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Lung cancer (LC) remains one of the leading causes of cancer-related mortality worldwide, emphasizing the urgent need for innovative diagnostic tools to improve early detection and patient outcomes. Contrast-enhanced ultrasound (CEUS) has emerged as a promising complement to conventional imaging modalities, offering distinct advantages such as real-time dynamic imaging, cost-effectiveness, and the absence of ionizing radiation. By enhancing the visualization of tumor vascularization, CEUS enables differentiation between benign and malignant pulmonary nodules while providing valuable insights into tumor angiogenesis, a hallmark of malignancy, and therapeutic response. Additionally, CEUS demonstrates utility in assessing regional lymph nodes, detecting distant metastases, and analyzing blood flow dynamics through quantitative methods such as time-intensity curve analysis. Despite these benefits, certain limitations persist, including reduced efficacy in imaging deep-seated lesions, variability due to patient-specific physiological factors, and dependency on operator expertise. However, advancements in targeted contrast agents, integration with multimodal imaging techniques, and the application of artificial intelligence hold significant potential to address these challenges. This review systematically evaluates the clinical applications, advantages, and limitations of CEUS in LC diagnosis, providing a comprehensive understanding of its role in modern precision oncology. Furthermore, it highlights future research directions aimed at enhancing diagnostic accuracy, improving clinical workflows, and expanding the adoption of CEUS in routine practice.
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1 Introduction

Lung cancer (LC) ranks among the most prevalent and fatal malignancies worldwide, presenting a significant global health burden (1). According to the World Health Organization (WHO), over 2.09 million new cases of LC are diagnosed annually, and the disease is responsible for more than 1.76 million deaths each year (1). This accounts for approximately 18.4% of all cancer-related fatalities (1). The persistently high mortality rates are primarily attributed to challenges in early detection and the predominance of advanced-stage diagnoses at the time of clinical presentation. While notable advancements in screening techniques and therapeutic strategies have been made, the overall five-year survival rate for LC remains dismally low, averaging less than 20% in many countries (1). This underscores the pressing need for innovative, accurate, and non-invasive diagnostic modalities to improve early detection rates and overall prognosis.

Currently, traditional imaging techniques such as chest X-rays, computed tomography (CT), magnetic resonance imaging (MRI), and positron emission tomography (PET) are routinely employed for LC diagnosis and staging (2–6). These modalities, while invaluable for tumor localization and tissue characterization, are not without limitations. CT imaging, for instance, exposes patients to ionizing radiation, raising concerns about cumulative radiation risks, particularly in high-risk populations undergoing routine surveillance (3, 4). Similarly, MRI, despite its superior soft tissue resolution, is associated with high costs and limited accessibility due to operational complexities. PET, often combined with CT (PET-CT), provides metabolic insights by detecting increased glucose uptake in malignant tissues, which is particularly useful for staging and identifying distant metastases (7). However, PET-CT is also associated with high costs, limited accessibility, and exposure to ionizing radiation, which may limit its use in certain patient populations. Moreover, these modalities may exhibit suboptimal sensitivity and specificity in distinguishing benign from malignant lesions, often resulting in diagnostic ambiguities and unnecessary invasive procedures such as biopsies (3–6). These challenges highlight an urgent need for more advanced imaging tools that address the limitations of existing technologies and enhance diagnostic precision.

Contrast-enhanced ultrasound (CEUS) has emerged as a complementary imaging technique in this context, offering unique advantages that provide additional information beyond what is offered by X-ray, CT, MRI, and PET-CT (8). By utilizing intravenous microbubble-based contrast agents, CEUS amplifies blood flow visualization and enhances the depiction of microvascular structures, enabling real-time dynamic assessment of tumor vascularity (9). This capability is particularly relevant in evaluating tumor angiogenesis, a hallmark of malignancy, and distinguishing benign from malignant pulmonary lesions (10, 11). CEUS is further characterized by its non-invasive nature, radiation-free operation, and bedside applicability, making it a practical and patient-friendly diagnostic option (12, 13). These attributes position CEUS as a valuable tool in LC diagnosis, particularly when integrated with other imaging modalities (14).

This review aims to systematically examine the clinical research progress of CEUS in the diagnosis of LC, with an emphasis on its applications in lesion characterization, differentiation between benign and malignant pulmonary nodules, and therapeutic response monitoring. Through a detailed analysis of its technical features, diagnostic accuracy, and clinical advantages, the review seeks to elucidate how CEUS complements conventional imaging methods. Additionally, this study will highlight ongoing research challenges and emerging areas of interest, such as the integration of CEUS with other imaging modalities and its role in precision oncology. By synthesizing current evidence, this review endeavors to provide a comprehensive understanding of CEUS as a diagnostic tool and outline future directions for its application in clinical practice. Furthermore, it aims to offer actionable insights for researchers and clinicians, facilitating the development of standardized protocols and broader adoption of CEUS in modern healthcare settings.



