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Editorial on the Research Topic


Local ablative therapies for the management of lung cancer


Lung cancer, the leading cause of cancer related death in China and worldwide (1, 2), were comprised of non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC), and the former account for nearly 85% (3). Furthermore, lungs have become the second most common metastatic site after liver, having a great impact on patient management and outcome (4). Therefore, the diagnosis and treatment of primary and secondary lung tumors deserves high emphasis.

For early-stage NSCLC and for some lung metastases, radical surgery usually represents the main treatment method; in unsurgical patients, percutaneous image-guided thermal ablation, such as radiofrequency ablation (RFA), microwave ablation (MWA) and cryoablation, has been increasingly applied as a safe, cost- effective, and precise minimally invasive alternative treatment methods (5).

Based on recent technical developments and new combinations of systemic and local therapy, we recognized the topic of “Local Ablative Therapies for The Management of Lung Cancer“ in Frontiers of Oncology.


Primary lung cancer

Recently with application of low dose CT (LDCT), more patients with ground-glass nodules (GGNs) were identified and part GGNs progress to GGN-like lung adenocarcinoma. Although surgery was the main treatment regimen for those patients, MWA have being proved to be another radical treatment option (6, 7). However, up to date, no study explored the cost and effectiveness of microwave ablation versus video-assisted thoracoscopic surgical (VATS) resection for GGN-like lung adenocarcinoma. Han et al. verified that MWA had similar 3-year overall survival (OS) rate and a dramatically lower cost and shorter hospital stay compared with VATS. So based on efficacy and cost, MWA could provide an alternative treatment option for patients with GGN-like lung adenocarcinoma.

Although MWA was mainly applied in early-stage NSCLC, for locally advanced or metastatic NSCLC patients, MWA in combination with other treatments could also improve survival in the study. Based on the SEER database, Yang et al. verified that MWA improved both OS and cancer specific survival (CSS) for patients with stage II to III NSCLC, which indicating MWA maybe an alternative treatment for those unfit for radical surgery.

For advanced and standard treatments-refractory NSCLC patients, local treatment of drug-eluting beads bronchial arterial chemoembolization (DEB-BACE) could be an option (8, 9), also for treating complications. When DEB-BACE was combined with MWA, superior ORR and longer PFS were achieved as showed by Xu et al. Other combination treatment regimens such as DEB-BACE plus targeted therapy of anlotinb or iodine-125 brachytherapy also showed response and survival advantage (10, 11). The combination of systematic treatments of chemotherapy with local treatment such as radiotherapy and interventional embolization could achieve superior survival advantage. Zhou et al. reported a partial response after combined treatment in a squamous cell unresectable lung cancer was also achieved.

The treatments for advanced NSCLC range from routine chemotherapy to novel targeted therapy and immunotherapy (12). Immunotherapy targeting immune checkpoint (IC) especially anti-programmed death-1 (PD-1) and programmed death-ligand 1(PD-L1) antibodies have changed the treatment regimens of metastatic NSCLC. However, the relatively low response rate of immunotherapy monotherapy limits its application. Our previous study verified that PD-1 antibody combined with MWA could improve ORR (13). We further explored the MWA plus camrelizumab (a PD-1 inhibitor) monotherapy or camrelizumab combination therapy in NSCLC. The ORR was 29.9% and the PFS was 11.8 months. All these studies indicate the potential synergetic effect of MWA and PD-1 antibody.

New perspectives could also be focused on local drug injection, that could also be combined to locoregional treatments, highlighting apoptotic effects, as reported in early-stage NSCLC with the combination of RFA and intratumoral chemotherapy (14, 15). Huang et al. explored the combination of MWA and intratumoral chemotherapy and a median PFS of 8.1 months was achieved.



