 1.96 <0.001 58.01 +78.22 <0.001
12 month (n=50) 4.13 £ 1.36 <0.001 31.53 £ 35.73 <0.001
Data are means + standard deviation. P value is preablation vs postablation respectively. MD, maximum diameter.
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Patients underwent RFA from August
2014 to October 2022(n=169)

Multiple PTCs(n=5)
Pregnant women(n=1)

Isthmus PTCs(n=7)
Follow-up<6months(n=14)

Patients included in the study2(n=142)
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Primary tumor Nodal metastasis Distant metastasis

Index

'8F-FDG PET/CT 117 £46 136 £5.5 83£59

%5Ga-FAPI PET/CT 121 +£49 117 + 5.0 6.6 +4.0
0543 0.133 0.450

p value





OPS/images/fonc.2022.1047010/table3.jpg
Detection No. Visual evaluation

Lesion Invasion MR FDG FAPI FDG = FAPI FDG > FAPI FDG < FAPI FDG = MR FAPI= MR

Nasopharynx 28 27 28 27 0 0 25 25
Parapharyngeal space 18 18 18 16 0 2 15 17
Skull base bone 11 11 11 7 1 4 7 11
intracalvarium 4 1 4 1 0 3 1 4

“Including 1 false positive case.





OPS/images/fonc.2022.1047010/table4.jpg
ParticipantNo.

N v e W N

oo

Tumor Stage  Tumor Stage  Tumor Stage Additional finding
(FDG-based)  (FAPI-based) (MR-based) (FDG vs FAPI)

TI1: TIN2MO I TINOMO I: TINOMO None
TIET3N2MO IVA: TAN2MO IVA: TAN2MO Cervical lymph node

IVB: T2N3M1 IVB: T2N3M1 IVA: T2N3M0 Cervical lymph node

IVB: T3N3M1 IVB: T2N2M1 II1: T2N2MO 1 pulmonary metastasis
TI1: T2N2MO 1I: T2N1MO III: T2N2MO0 Cervical lymph node
III: T3AN2MO 1II: T3N2MO III: T3N2MO None

TI1: T2N2MO III: T3NIMO III: T3NIMO Cervical lymph node
TII: T3N2MO II1: T3N2MO III: T3N2MO None

TI1: T2N2MO II1: T2N2M0O III: T2N2M0 None

TII: TIN2MO 1I: TIN2MO II: TINIMO None

III: T3NIMO IVA: TANOMO IVA: TANOMO None

TII: T3NIMO 1I: T3NIMO 1I: T3NIMO None

III: T2N2MO III: T2N2MO II1: T2N2M0 None

IVA: TIN3MO IVA: TIN3MO IVA: TIN3MO None
ILTINIMO ILTINIMO IETINIMO None

TI1: TIN2MO I: TINOMO I: TINOMO None
I:T2NOMO ILT2NOMO ILT2NOMO None

IVA: TAN3MO IVA: TAN3MO IVA: TAN3MO None
TIETIN2MO IIETIN2MO IIETIN2MO None
IVB:T3N2M1 III: T3N2MO II1: T3N2MO 1 pulmonary metastasis
IVB:T3N3M1 IVB:TAN3M1 IVA: TAN2MO None
TIETIN2MO TLTIN2MO TLTIN2MO Cervical lymph node
TLTIN2MO IIETIN2MO IIETIN2MO Cervical lymph node
TII: TIN2MO IETINIMO ILTINIMO Cervical lymph node
ILT2N1MO ILT2NIMO ILT2NIMO None

IVA: T3AN3MO IVA: T3N3MO IVA: T3N3MO None
NILT3N2MO TIET3N1MO TILT3N1MO Cervical lymph node

IVA:TON3MO IVA: TIN3MO IVA: TIN3MO None

Additional finding
(FAPI vs FDG)

None
Intracranial involvement
None
None
None
None

Skull base bone
involvement

None
Cervical lymph node
None
Intracranial involvement
None
None
None
None
None
None
Cervical lymph nodes
None
None
Intracranial involvement
None
None
None
None
None
None

Primary lesion

Staging changes
(FAPI vs FDG)

Down
Up
None
None
Down
None

None

None
None
None
Up
None
None
None
None
Down
None
None
None
Down
None
None
None
Down
None
None
None

None
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Pathology of thyroid nodules

FTA FTC

Thyroid nodules (n, %) 205 (81.67) 46 (18.33)
Case number (n, %) 179 (79.56) 46 (20.44)
Age (years) 47.99 + 13.63 48.20 + 16.25
Sex (n, %)

Male 42 (23.46) 12 (26.09)

Female 137 (76.54) 34 (73.91)
Thyroid nodule diameter (cm) 3.27 + 1.66 330 + 1.71

FTA, follicular thyroid adenoma; FTC, follicular thyroid carcinoma.