2 Search strategy and study selection


2.1 Search strategy

A systematic search was performed to identify relevant records examining the application of CEUS in the clinical diagnosis of LC. The search strategy employed a combination of key terms, including “lung cancer,” “lung neoplasm,” “pulmonary cancer,” “contrast-enhanced ultrasound,” and “CEUS.” The searches were performed in the Web of Science and PubMed databases, covering studies published from the inception of these databases to November 2024. Only articles published in English were included to ensure consistency and broad accessibility of the reviewed material. To enhance the thoroughness of the search, reference lists of identified studies were manually screened to identify additional relevant records.



2.2 Inclusion criteria

Studies were deemed eligible for inclusion based on the following criteria: (1) the primary focus was on the application of CEUS in the clinical diagnosis of LC; (2) the study design included clinical studies, such as randomized controlled trials or observational studies, that directly investigated the use of CEUS in diagnosing LC; and (3) the studies were peer-reviewed and published in reputable journals in the English language.



2.3 Exclusion criteria

Studies were excluded if they met any of the following criteria: (1) they did not directly address the application of CEUS in the clinical diagnosis of LC; (2) they were duplicate publications; (3) they did not fall under the category of clinical trials or observational studies; or (4) conference abstracts, or unpublished studies that had not undergone peer review, to ensure the inclusion of academically rigorous and reliable research.



2.4 Study selection

The study selection process was carried out in three systematic phases to ensure methodological rigor and consistency. First, two independent authors screened the titles and abstracts of all retrieved studies based on the predefined inclusion and exclusion criteria. Second, studies that met the criteria during the initial screening underwent a comprehensive full-text review to verify their eligibility. Finally, any discrepancies between the authors were resolved through discussion, and if consensus could not be reached, a third author was consulted to make the final decision.

A total of 1,187 records were identified through a comprehensive search. Following a rigorous screening process, 12 duplicate studies and 868 irrelevant records were excluded (Figure 1). Subsequently, 26 studies unrelated to LC and 269 studies unrelated to CEUS were further excluded. A detailed full-text review was then conducted for 12 studies that met the predefined inclusion criteria. Of these, 11 observational studies were ultimately included in the analysis, while one study was excluded because it involved animal research (Figure 1).
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FIGURE 1
 Flowchart of study selection.





3 Application of CEUS in LC diagnosis


3.1 Identification and classification of LC lesions

CEUS has emerged as an essential diagnostic modality for the identification and classification of LC lesions (Table 1). By providing real-time dynamic imaging, CEUS helps distinguish malignant from benign lesions, which is critical for determining the appropriate treatment approach. A study by Wang et al. demonstrated the utility of microflow imaging in peripheral LC, where malignant lesions exhibited irregular and chaotic blood flow patterns compared to the more regular vascular structures found in benign lesions (15) (Table 1). This capability to distinguish between malignant and benign lesions is essential, as it facilitates early detection and ensures timely clinical intervention. Additionally, Sperandeo et al. (16) observed that while CEUS offers valuable insights into tumor vascularization, it is less effective in differentiating between LC and community-acquired pneumonia, underscoring the need for complementary diagnostic methods (Table 1).



TABLE 1 Summary of included studies.
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It is important to note that CEUS is particularly effective for lesions near the pleura, where ultrasound signals are less attenuated. However, its utility may be limited for deeper or non-pleural lesions due to signal interference from air-tissue interfaces and bony structures (17).



3.2 Tumor blood flow dynamics and microvascular characteristics analysis

CEUS provides an in-depth analysis of tumor blood flow dynamics and microvascular characteristics, key factors in assessing tumor malignancy and predicting therapeutic response (Table 1). The ability to visualize blood flow in real-time allows for the evaluation of tumor vascularization, which is directly correlated with tumor aggressiveness. Li et al. highlighted that CEUS could effectively assess blood supply in primary peripheral LC, with malignancies showing asymmetric blood flow distribution, a hallmark of aggressive tumors (18) (Table 1). Similarly, Lei et al. demonstrated that CEUS could be used to assess blood flow dynamics in central LC complicated by atelectasis, offering valuable guidance for surgical planning and treatment decisions (19) (Table 1). The detailed observation of blood flow patterns through CEUS provides critical information regarding tumor biology, supporting both diagnosis and treatment monitoring.



3.3 Assessment of regional lymph nodes and distant metastasis

The ability of CEUS to assess regional lymph node involvement and distant metastasis is an important application in LC staging (Table 1). In particular, CEUS provides valuable information on the vascular features of metastatic lymph nodes, offering improved diagnostic accuracy compared to conventional imaging techniques. Chen et al. demonstrated that CEUS, when combined with microvascular density analysis, could effectively identify metastatic lymph nodes, which are often challenging to detect using traditional methods (20) (Table 1). Additionally, Wang et al. (21) emphasized that the combination of conventional ultrasound and CEUS is highly effective in diagnosing metastatic cervical lymph nodes, improving diagnostic accuracy by providing a clearer view of the metastatic lesions (Table 1). This dual-modality approach enables clinicians to perform more precise staging and plan interventions accordingly.

Furthermore, CEUS plays a pivotal role in detecting distant metastases. Safai Zadeh et al. (22) investigated the use of CEUS in assessing central LC with obstructive atelectasis, showing that dynamic blood flow patterns can indicate the presence of distant metastatic lesions (Table 1). By visualizing blood flow changes, CEUS enhances the ability to detect metastasis early, thus facilitating timely therapeutic interventions.