Pulmonary metastases

Pulmonary metastases from colorectal cancer (CRC) were commonly observed in clinical practice. Local treatments such as MWA was proved to be an effective treatment in oligometastases disease (16, 17). Han et al. conducted a long-term follow up of patients with CRC pulmonary metastases underwent MWA, the median OS was 76 months and the 5-year survival rate reached as high as 51.6%. The application of MWA provided long-term survival benefit for CRC pulmonary metastases.



Technical aspects

MWA is mainly performed under CT-guidance. In the last years, other image-guidance modalities were also explored. Cone-beam computed tomography (CBCT) has already been referred to several applications in interventional oncology such as renal cancer and osteoid osteoma (18, 19). It allows 3D images on a selected volume to be produced usually with a relatively small field of view (FOV). Wang et al. explored CBCT-assisted secondary pulmonary tumors ablation and verified that CBCT guided thermal ablation and helical tomotherapy provided comparable clinical effects and safety.

MR-guided MWA for lung malignant tumor could also be another option, just previously explored in rabbits (20, 21). Lin et al. firstly explored the efficacy and safety of MR-guided MWA for lung cancer and showed that the treatment was feasible and efficient. It could be a new guided method for lung cancer patients, even if its applications is limited by the longer procedural time and needed of dedicated devices. From a technical point of view, artificial pneumothorax and artificial hydrothorax were the common applied techniques to treat patients with tumors localized in the subpleural zone (22, 23). To show the effective puncture path and to obtain a sufficient safety margin, combination of artificial pneumothorax and artificial hydrothorax could improve the safety and the complete ablation rate, reducing procedural complications also in the treatment of lung cancer adjacent to vital organs.



Intraprocedural management

Besides assistance of artificial pneumothorax and artificial hydrothorax, another treatment regimen for patients with tumors localized in the subpleural those patients could be a local pleural anesthesia (24), that can also reduce the patient’s pain and complications.

Thoracic Paravertebral Block (TPB) is generally used in thoracoscopic surgery as a major anesthesia method (25). When a single ultrasound-guided TPB with a large volume of anesthetic is applied during MWA procedure, an effective analgesia can be achieved. This technique allows to increase patient collaboration in order to reduce multiple lung punctures and consequent associated injury.



Image evaluation

A topic that could be interesting in the treatment of lung tumors with MWA is also represented by the ability to predict and evaluate the treatment efficacy. In detail, apparent diffusion coefficient (ADC) of MRI calculated 24 hours after MWA of lung cancer could be effectively used to predict the early treatment efficacy (20).

Furthermore, Chen et al. showed MRI manifestations of thermal ablation in VX2 tumor of rabbit lung have certain characteristics with strong pathological association. CT combined with MRI multimodal radiomics could also provide an effective new method for clinical evaluation of the immediate efficacy of thermal ablation of lung tumors.



Conclusions

Locoregional ablative therapies are minimally invasive procedures with an emerging and increasing role for the management of primary and secondary lung tumours.

Factors that could contribute to increase safety and efficacy include a thorough knowledge of new devices and techniques, as well as imaging-guiding modalities, assistive techniques for percutaneous treatment, and the role of prediction and follow-up. Furthermore, combination of percutaneous treatment option, as MWA, with other treatments could also allow a significant improvement of oncological outcomes in patients with both primary and secondary lung cancers.
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Purpose

To compare the outcomes of drug-eluting bead bronchial arterial chemoembolization (DEB-BACE) with and without microwave ablation (MWA) for the treatment of advanced and standard treatment-refractory/ineligible non-small cell lung cancer (ASTRI-NSCLC).



Materials and Methods

A total of 77 ASTRI-NSCLC patients who received DEB-BACE combined with MWA (group A; n = 28) or DEB-BACE alone (group B; n = 49) were included. Clinical outcomes were compared between groups A and B. Kaplan–Meier methods were used to compare the median progression-free survival (PFS) or overall survival (OS) between the two groups. Univariate and multivariate Cox proportional hazards analyses were used to investigate the predictors of OS for ASTRI-NSCLC treated with DEB-BACE.