Total P value
251
225
0.932
0.896
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Ultrasound characteristics

Component
Solid
Cystic
Mixed solid and cystic
Echogenicity
Markedly hypoechoic
Hypoechoic
Tsoechoic/hyperechoic
Margin
Irregular
Regular
Calcification
Microcalcification
Macrocalcification
Absent
Shape
Taller-than-wide
Wider-than-tall
Comet-tail artifact
Detected
Not detected
Halo
Detected
Not detected

Pathology
FTA n=205 FTC n=46
70 (34.14) 41 (89.13)
83 (40.49) 0
52 (25.37) 5 (10.87)
0(0) 1(217)
3 (16.10) 14 (30.44)
172 (83.90) 31 (67.39)
10 (4.88) 13 (28.26)
195 (95.12) 33 (71.74)
11 (5.37) 3(6.52)
2(5.85) 3 (6.52)
182 (88.78) 40 (86.96)
2(0.6) 2(435)
203 (99.4) 44 (95.65)
5 (2.44) 1(217)
200 (97.56) 45 (97.82)
32 (15.61) 17 (36.96)
173 (84.39) 29 (63.04)

FTA, follicular thyroid adenoma; FTC, follicular thyroid carcinoma.

Total

111 (44.22)
83 (33.07)
57 (22.71)

1 (0.40)
47 (18.73)
203 (80.88)

208 (82.87)
43 (17.13)

14 (5.58)
15 (5.98)
222 (88.44)

4 (1.59)
247 (98.41)

6 (2.41)
245 (97.59)

49 (19.52)
202 (80.48)

Malignancy rate (%)

36.94
8.77

100
29.78
15.27

6.25
76.74

21.43
20.00
18.01

50.00
17.81

16.67
18.37

34.69
14.36

P value

<0.001

0.007

<0.001

0.936

0.099

0.915

<0.001
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Affiliated Hospital of Integrated Traditional Chinese and . . . X . . X .
First Affiliated Hospital of Xiamen University Sugian People's Hospital

Western Medicine of Nanjing University of Chinese Medicine

* 172 nodules diagnosed FTA (148 patients)

* 25 nodules diagnosed FTC

* 23 nodules diagnosed FTA (22 patients ) * 18 nodules diagnosed FTA (17 patients )

* 15 nodules diagnosed FTC * 7 nodules diagnosed FTC

Excluded n=6 Excluded n=2
« 4 FTA lack of ultrasound images Excluded n=1 + 1 FTA lack of ultrasound images
+ 2FTA ultrasound imaging data unable * 1FTAlack of ultrasound images * 1FTC ultrasound imaging data unable

to be assessed by ATASPS to be assessed by ATASPS

« FTAn=166 (142 patients) « FTAn=22 (21 patients) + FTA n=17 (16 patients)
« FTCn=25 « FTCn=15 + FTCn=6

A total of 251 nodules inclusioned (225 patients)
« FTAn=205 (179 patients)
« FTC n=46 (46 patients)
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Drug type

Chemotherapy

Immunotherapy

Targeted therapy

(EGER, epidermal growth factor receptor; PD-1, programmed cell death protein 1; Y, yes; NA, not applicable).

Subtype

Platinum

Taxane

Antimetabolic agents
DNA damaging agents
PD-1 antibodies

EGFR antibodies

Commercial drugs

Cisplatin
Carboplatin
Paclitaxel
Docetaxel
Fluorouracil
Methotrexate
Hydroxyurea
Bleomycin sulfate
Nivolumab
Pembrolizumab

Cetuximab

Combined with CAP

b

NA
NA
NA
NA
NA
NA
NA
Y

NA
Y

(13)
(15)
(14)
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Category of cancer ~ Subtype
Head and neck upper scc
aerodigestive tract cancers
Head and neck glandular  thyroid
cancers gland
cancer
parotid
gland
cancer
Head and neck skin melanoma
cancers
BCC