3.4 Blood flow dynamics and time-intensity curve analysis

In addition to visualizing blood flow, CEUS enables a detailed quantitative analysis through time-intensity curves, providing a deeper understanding of the tumor’s microvascular environment (Table 1). Yin et al. utilized time-intensity curve analysis to assess metastatic lymph nodes from LC, finding that CEUS could provide high-resolution data that accurately reflected the perfusion characteristics of metastatic lesions, improving diagnostic accuracy in staging LC (23) (Table 1). Furthermore, Li et al. highlighted that novel nanoparticle contrast agents significantly enhance the sensitivity and specificity of CEUS, especially in detecting smaller lesions or early-stage tumors that may be missed by other imaging techniques (24) (Table 1).



3.5 Treatment evaluation and dynamic monitoring

Beyond diagnostic capabilities, CEUS is increasingly utilized in the evaluation of treatment efficacy and dynamic monitoring of LC therapies (Table 1). Real-time blood flow imaging enables clinicians to assess tumor response to various treatments, including chemotherapy, targeted therapy, and immunotherapy. Lei et al. found that CEUS could provide valuable insights into treatment effects, particularly in central LC, by detecting blood flow changes that correlate with tumor shrinkage and necrosis during therapy (19). Schauer et al. further expanded on this by demonstrating the value of intraoperative CEUS (Io-CEUS) in improving surgical outcomes for LC patients (25). By allowing real-time visualization of tumor margins during surgery, Io-CEUS can help surgeons detect residual disease, thereby reducing the risk of incomplete resections and improving overall patient outcomes (Table 1).

Yu et al. also explored the potential of CEUS in the context of targeted and immunotherapy, revealing that CEUS could predict treatment success by detecting changes in tumor blood flow (Table 1). These dynamic changes in blood flow can serve as early indicators of therapeutic efficacy, particularly in the early stages of treatment, when traditional methods might not show significant tumor size changes (26) (Table 1). This dynamic monitoring capability makes CEUS a powerful tool for personalized treatment planning and adjustments.




4 Clinical advantages and limitations of CEUS


4.1 Clinical advantages

CEUS has demonstrated several significant advantages in the clinical diagnosis of LC, making it a valuable complement to conventional imaging modalities.

Firstly, CEUS offers lower examination costs and real-time imaging capabilities (27). Compared to CT and MRI, CEUS is more affordable in terms of equipment maintenance and operational expenses. Additionally, CEUS does not require complex settings or facilities, making it particularly suitable for use in primary healthcare centers and resource-constrained environments (27). However, it is important to note that in some countries, CEUS may require the presence of specialized personnel, such as anesthetists, which could limit its applicability in certain primary healthcare settings. Its ability to provide real-time dynamic imaging allows for the immediate visualization of lesion blood flow and tissue characteristics, making it particularly useful for assessing tumor angiogenesis, a key feature of malignancy (28).

Secondly, CEUS reduces patient exposure to radiation (29). While CT provides high-resolution images, it involves ionizing radiation, raising concerns about cumulative exposure risks, especially for high-risk populations requiring regular imaging for monitoring (29). CEUS, in contrast, operates without ionizing radiation, offering a safer diagnostic option for patients undergoing frequent follow-up examinations.

Lastly, CEUS excels in visualizing dynamic changes in lesions. By injecting microbubble-based contrast agents, CEUS enhances the visualization of blood flow within tumors and reveals the microvascular characteristics of tissues (12). This capability is invaluable for distinguishing between benign and malignant lesions and monitoring changes in tumor blood flow and metabolism after treatment (12). In particular, CEUS has shown unique diagnostic value in assessing tumor neovascularization, tissue necrosis, and dynamic changes in lesions following chemotherapy or radiotherapy, making it an essential tool for therapeutic evaluation.



4.2 Limitations and challenges

Despite its numerous advantages, CEUS faces certain limitations and challenges that need to be addressed to enhance its clinical utility.

Firstly, CEUS has limited effectiveness in imaging deep-seated lesions (30). The attenuation of ultrasound signals in deep tissues reduces the quality of imaging for lesions located in the deeper regions of the lungs or in larger patients (30). Additionally, studies have reported that approximately 20–30% of pulmonary lesions may not be evaluable due to interference from air-tissue interfaces in the lungs, particularly in cases where lesions are located near the central airways or in areas with significant air content (17, 31). The bony structures of the chest wall can further hinder imaging quality. These constraints make CEUS less effective than CT or MRI for diagnosing deep or complex pulmonary lesions.

Secondly, the safety and applicability of contrast agents require further evaluation (32). While microbubble contrast agents used in CEUS are generally safe, there are contraindications for certain patient populations, such as those with severe cardiopulmonary conditions or allergies to the contrast agent components (32). Additionally, the diagnostic performance of CEUS may be affected by hemodynamic abnormalities in patients, potentially increasing diagnostic uncertainty in specific clinical scenarios.