Results

No severe adverse event was found in both groups. Pneumothorax was the predominant MWA-related complication in group A, with an incidence rate of 32.1% (9/28). Meanwhile, no significant difference was found in DEB-BACE-related complications between groups A and B. The overall disease control rate (DCR) was 61.0% (47/77), with a significantly higher DCR in group A (85.7% vs. 46.9%, P = 0.002). The median PFS in groups A and B was 7.0 and 4.0 months, respectively, with a significant difference (P = 0.037). The median OS in groups A and B was both 8.0 months, with no significant difference (P = 0.318). The 6-month PFS and OS rates in groups A and B were 75.0% and 78.6%, 22.4% and 59.2%, respectively, while the 12-month PFS and OS rates in groups A and B were 17.9% and 28.6%, 14.3% and 22.4%, respectively. Of these, a significantly higher 6-month PFS rate was found in group A (75.0% vs. 22.4%; P < 0.001). The cycles of DEB-BACE/bronchial artery infusion chemotherapy [hazard ratio (HR): 0.363; 95% confidence interval (CI): 0.202–0.655; P = 0.001] and postoperative immunotherapy (HR: 0.219; 95% CI: 0.085–0.561; P = 0.002) were identified as the predictors of OS in ASTRI-NSCLC treated with DEB-BACE.



Conclusion

MWA sequentially combined with DEB-BACE was superior to DEB-BACE alone in the local control of ASTRI-NSCLC. Although the combination therapy reveals a trend of prolonging the OS, long-term prognosis warrants an investigation with a longer follow-up.





Keywords: microwave ablation, non-small cell lung cancer, drug-eluting beads, chemoembolization, complications, survival



Introduction

Primary lung cancer has an incidence and mortality of over 2.2 million and 1.79 million, respectively, estimated globally in 2020 (1). In China, non-small cell lung cancer (NSCLC) has a percentage over 85% in the diagnoses of lung cancer, and most of the patients are advanced when diagnosed (2, 3). The standard treatments for unresectable advanced NSCLC include chemoradiotherapy, molecular targeted therapy [such as tyrosine kinase inhibitors (TKIs)], and immunotherapy. However, it often develops refractoriness and almost 59% of unresectable stage III NSCLC patients are ineligible for chemoradiotherapy owing to the severe adverse events (4). In addition, TKIs are not available for a large proportion of patients without gene mutations. The prognosis of advanced NSCLC remains dismal, with a 5-year survival rate of 15% for stage III and that of less than 10% for stage IV (5). Furthermore, 30%–50% of NSCLC patients are diagnosed with poor performance status owing to cardiovascular and pulmonary diseases and are ineligible for systemic therapy (6). The therapeutic strategy for advanced and standard treatment-refractory/ineligible NSCLC (ASTRI-NSCLC) patients remains limited.

In recent decades, computed tomography (CT)-guided microwave ablation (MWA) has been recommended as a primary treatment option by several guidelines (7, 8), especially for early-stage NSCLC that is contraindicated to undergo surgery or radiotherapy, and has been presented as a part of combination therapy for advanced-stage NSCLC (9). Moreover, bronchial arterial chemoembolization (BACE) has been increasingly applied in NSCLC, which aims to embolize the tumor-feeding arteries, extend the action time of chemotherapeutic drugs, and increase drug concentration at tumor tissues (10). As a novel drug delivery and embolization system in transarterial chemoembolization (TACE), drug-eluting bead (DEB) microsphere can release the loaded chemotherapeutic drugs slowly, improve local drug concentration, and permanently embolize the tumor-feeding arteries (11). DEB-BACE was identified as an effective and safe approach for advanced standard treatment-ineligible/rejected NSCLC (12–16).