Test model

JHU-022, JHU-028, JHU-029 and
SCC25 cells

HSC-2, SCC-15 cells

MSKQLLIL, SCC1483 cells

FaDu, SNU104land SNU899 cells,
mice

SNU1041, SNU1076 and SCC25 cells

MSK QLL1, SCC1483, SCC15 and
SCC25 cells

FaDu, SCC15, SCC-QLLI, SCC1483
andHNG6 cells

KYSE-30 cells
SCC25 cells

SCC25 cells

MSKQLLI, SCCQLLI, HN6, SCC25,
SCC15, Cal27 and SCC1483 cells
SCC-15 cells

SNUSO0 cells
BHP10-3 andTPCl cells

BCPAP, HTh7, KTC2, 8505C, and

FRO-Luc cells

HTHS83, U-HTH 7, and SW1763 cells

HN9 cells

A375 cells
G-361 cells, mice

G-361 cells
1929 cells, mice

Mel Juso cell line

A375 and A875 cells

SK-Mel-147 cells

Mel Im cell line

TE354T cells

Synopsis

CAP selectively eliminates HNSCC cell lines through non-apoptotic
mechanisms, with minimal effect on normal oral epithelial cell lines

CAP induces EGFR dysfunction in EGFR-overexpressing oral SCC via NO
radicals

among 3 gases, N, CAP inhibited cell migration and invasion most potently
via decreased FAK & MMP

CAP induces apoptosis of HNC cells through a mechanism involving MAPK-
dependent mitochondrial ROS

PAM induces HNC cell death via the upregulation of ATF4/CHOP activity
by damaging mitochondria through excessive mtROS accumulation

CAP induced OSCC cell apoptosis through a mechanism involving DNA
damage and triggering of sub-G1 arrest via the ATM/p53 pathway

PAM inhibits tumor progression by increasing the MULLI level and reducing
p-AKT level

CAP induces genotoxicity and cytotoxicity in cancer cells

the killing efficiency of CAP in the presence of EGFR antibody conjugated
GNP is amplified about 18 times

PD-L1 antibody + GNP + CAP significantly increased the number of dead
cancer cells

A combination of CAP and cetuximab shows inhibited invasion and
migration via NE-KB signaling in cetuximab-resistant OSCC cells

The synergy of cisplatin & CAP reduces the required dosage of chemotherapy
The altered antioxidant system stimulates CAP-induced cell death

CAP inhibits cell invasion via cytoskeletal modulation and altered MMP-2/-9/
uPA activity

activation of EGR1/GADDA450. by CAP mediates thyroid cancer cell death

CAP induces apoptosis in anaplastic thyroid cancer cell lines via the JNK
signaling pathway and p38 MAPK-dependent ROS

CAP induces apoptosis in HN9 cells

combined therapy using PpIX-loaded polymersome-mediated PDT and CAP

CAP & SN synergistically inhibit mitochondrial function via the HGF/c-MET
signalling pathway

CAP & SN activate autophagy by activating PI3K/mTOR and EGFR pathways

both CAP monotherapy and combination with chemotherapy significantly
decreased tumor growth

The synergy between CAP-induced RONS and acidic conditions promotes
anti-cancer effects

CAP increases Sestrin2 expression and further activates Fas via the MAPK
signaling pathway

CAP inhibits migration and disorganizes the actin cytoskeleton through
multiple signaling pathways, using transcriptomic analysis

CAP changes the amino acid composition of the cell culture medium and
affects the anti-tumor mechanism

PAM induces apoptosis via MAPK signalling pathway

(28)

(29)

(30)

(31)

(32)
(33)

(13)

(14)

(34)
(35)
(36)

(37)

(38)

(28)

(39)
(40)

(41)
(42)

(43)

(44)

(45)

(46)

47)