Lastly, CEUS relies heavily on operator expertise and lacks standardized protocols (33). The accuracy and reliability of CEUS examinations depend significantly on the skill level of the operator, including selecting the appropriate probe, adjusting imaging parameters, and interpreting dynamic images (33). This dependency on operator proficiency may result in variability in diagnostic outcomes (33). Furthermore, the absence of comprehensive standardized guidelines and diagnostic criteria limits the widespread adoption of CEUS across different healthcare institutions and settings.




5 Current research hotspots and challenges


5.1 Hotspot research areas


5.1.1 CEUS applications in molecular subtyping of LC

Molecular subtyping of LC has become essential in the era of precision medicine, as it directly influences treatment strategies and prognosis. CEUS shows potential in supporting molecular diagnostics by providing real-time imaging data correlated with tumor biology (34). CEUS enables detailed analysis of vascularization patterns and perfusion dynamics, which are often associated with the molecular and histological characteristics of lung tumors. For instance, differences in vascular density and perfusion parameters, such as peak intensity and time-to-peak, have been linked to molecular markers like vascular endothelial growth factor expression. Current studies are investigating the integration of CEUS imaging metrics with molecular profiles to develop non-invasive tools for tumor classification (35). Such approaches could reduce reliance on invasive biopsy procedures, facilitating early and accurate molecular diagnosis.



5.1.2 Combining CEUS with ultrasound elastography for enhanced diagnosis

The combination of CEUS with ultrasound elastography represents a novel diagnostic strategy for LC. CEUS excels in visualizing tumor vascularity and perfusion, while elastography measures tissue stiffness, which is often elevated in malignant lesions (36). By integrating these two modalities, clinicians can obtain complementary data that enhances diagnostic confidence, particularly for peripheral pulmonary nodules or lesions with ambiguous features on conventional imaging (36). Preliminary evidence suggests that combining these technologies improves sensitivity and specificity in distinguishing benign from malignant lung nodules. Research is ongoing to standardize the combined use of CEUS and elastography, focusing on protocol optimization and validation in larger clinical trials. The synergy between these techniques could establish a new standard for non-invasive LC diagnostics.




5.2 Challenges in current research


5.2.1 Diagnostic sensitivity for small pulmonary nodules

Detecting small pulmonary nodules, particularly those under 1 cm in diameter, remains a significant challenge for CEUS. The technique’s resolution limits its ability to visualize the weak blood flow and subtle vascularization features typically associated with early-stage LC (37). Small nodules often lack the well-defined neovascularization seen in larger tumors, further complicating their detection. Additionally, the acoustic shadowing and scattering caused by lung tissue and air interfaces can hinder image clarity. To address these issues, researchers are exploring advancements in probe technology, high-sensitivity contrast agents, and machine learning-based imaging analysis to enhance detection capabilities. However, these innovations require extensive validation before they can be adopted in clinical practice.



5.2.2 Variability due to patient pathophysiological characteristics

Patient-specific factors, such as lung anatomy, comorbid conditions, and systemic vascular dynamics, can significantly influence the reliability of CEUS imaging (12). For example, patients with chronic obstructive pulmonary disease or emphysema exhibit altered pulmonary architecture and vascular patterns, which may lead to misinterpretation of imaging findings. Similarly, systemic diseases like heart failure or altered hemodynamics can impact the distribution and clearance of contrast agents, reducing diagnostic accuracy. Developing personalized CEUS protocols tailored to account for individual physiological variability is essential for addressing these challenges (12). Furthermore, integrating CEUS results with other diagnostic data, such as laboratory markers and clinical history, could improve overall diagnostic precision in diverse patient populations.





6 Future directions for CEUS in LC diagnosis


6.1 Development and application of novel contrast agents

The advancement of novel contrast agents is central to enhancing the diagnostic efficacy of CEUS in LC (32). Current microbubble-based agents are effective for imaging vascular structures but lack specificity for distinguishing malignant from benign lesions (32). Targeted contrast agents, designed to bind specific tumor biomarkers such as vascular endothelial growth factor or epidermal growth factor receptor, offer a promising solution. These agents can highlight tumor-specific microenvironments, improving the sensitivity and specificity of CEUS for early-stage LC detection. Furthermore, they enable molecular imaging, offering insights into tumor biology that can guide personalized treatment planning. The development of biocompatible, long-circulating, and stable agents remains a priority for clinical translation. Research should also explore the safety profiles of these agents, particularly for patients with comorbid conditions.



6.2 Integration of multimodal imaging

The integration of CEUS with other imaging modalities, such as CT, MRI, and positron emission tomography-CT (PET-CT), represents a significant advancement in LC diagnostics (26). Each modality provides unique strengths: CT offers detailed anatomical imaging, MRI excels in soft tissue contrast, and PET-CT delivers metabolic insights (4, 5). CEUS adds real-time, dynamic blood flow visualization without radiation exposure, complementing the static capabilities of these other modalities. Multimodal integration can enhance preoperative staging, enabling comprehensive assessments of tumor size, vascularity, and metastatic spread. Future directions include developing imaging systems that seamlessly fuse CEUS data with CT, MRI, or PET-CT images, along with standardized protocols for joint applications. These advancements could improve diagnostic accuracy while reducing the need for invasive procedures.