The optimal cutoff value of tumor diameter in predicting local recurrence after MWA was 3 cm, with the potential mechanisms for incomplete ablation in large tumors including the limited size and homogeneity of tumor necrosis achieved by MWA and the heat-sink effect caused by the blood vessels in ablated tumor (17). In theory, BACE could block the arterial blood flow and increase drug concentration at tumor sites, which may improve the prognosis of MWA. Similar effectiveness has already been shown and recommended in liver cancers treated with TACE and thermal ablation (18, 19). Liu et al. (20) indicate that combined treatment with DEB-TACE has advantages in improving the prognosis of early-stage liver cancer compared to MWA alone. However, few studies have focused on the outcomes of MWA combined with DEB-BACE for ASTRI-NSCLC. Therefore, a retrospective study was conducted to compare the outcomes of DEB-BACE with and without MWA in the treatment of ASTRI-NSCLC.



Materials and Methods


Patient Criteria

This single-center case-control study included all ASTRI-NSCLC patients who underwent DEB-BACE at this institution. The institutional ethics review board approved this study. The study protocol was conducted per the Declaration of Helsinki. Informed consent was waived due to the retrospective nature of this study. ASTRI-NSCLC patients who received DEB-BACE between May 2017 and April 2021 were allocated to the combination therapy group (MWA+DEB-BACE, group A) and DEB-BACE alone group (group B). Informed consent of MWA or/and DEB-BACE was obtained before these procedures. Patient inclusion criteria were as follows: (a) age of 18–85 years; (b) advanced NSCLC that is ineligible for or is refractory to standard treatments; and (c) Eastern Cooperation Oncology Group score of 0–2. Patient exclusion criteria were as follows: (a) concomitant radioactive seed implantation was performed during MWA procedure; (b) incomplete data; (c) lost to follow-up; (d) MWA combined with bronchial artery infusion chemotherapy (BAI); and (e) period between MWA and DEB-BACE longer than 1.5 months.

The histopathological subtypes were confirmed via previous percutaneous needle aspiration biopsy or surgery or fiberoptic bronchoscopy. Positron emission tomography or CT was performed to evaluate the tumor location, quantity, size, and local and distant metastases. The clinical TNM staging system of the Union for International Cancer Control (8th edition) was applied in identifying the tumor stage (5).



Microwave Ablation Procedure

The MWA indications and procedures followed the Society of Interventional Radiology (SIR) guidelines (21). As described previously (22), an MTC-3C MWA system (Vison Medical Inc., China) or an ECO-100A1 MWA system (ECO, China) was used, with a microwave emission frequency of 2,450 ± 50 MHz and an adjustable continuous wave output power of 20–80 W. The MWA antenna (Vison or ECO) was 15–18 cm in effective length and 15–17 G in outside diameter according to the tumor location and distance to the pleura, with a 15-mm active tip. Preprocedural CT was performed to inform the treatment plan and to clarify the suitable position, puncture site location, optimal puncture trajectory, and the number of MWA antennas. Local anesthesia was used for most patients, while intravenous anesthesia was used for selected patients requiring more pain control. Antennas were introduced into the planned site, and MWA was performed at the planned power and duration, with adjustments of suitable power and duration being carried out according to the intraprocedural location of MWA antennas as needed. The procedure was terminated when the tumor tissues were ablated and inactivated as much as possible. Finally, chest CT was repeated to evaluate the distribution of ablation zone and detect the potential complications.