(ATF4, activating transcription factor 4; ATM, ataxia telangiectasia-mutated gene; BCC, basal cell carcinoma; CAP, cold atmospheric plasma; CHOP, C/EBP homologous protein; c-MET,
c-mesenchymal-epithelial transition factor; ECT, electrochemotherapy; EGER, epidermal growth factor receptor; EGRI, early growth response 1; FAK, focal adhesion kinase; GNP, gold
nanoparticles; HGF, hepatocyte growth factor; HNC, head and neck cancer; HNSCC, head and neck squamous cell carcinoma; JNK, c- Jun N-terminal kinase; MAPK, mitogen-activated
protein kinase; MCT, multi cellular tumor spheroids; MMP, matrix metalloproteinase; mtROS, mitochondrial reactive oxygen species; mTOR, mammalian target of rapamycin; MULL,
mitochondrial E3 ubiquitin protein ligasel; N, nitrogen; NO, nitric oxide; O,, oxygen; OSCC, oral squamous cell carcinoma; PAM, plasma-activated medium; PDT, photodynamic therapy;
PI3K, phosphatidylinositol 3 kinase; PpIX, protoporphyrin IX; PD-L1, programmed death-ligand 1; ROS, reactive oxygen species; RNS, reactive nitrogen species; SCC, squamous cell
carcinoma; SMD, surface micro discharging; SN, silymarin).
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Category of No.

cancer of
pts
Head and neck 12

upper aerodigestive

tract cancers

(SCC and
adenocarcinoma) 21

10

Head and neck skin 6
cancers
(melanoma)

Tumor location &
subunits

floor of mouth (n = 5),
hypopharynx

(n = 1), tonguebase (n= 1), upper
jaw (n= 2), lower jaw (n= 3)

head and neck

neck

oropharynx

mouth (n = 5), cheek (n =2),
tongue (n = 1), retromolar region
(n = 1), maxillary sinus (n = 1,
adenocarcinoma)

metastatic cutaneous melanoma

Staging

T3/4

T3/4

T3/4

T4

T4

T4

Symptomatic
improvement

decreased microbial load, odor,

and pain (6/12)

vascular stimulation or a

contraction of tumor ulceration

(4/12)

improved microcirculation

(2/2) and postoperative wound

healing (2/2)
reduced odor and pain (5/6)

N/A

decreased secretion of
inflammatory cytokines (1/3)

(CAP, cold atmospheric plasma; pts, patients; SCC, squamous cell carcinoma; N/A, Not available).

Tumor
suppression

partial remission
(4/12)

increased cell
apoptosis in CAP-
treated tissues

N/A

partial remission
(2/6)

increased cell
apoptosis in CAP-
treated tissues

increased cell
apoptosis in CAP-
treated tissues

Side eftects

bad taste, pain,

exhaustion, edema, and

bleeding

bad taste, pain, sialorrhea,
exhaustion, edema, and

bleeding
N/A

pain, sialorrhea, dry
mouth, exhaustion,
edema, and bleeding

N/A

N/A

Refs

(48)

(49)

(50)

(51)

(52)

(53)
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Characteristics Cl) p value
s 0.140(0.047-0.423) p<0.001*
Blood flow type Central

Avascular or 5.325(0.537-52.823) 0.153

spot

Peripheral 5.920(0.529-66.324) 0.149

Mixed 20.220(2.224-183.825) 0.008*
Enhancement mode Non-centrality

Centripetal 14.005(3.711-52.858) p<0.001*
Enhancement type Homogeneous

Beehive or 1.510(0.406-5.607) 0.538

divider

Rim-like 0.124(0.017-0.924) 0.042*

Asynchronous 2.024(0.500-8.189) 0.323

*p<0.05.
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Characteristic

Ls

Border

Margin

Fusion

Hilus

Demarcation of the cortex and medulla

Hyperechoic islands

Anechoic area

Calcification

Blood flow type

Enhancement mode

Enhancement type

RTE score (median (P25,P75))

Well defined
Poorly defined
Regular
Irregular

No

Yes

Present
Absent

Well defined
Poorly defined
Absent
Present
Absent
Present
Absent

Gravel like
Non-gravel
Central
Avascular or spot
Peripheral
Mixed
Non-centrality
Centripetal
Homogeneous
Beehive or divider
Rim-like

Asynchronous

Benign
209 +0.56
68 (91.9%)
6 (8.1%)
67 (90.5%)
7 (9.5%)
60 (81.1)
14 (18.9%)
17 (23.0%)
57 (77.0%)
17 (23.0%)
57 (77.0%)
71 (95.9%)
3 (4.1%)
69 (93.2%)
5 (6.8%)
69 (93.2%)
0 (0%)
5 (6.8%)
18 (24.3%)
21 (28.4%)
14 (18.9%)
21 (28.4%)
67 (94.3%)
7 (5.7%)
25 (33.8%)
19 (25.7%)
15 (20.3%)
15 (20.3%)