6.3 Applications of artificial intelligence and big data

Artificial intelligence (AI) and big data analytics hold transformative potential for CEUS in LC diagnostics. AI-powered algorithms can process large volumes of CEUS data to identify patterns and anomalies that may not be discernible to human observers (38). For instance, machine learning models can analyze key CEUS parameters, such as peak enhancement, time-to-peak, and wash-out dynamics, to predict malignancy (39). AI can also standardize image interpretation, reducing operator dependency and variability in diagnostic outcomes. Additionally, integrating CEUS imaging data with electronic health records and genomic information through big data platforms could facilitate population-level analyses, refining diagnostic criteria and enabling more personalized approaches. Future research should focus on training AI systems with diverse datasets to ensure their applicability across different patient populations and healthcare settings.



6.4 Personalization and precision medicine

Personalized and precision medicine approaches represent the future of CEUS applications in LC diagnosis. Tailoring CEUS protocols to individual patient characteristics—such as tumor size, vascularity, and location—can optimize diagnostic outcomes (40, 41). For instance, patients with peripheral nodules may benefit from high-sensitivity contrast agents, while advanced imaging techniques could address challenges associated with deep-seated lesions. Combining CEUS findings with genomic, proteomic, and metabolomic data can further enhance its precision, offering a holistic view of tumor heterogeneity (40, 41). Additionally, integrating patient-specific factors, such as comorbidities and risk profiles, into CEUS workflows can improve clinical decision-making. Collaborative efforts between radiologists, oncologists, and data scientists will be essential for translating these personalized approaches into routine clinical practice.




7 Summary

CEUS has made significant strides in LC diagnosis, offering high-resolution imaging and effective assessment of tumor vascularization and metastasis. Compared to traditional modalities like CT and MRI, CEUS is non-invasive, cost-effective, and convenient, making it a valuable tool for early diagnosis and staging. However, challenges remain, particularly regarding standardization and interpretation accuracy. Future research should focus on improving CEUS precision and sensitivity, as well as exploring its integration with other imaging techniques for comprehensive LC management. Additionally, the growing application of AI holds promise for enhancing CEUS’s diagnostic accuracy and efficiency, further strengthening its clinical utility.



Author contributions

J-wH: Conceptualization, Data curation, Methodology, Resources, Validation, Visualization, Writing – original draft, Writing – review & editing. HZ: Conceptualization, Data curation, Resources, Validation, Visualization, Writing – original draft, Writing – review & editing. QZ: Conceptualization, Resources, Validation, Visualization, Writing – original draft, Writing – review & editing. X-yL: Conceptualization, Resources, Validation, Visualization, Writing – original draft, Writing – review & editing. CF: Conceptualization, Data curation, Investigation, Project administration, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



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.



References

 1. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global cancer statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2018) 68:394–424. doi: 10.3322/caac.21492 

 2. Woznitza, N, Ghimire, B, Devaraj, A, Janes, SM, Piper, K, Rowe, S , et al. Impact of radiographer immediate reporting of X-rays of the chest from general practice on the lung cancer pathway (radio X): a randomised controlled trial. Thorax. (2023) 78:890–4. doi: 10.1136/thorax-2022-219210 

 3. Chen, CL, Hsu, JS, Shen, YW, Hsu, CH, Kao, SY, Lai, WA , et al. Changes in staging and Management of non-Small Cell Lung Cancer (NSCLC) patients following the implementation of low-dose chest computed tomography (LDCT) screening at Kaohsiung Medical University Hospital. Cancers (Basel). (2024) 16:3727. doi: 10.3390/cancers16223727 

 4. Li, L, Yang, Q, Luo, D, Wang, X, Liu, Z, and Huang, R. Baseline computed tomography imaging findings could assist in early diagnosis of visceral pleural invasion for newly discovered early subpleural non-small cell lung cancer: T1 or T2. J Thorac Dis. (2024) 16:5779–91. doi: 10.21037/jtd-24-294 

 5. Zhu, D, Shao, Y, Yang, Z, Cheng, A, Xi, Q, Liang, X , et al. Magnetic resonance imaging characteristics of brain metastases in small cell lung cancer. Cancer Med. (2023) 12:15199–206. doi: 10.1002/cam4.6206 

 6. Liu, J, Yang, Y, Wu, D, and Li, H. Efficacy of prophylactic cranial irradiation in early to mid-stage small cell lung Cancer patients in the era of magnetic resonance imaging. Clin Lung Cancer. (2024) 25:690–698.e2. doi: 10.1016/j.cllc.2024.08.005 

 7. Fletcher, JW, Djulbegovic, B, Soares, HP, Siegel, BA, Lowe, VJ, Lyman, GH , et al. Recommendations on the use of 18F-FDG PET in oncology. J Nucl Med. (2008) 49:480–508. doi: 10.2967/jnumed.107.047787 

 8. Seitz, K, and Strobel, D. A milestone: approval of CEUS for diagnostic liver imaging in adults and children in the USA. Ultraschall Med. (2016) 37:229–32. doi: 10.1055/s-0042-107411 