DEB-BACE Procedure

As described previously (16), DEB-BACE procedures were performed under local anesthesia via a femoral artery approach. A 5-French pigtail catheter (PIG Impress; Merit Medical Systems, Inc., USA) was initially used for aortic arch angiography to detect the origins of tumor-feeding arteries. Then, a 5-French cobra (CB 1 Impress; Merit Medical Systems, Inc., USA) or left gastric catheter (Radifocus; Terumo Corporation, Japan) was used to select the bronchial arteries or non-bronchial systemic arteries. Super-selective catheterization with a 1.98-French microcatheter (Masters PARKWAY SOFT; Asahi Intec Co., Japan) was inserted coaxially. The chemotherapeutic regimen of paclitaxel (100–200 mg; Keaili, CSPC Pharmaceutical Group Co., China) was administered during BAI for patients who had already received systemic platinum-based chemotherapy, while nedaplatin (80–100 mg; Lubei, Qilu Pharmaceutical Co., China) was administered for patients who had not received systemic platinum-based chemotherapy. Gemcitabine (200–1,000 mg; Zefei, Hansoh Pharmaceutical Group Co., China) or endostatin (60-120 mg; Endu, Simcere Pharmaceutical Group, China) was infused on demand. BAI was followed by DEB-BACE, which was performed using 100–300 μm or 300–500 μm or 500–700 μm CalliSpheres microspheres (Jiangsu Hengrui Medical Co., China) loaded with gemcitabine (800 mg; Hansoh, China) or pirarubicin (30 mg; Adriamycin, Shenzhen Main Luck Pharmaceutical Inc., China). The CalliSpheres microspheres were first mixed with gemcitabine or pirarubicin at a temperature of 23°C–28°C for 30 min and vibrated every 5 min. Then, iodixanol (100 ml:65.2 g/32 g iodine; Hengrui, China) was added at a 1:1 ratio. The DEB-BACE was performed slowly and carefully in tumor-feeding arteries under fluoroscopic monitoring to avoid reflux into nontarget vessels. The technical endpoint of embolization was the absence of additional tumor staining or stasis/near stasis of the tumor-feeding arteries. For patients who received combination therapy, DEB-BACE was performed 2–45 days after MWA, followed by repeated DEB-BACE/BAI on demand. For the patients who received a repeated DEB-BACE/BAI, DEB-BACE was performed if abundant tumor staining was revealed in angiography, while BAI alone was performed for those patients without.



Follow-Up and Assessments

Short-term follow-up with CT was conducted 1–5 days after MWA during hospitalization and 3–4 weeks after MWA at an outpatient visit to detect postprocedural complications, including pneumothorax and pleural effusion. Chest tube placement was performed for patients with moderate and severe pneumothorax or pleural effusion (17). Immunotherapy was performed for patients who have not received and can tolerate programmed cell death ligand 1 (PD-L1) blockade and programmed cell death 1 (PD-1) blockade. PD-L1 blockade was administered for patients with high PD-L1 expression according to the previous testing.

MWA- or DEB-BACE-related complications were evaluated according to criteria from the SIR (21, 23). Enhanced CT was routinely performed every 3 months. Based on the Response Evaluation Criteria in Solid Tumors version 1.1 (24), treatment response was evaluated and classified as a complete response (CR), partial response (PR), stable disease (SD), or progressive disease (PD). The disease control rate (DCR) was defined as CR or PR or SD. Overall survival (OS) was defined as the interval from the start of MWA in group A or the first DEB-BACE in group B to death or the last follow-up (October 31, 2021). For patients who died during the follow-up period, OS was calculated as the interval from the MWA or DEB-BACE procedures to death. For patients who survived but were lost to follow-up, OS was calculated as the interval from the MWA or DEB-BACE procedures to the last follow-up. Progression-free survival (PFS) was defined as the interval from the MWA or DEB-BACE procedures to the time of objective progression, including local progression and/or distant metastases. For patients who did not die or progress, the censoring date was defined as the last clinical assessment date.



Statistical Analysis

Categorical variables are described as frequencies and percentages, and continuous variables are described as the mean ± SD. Statistical analyses were performed using SPSS 25.0 for Windows (IBM, Somers, New York). The clinical characteristics, complications, and prognostic data were compared by Student’s t-test or Mann–Whitney U test for continuous variables and by chi-square test for categorical variables. Of these, Kaplan–Meier methods were used to compare the median PFS or OS between the two groups. The OS for ASTRI-NSCLC treated with DEB-BACE was estimated using the Kaplan–Meier method. The possible predictors of OS included 21 parameters on demographics, treatment history, MWA or/and DEB-BACE factors, and radiological features. Variables with a P-value <0.05 in the univariate analyses were entered as candidate variables into a stepwise Cox proportional hazards analyses. The results of the multivariate analyses indicated the predictors for the OS. A P-value <0.05 was considered to indicate statistical significance in the univariate and multivariate Cox proportional hazards analyses.