3(24)

Diagnosis
Malignant
172 £0.43
44 (75.9%)
14 (24.1%)
44 (75.9%)
14 (24.1%)
45 (77.6%)
13 (22.4%)
2 (3.4%)
56 (96.6%)
1(1.7%)
57 (98.3%)
52 (89.7%)
6 (10.3%)
48 (82.8%)
10 (17.2%)
54 (93.1%)
3(5.2%)
1(1.7%)
1(1.7%)
11 (19.0%)
10 (17.2%)
36 (62.1%)
33 (56.9%)
25 (43.1%)
8 (13.8%)
24 (41.4%)
3(5.2%)
23 (39.7%)

35 (34)

x2/t/Z value

4.225

6.499

5.237

0.244

10.059

12.446

2.025

3.549

5.019

21.323

20.04

17.339

2.256

p<0.001

0.011

0.022

0.621

0.002

p<0.001

0.155

0.06

0.061

p<0.001

p<0.001

p<0.001

0.024
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Pathologies Training set Validation set

(n=132) (n=37)

Benign lesions 74 (56.1%) 22(59.5%)

Reactive hyperplasia 38 (28.8%) 9(24.4%)

Tuberculosis of lymph 24(18.2%) 8(21.6%)

node

Kikuchi disease 7(5.3%) N/A

Cat scratch disease 2(1.5%) 1(2.7%)

Non-specific 2(1.5%) 4(10.8%)

lymphadenitis

Sarcoidosis 1(0.7%) N/A
Malignant lesions 58(43.9%) 15(40.5%)

Metastatic lymph node = 43(32.6%) 13(35.1%)

Lymphoma 15(11.3%) 2(5.4%)

N/A, not available.
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Patient Age Sex Tumor Therapy Risk HPV Additional information

type factors = status
1 78 f lateral pT1 pNO LO transoral tumor nicotine negative
tongue VO Pn0 MO resection,
carcinoma | R0 G2 ipsilateral
neck dissection
2 58 m lateral pT2 pNO LO transoral tumor alcohol, negative
tongue V0 Pnl MO resection, nicotine
carcinoma | RO G3 ipsilateral
neck dissection
3 65 m floor of T4 cNO MO systemic therapy alcohol, negative | oropharyngeal carcinoma 2011, pT3 pNO M0 G2
mouth G3 with (pembrolizumab) nicotine RO, tumor resection, bilateral neck dissection,
carcinoma  infiltration tracheostomy, radial flap,
of mandible adjuvant radiochemotherapy
4 65 f floor of pT1 pNO LO transoral tumor alcohol, negative
mouth VO Pn0 MO resection, bilateral neck nicotine
carcinoma | RO G2 dissection, tracheostomy
5 56 m | floor of pT2 pNO LO transoral tumor alcohol, negative
mouth VO Pn0 MO resection, bilateral neck nicotine
carcinoma | R0 G2 dissection, tracheostomy
6 62 m | lateral pT3 pNO LO transoral tumor nicotine  negative | oropharyngeal carcinoma 2013, pT1 pN2b L1 VO
tongue VO Pn0 MO resection, bilateral neck MO G3 RO, tumor resection, bilateral neck
carcinoma R0 G2 dissection, tracheostomy, dissection, adjuvant radiochemotherapy
radial flap

f, female; m, male.
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Cut-oft Sensitivity
(%, 95%CI)

ATASPS Low suspicion 97.30 (85.89-99.98)
AACE/ACE/AME Intermediate suspicion 93.85 (91.73-99.91)
K-TIRADS K-TR4 21.62 (9.29-38.27)
EU-TIRADS EU-TRS 24.32 (11.82-41.25)
ACR-TIRADS ACR-TR3 94.59 (81.85-99.34)
C-TIRADS C-TR4A 94.59 (81.85-99.34)

Specificity
(%, 95%CI)

43.23 (36.17-50.64)
39.58 (32.64-46.91)
97.92 (94.81-99.48)
95.83 (92.01-98.27)
60.42 (53.18-67.42)
52.62 (45.38-59.81)

PPV
(%, 95%CI)