 9. Huang, DY, Yusuf, GT, Daneshi, M, Ramnarine, R, Deganello, A, Sellars, ME , et al. Contrast-enhanced ultrasound (CEUS) in abdominal intervention. Abdom Radiol (NY). (2018) 43:960–76. doi: 10.1007/s00261-018-1473-8 

 10. Cosgrove, D, and Lassau, N. Evaluation de l'angiogénèse tumorale à l'aide de l'échographie de contraste. Assessment of tumour angiogenesis using contrast-enhanced ultrasound. J Radiol. (2009) 90:156–64. doi: 10.1016/S0221-0363(09)70094-0 

 11. Li, MH, Li, WW, He, L, Li, JF, and Zhang, SY. Quantitative evaluation of colorectal tumour vasculature using contrast-enhanced ultrasound: correlation with angiogenesis and prognostic significance. World J Gastrointest Surg. (2023) 15:2052–62. doi: 10.4240/wjgs.v15.i9.2052 

 12. Jiang, N, Cao, JY, Jin, Z, Yu, TQ, Chen, ST, and Zhang, Y. Enhanced diagnostic imaging: arrival-time parametric imaging in contrast-enhanced ultrasound for multi-organ assessment. Med Sci Monit. (2024) 30:e945281. doi: 10.12659/MSM.945281 

 13. Fontanilla Echeveste, MT, Ripollés González, T, and Aguirre, PE. Contrast-enhanced ultrasound fundamentals: the pharmacodynamics and pharmacokinetics of contrast. Basics of contrast-enhanced ultrasound imaging. Radiologia (Engl Ed). (2024) 66:S36–50. doi: 10.1016/j.rxeng.2024.10.003 

 14. Zhang, Y, Zhang, Z, Liao, H, Li, M, Xu, C, Liang, Z , et al. Evaluation of parietal pleural adhesion and invasion in subpleural lung cancer: value of B-mode ultrasound and contrast-enhanced ultrasound. Quant Imaging Med Surg. (2024) 14:3302–11. doi: 10.21037/qims-23-1542 

 15. Wang, S, Yang, W, Fu, JJ, Sun, Y, Zhang, H, Bai, J , et al. Microflow imaging of contrast-enhanced ultrasound for evaluation of neovascularization in peripheral lung cancer. Medicine (Baltimore). (2016) 95:e4361. doi: 10.1097/MD.0000000000004361 

 16. Sperandeo, M, Rea, G, Grimaldi, MA, Trovato, F, Dimitri, LM, and Carnevale, V. Contrast-enhanced ultrasound does not discriminate between community acquired pneumonia and lung cancer. Thorax. (2017) 72:178–80. doi: 10.1136/thoraxjnl-2016-208913 

 17. Piscaglia, F, Nolsøe, C, Dietrich, CF, Cosgrove, DO, Gilja, OH, Bachmann Nielsen, M , et al. The EFSUMB guidelines and recommendations on the clinical practice of contrast enhanced ultrasound (CEUS): update 2011 on non-hepatic applications. Ultraschall Med. (2012) 33:33–59. doi: 10.1055/s-0031-1281676 

 18. Li, Q, Nie, F, Yang, D, Dong, T, and Liu, T. Contrast-enhanced ultrasound (CEUS)-a new tool for evaluating blood supply in primary peripheral lung cancer. Clin Hemorheol Microcirc. (2023) 83:61–8. doi: 10.3233/CH-221484 

 19. Lei, Z, Lou, J, Bao, L, and Lv, Z. Contrast-enhanced ultrasound for needle biopsy of central lung cancer with atelectasis. J Med Ultrason. (2001) 45:461–7. doi: 10.1007/s10396-017-0851-0 

 20. Chen, W, Zhang, Y, Tang, J, Wei, D, Liao, H, Zhang, S , et al. Correlations between contrast-enhanced ultrasound and microvessel density in non-small cell lung cancer: a prospective study. Front Oncol. (2023) 13:1086251. doi: 10.3389/fonc.2023.1086251 

 21. Wang, AR, Zhang, M, Xiang, SF, and Liu, C. Conventional ultrasound combined with contrast-enhanced ultrasound quantitative analysis for diagnosing lung cancer metastases in neck lymph nodes. J Men's Health. (2023) 19:70–9. doi: 10.22514/jomh.2023.035

 22. Safai Zadeh, E, Huber, KP, Görg, C, Prosch, H, and Findeisen, H. The value of contrast-enhanced ultrasound (CEUS) in the evaluation of central lung Cancer with obstructive atelectasis. Diagnostics (Basel). (2024) 14:1051. doi: 10.3390/diagnostics14101051 

 23. Yin, S, Cui, Q, Wang, S, Fan, Z, and Yan, K. Analysis of contrast-enhanced ultrasound perfusion patterns and time-intensity curves for metastatic lymph nodes from lung Cancer: preliminary results. J Ultrasound Med. (2018) 37:385–95. doi: 10.1002/jum.14345 

 24. Li, N, Han, L, and Jing, H. Contrast-enhanced ultrasound with a novel nanoparticle contrast agent for clinical diagnosis in patients with non-small cell lung cancer. Exp Ther Med. (2017) 14:3768–73. doi: 10.3892/etm.2017.4933 

 25. Schauer, MI, Jung, EM, Hofmann, HS, Batista, P, da Silva, N, Akers, M , et al. Performance of intraoperative contrast-enhanced ultrasound (Io-CEUS) in the diagnosis of primary lung Cancer. Diagnostics (Basel). (2024) 14:1597. doi: 10.3390/diagnostics14151597 

 26. Yu Qing, D, Jing, B, Bing, W, Song, W, Fei, ZQ, Kun, Y , et al. Differential diagnosis of pathological type of peripheral lung Cancer with multimodal contrast-enhanced ultrasound. Ultrasound Med Biol. (2024) 50:1485–93. doi: 10.1016/j.ultrasmedbio.2024.05.017 

 27. Yang, Q, Fu, Y, Wang, J, Yang, H, and Zhang, X. Advantages of contrast-enhanced ultrasound in the localization and diagnostics of sentinel lymph nodes in breast cancer. J Zhejiang Univ Sci B. (2023) 24:985–97. doi: 10.1631/jzus.B2300019 

 28. Corvino, A, Sandomenico, F, Setola, SV, Corvino, F, Tafuri, D, and Catalano, O. Morphological and dynamic evaluation of complex cystic focal liver lesions by contrast-enhanced ultrasound: current state of the art. J Ultrasound. (2019) 22:251–9. doi: 10.1007/s40477-019-00385-2 

 29. Beckmann, S, and Simanowski, JH. Update in contrast-enhanced ultrasound. Visc Med. (2020) 36:476–86. doi: 10.1159/000511352 

 30. Mitterberger, M, Pelzer, A, Colleselli, D, Bartsch, G, Strasser, H, Pallwein, L , et al. Contrast-enhanced ultrasound for diagnosis of prostate cancer and kidney lesions. Eur J Radiol. (2007) 64:231–8. doi: 10.1016/j.ejrad.2007.07.027 

 31. Messina, G, Bove, M, Natale, G, Di Filippo, V, Opromolla, G, Rainone, A , et al. Diagnosis of malignant pleural disease: ultrasound as "a detective probe". Thorac Cancer. (2023) 14:223–30. doi: 10.1111/1759-7714.14735 

 32. Paefgen, V, Doleschel, D, and Kiessling, F. Evolution of contrast agents for ultrasound imaging and ultrasound-mediated drug delivery. Front Pharmacol. (2015) 6:197. doi: 10.3389/fphar.2015.00197 

 33. Pausch, AM, Kammerer, S, Weber, F, Herr, W, Stroszczynski, C, Holler, E , et al. Parametric imaging of contrast-enhanced ultrasound (CEUS) for the evaluation of acute gastrointestinal graft-versus-host disease. Cells. (2021) 10:1092. doi: 10.3390/cells10051092 

 34. Chadderdon, SM, and Kaul, S. Molecular imaging with contrast enhanced ultrasound. J Nucl Cardiol. (2010) 17:667–77. doi: 10.1007/s12350-010-9240-4 

 35. Chen, K, Dong, Y, Zhang, W, Han, H, Mao, F, Zhang, Q , et al. Analysis of contrast-enhanced ultrasound features of hepatocellular adenoma according to different pathological molecular classifications. Clin Hemorheol Microcirc. (2020) 76:391–403. doi: 10.3233/CH-200899 

 36. Constantinescu, C, and Saftoiu, A. A brief report on EFSUMB guidelines and recommendations for elastography and contrast-enhanced ultrasound. Med Ultrason. (2019) 21:5–7. doi: 10.11152/mu-1917 

 37. He, N, Yu, XL, Xu, JP, Zhao, D, Su, DM, and Zhang, WZ. Application of contrast-enhanced ultrasound in the biopsy of peripheral pulmonary nodules. Zhejiang J Integr Tradit Chin West Med. (2023) 33:71–2.

 38. Brooks, JA, Kallenbach, M, Radu, IP, Berzigotti, A, Dietrich, CF, Kather, JN , et al. Artificial intelligence for contrast-enhanced ultrasound of the liver: a systematic review. Digestion. (2024):1–18. doi: 10.1159/000541540 

 39. Bai, Y, An, ZC, Li, F, Du, LF, Xie, TW, Zhang, XP , et al. Deep learning using contrast-enhanced ultrasound images to predict the nuclear grade of clear cell renal cell carcinoma. World J Urol. (2024) 42:184. doi: 10.1007/s00345-024-04889-3 

 40. Liu, D, Liu, F, Xie, X, Su, L, Liu, M, Xie, X , et al. Accurate prediction of responses to transarterial chemoembolization for patients with hepatocellular carcinoma by using artificial intelligence in contrast-enhanced ultrasound. Eur Radiol. (2020) 30:2365–76. doi: 10.1007/s00330-019-06553-6 