24.81 (22.49-27.46)
24.28 (22.18-26.35)
66.73 (38.82-86.37)
52,93 (31.77-73.24)
31.55 (27.63-35.89)
27.86 (24.59-31.36)

NPV
(%, 95%CI)

98.83 (92.34-99.82)
99.31 (95.21-99.98)
86.69 (84.59-88.53)
86.83 (84.51-88.86)
98.32 (93.76-99.65)
98.17 (92.24-99.57)

AUC

0.645 (0.573-0.716)
0.729 (0.667-0.790)
0.766 (0.707-0825)
0.635 (0.547-0.723)
0.783 (0.702-0.847)
0.798 (0.743-0.862)

CL, confidence interval; PPV, positive predictive value; NPV, negative predictive valug; AUC, area under the curve; 2015 ATA, the 2015 American Thyroid Association management
guidelines for adult patients with thyroid nodules and differentiated thyroid cancer; AACE/ACE/AME, American Association of Clinical Endocrinologists, American College of
Endocrinology, and Associazione Medici Endocrinology; K-TIRADS, Korean thyroid imaging reporting and data system; EU-TIRADS, European Thyroid Association for the imaging
reporting and data system; ACR-TIRADS, American College of Radiology for the imaging reporting and data system; C-TIRADS, 2020 Chinese Guidelines for Ultrasound Malignancy Risk

Stratification of Thyroid Nodules.
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131 Exclude

39 FNA or surgery in the past
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50 Ultrasound examination was not performed
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/

N
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/
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sections
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Pathology Malignancy rate (%)

Benign thyroid nodules n=205 Malignant thyroid nodules n=46 P value
ATASPS <0.001
Benign 83 (40.49) 1(2.17) 1.19
Very low suspicion 43 (20.98) 1(2.17) 227
Low suspicion 48 (23.41) 22 (47.83) 31.43
Intermediate suspicion 15 (7.32) 10 (21.74) 40
High suspicion 3 (1.46) 3(6.52) 50
Nonclassifiable group 13 (6.34) 9 (19.57) 40.9
AACE/ACE/AME <0.001
Low 76 (37.07) 0 0
Intermediate 87 (42.44) 24 (52.17) 21.62
High suspicion 42 (20.49) 22 (47.82) 34.38
K-TIRADS <0.001
Benign (K-TR2) 81 (39.51) 0 0
Low suspicion (K-TR3) 90 (43.90) 26 (56.52) 2241
Intermediate suspicion (K-TR4) 30 (14.63) 12 (26.09) 28.57
High suspicion (K-TR5) 4 (1.95) 8 (17.39) 66.67
EU-TIRADS
Benign (EU-TR2) 0 0 0 <0.001
Low risk (EU-TR3) 162 (79.02) 24 (52.18) 129
Intermediate risk (EU-TR4) 22 (10.73) 6 (13.04) 21.43
High risk (EU-TR5) 21 (10.25) 16 (34.78) 43.24
ACR-TIRADS
Benign (ACR-TR1) 0 0 0 <0.001
Not suspicious (ACR-TR2) 116 (56.59) 2 (4.35) 1.7
Mildly suspicious (ACR-TR3) 45 (21.95) 23 (50.00) 33.82
Moderately suspicious (ACR-TR4) 37 (18.05) 15 (32.61) 28.85
Highly suspicious (ACR-TR5) 7 (3.41) 6 (13.04) 46.15
C-TIRADS <0.001
C-TR2 0 0 0
C-TR3 101 (49.27) 4 (8.69) 3.81
C-TR4A 72 (35.12) 22 (47.83) 234
C-TR4B 24 (11.71) 10 (21.74) 29.41
C-TR4C 8 (3.90) 10 (21.74) 55.56
C-TRS 0 0 0

FTA, follicular thyroid adenoma; FTC, follicular thyroid carcinoma; 2 ATASPS, The American Thyroid Association Sonographic Pattern System; AACE/ACE/AME, American Association
of Clinical Endocrinologists, American College of Endocrinology, and Associazione Medici Endocrinology; K-TIRADS, Korean thyroid imaging reporting and data system; EU-TIRADS,
European Thyroid Association for the imaging reporting and data system; ACR-TIRADS, American College of Radiology for the imaging reporting and data system; C-TIRADS, 2020
Chinese Guidelines for Ultrasound Malignancy Risk Stratification of Thyroid Nodules.