 41. Li, X, Zhang, J, Zhang, G, Liu, J, Tang, C, Chen, K , et al. Contrast-enhanced ultrasound and conventional ultrasound characteristics of breast Cancer with different molecular subtypes. Clin Breast Cancer. (2024) 24:204–14. doi: 10.1016/j.clbc.2023.11.005


Copyright
 © 2025 Huang, Zeng, Zhang, Liu and Feng. 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.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Advances in the clinical diagnosis of lung cancer using contrast-enhanced ultrasound



		1 Introduction



		2 Search strategy and study selection



		2.1 Search strategy



		2.2 Inclusion criteria



		2.3 Exclusion criteria



		2.4 Study selection









		3 Application of CEUS in LC diagnosis



		3.1 Identification and classification of LC lesions



		3.2 Tumor blood flow dynamics and microvascular characteristics analysis



		3.3 Assessment of regional lymph nodes and distant metastasis



		3.4 Blood flow dynamics and time-intensity curve analysis



		3.5 Treatment evaluation and dynamic monitoring









		4 Clinical advantages and limitations of CEUS



		4.1 Clinical advantages



		4.2 Limitations and challenges









		5 Current research hotspots and challenges



		5.1 Hotspot research areas



		5.1.1 CEUS applications in molecular subtyping of LC



		5.1.2 Combining CEUS with ultrasound elastography for enhanced diagnosis









		5.2 Challenges in current research



		5.2.1 Diagnostic sensitivity for small pulmonary nodules



		5.2.2 Variability due to patient pathophysiological characteristics















		6 Future directions for CEUS in LC diagnosis



		6.1 Development and application of novel contrast agents



		6.2 Integration of multimodal imaging



		6.3 Applications of artificial intelligence and big data



		6.4 Personalization and precision medicine









		7 Summary



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fmed-12-1543033-g001.jpg
Identification ]

(

)

Screening

Included

Web of Science, PubMed, and additional sources (n =1187)

Studies after duplicates removed
=1175)

Studies excluded (n =868)
Irreverent studies (n =868)

Studies screened

Studies excluded (n=295)
(n=307)

Not-specific to lung cancer
(n=26)

Not-specific to contrast-
enhanced ultrasound (n=269)

Full-text studies read for

cligibility (n=12)

Full-text studies excluded,
with reasons (n =1)
Animal study (n =1)

Studies included (n =11)






OPS/images/fmed-12-1543033-t001.jpg
Reference Patient

Publication type

Diagnostic
modality

Main findings

Wang etal. (15) Patients with peripheral LC

Sperandeoetal. (16)  Patients suspected of
community-acquired

pneumonia or LC

Lietal. (1) Patients with primary

peripheral LC
Lei etal. (19) Patients with central LC and
atelectasis
Chen etal. (20) Patients with non-small cell
1c

Wangetal. (21) Patients with neck lymph

node metastases from LC

Safai Zadeh etal. (22) | Patients with central LC and

obstructive atelectasis

Yinetal Patients with metastatic LC
(23)
Lietal. (24) Patients with non-small cell

Lc

Schaver et al. (25) Patients undergoing surgery

for primary LC

YuQD, etal. (26) Patients with peripheral LC

Observational study

Observational study

Observational study

Observational study

Observational study

Observational study

Observational study

Observational study

Observational study

Observational study

Observational study

LC, lung cancer; CEUS, contrast-enhanced ultrasound; lo-CEUS, Intraoperative CEUS.

CEUS

CEUS

CEUS

CEUS

CEUS

Conventional

ultrasound

combined with

CEUS

CEUS

CEUS

To-CEUS

Multimodal CEUS

CEUS effectively visualized neovascularization in
peripheral LC, aiding in the evaluation of tumor

vascularity.

CEUS showed no significant ability to differentiate
between community-acquired pneumonia and LC,

highlighting its limitations in certain contexts.

CEUS effectively assessed the blood supply in primary
peripheral LC, providing insights into tumor
vascularity and potential for targeted therapies.

CEUS guided needle biopsy of central LC with
atelectasis, improving biopsy accuracy and

visualization.

A positive correlation was found between CEUS results

and microvessel density in non-small cell LC,

suggesting CEUS as a useful tool for assessing tumor

angiogenesis.

Combined conventional ultrasound and CEUS

quantitatively analyzed neck lymph node metastases,
enhancing the diagnostic accuracy for detecting LC
metastases.

CEUS provided valuable diagnostic information in
evaluating central LC with obstructive atelectasis,

offering insights into tumor characteristics.

CEUS was used to assess perfusion patterns and time-

intensity curves, offering preliminary insights into

evaluating metastatic lymph nodes in LC.

A novel nanoparticle contrast agent improved
diagnostic accuracy and visualization of LC in patients
with non-small cell LC.

To-CEUS was effective in diagnosing primary LC
during surgery, aiding in real-time assessment of tumor
characteristics.

Multimodal CEUS helped differentiate between
pathological types of peripheral LC, improving

diagnostic accuracy and decision-making.





OPS/images/cover.jpg
’ frontiers = Frontiers in Medicine

Advances in the clinical diagnosis
of lung cancer using
contrast-enhanced ultrasound












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Medicine