Results


Patient Characteristics

A total of 77 NSCLC patients (28 in group A and 49 in group B; Figure 1) were included. Of these, 41 patients (53.2%) were squamous cell carcinoma and 45 patients (58.4%) were stage III NSCLC. Detailed demographic characteristics are presented in Table 1; a significant difference was found in the incidence of hypertension (P = 0.021), whereas other variables revealed no differences. There were 21 patients (27.3%) who received immunotherapy after DEB-BACE, with PD-L1 blockade administered in six patients (7.8%) and PD-1 blockade administered in 15 patients (19.5%).




Figure 1 | Patient selection flowchart. ASTRI-NSCLC, advanced standard treatment-refractory/ineligible non-small cell lung cancer; DEB-BACE, drug-eluting bead bronchial artery chemoembolization; MWA, microwave ablation; BAI, bronchial artery infusion chemotherapy.




Table 1 | Clinical characteristics between ASTRI-NSCLC patients in groups A and B.





Complications

No severe adverse event was found in both groups. Detailed MWA-related complications in group A are presented in Table 2; pneumothorax was the predominant MWA-related complication, with an incidence rate of 32.1% (9/28). Detailed DEB-BACE-related complications between groups A and B are presented in Table 3, with no significant difference.


Table 2 | Details of MWA-related complications in group A.




Table 3 | Details of DEB-BACE-related complications between ASTRI-NSCLC patients in groups A and B.





Clinical Outcomes

Detailed clinical outcomes between the two groups are presented in Table 4. In a mean follow-up of 21.7 ± 14.1 months, the median PFS in groups A and B was 7.0 and 4.0 months, respectively, with a significant difference (P = 0.037; Figure 2A). The median OS in groups A and B was both 8.0 months, with no significant difference (P = 0.318; Figure 2B). The 6-month PFS and OS rates in groups A and B were 75.0% and 78.6%, 22.4% and 59.2%, respectively, while the 12-month PFS and OS rates in groups A and B were 17.9% and 28.6%, 14.3% and 22.4%, respectively. Of these, a significantly higher 6-month PFS rate was found in group A (75.0% vs. 22.4%; P < 0.001). There were nine patients (11.7%) who achieved PR at 3 months after MWA or/and DEB-BACE (Figure 3). The overall DCR was 61.0% (47/77) at 3 months after MWA or DEB-BACE; of these, a significantly higher DCR was found in group A (85.7% vs. 46.9%, P = 0.002).


Table 4 | Clinical outcomes between ASTRI-NSCLC patients in groups A and B.






Figure 2 | Comparison of median PFS or OS between ASTRI-NSCLC patients in groups A and B. (A) The estimated median PFS was 11.0 months for patients in group A, while that was 4.0 months for patients in group B. (B) The estimated median OS was 12.0 months for patients in group A, while that was 8.0 months for patients in group (B) PFS, progression-free survival; OS, overall survival; ASTRI-NSCLC, advanced standard treatment-refractory/ineligible non-small cell lung cancer.






Figure 3 | A typical case of ASTRI-NSCLC treated with combination therapy. (A–C) A confirmed NSCLC patient with poor pulmonary function was admitted, with the tumor subtype of squamous cell carcinoma. Positron emission tomography revealed the presence of abnormal accumulation of the tracer in lung mass and enlarged hilar lymph nodes, and the maximum tumor diameter was 5.1 cm (white arrow), which showed T3N1M0 and stage III A for the patient. (D). CT-guided MWA was performed (white arrow), with 40W of energy released and 10 minutes of ablation time. (E) DEB-BACE was performed 3 weeks after MWA, with the microcatheter being used for super-selective catheterization initially (white arrow). Sequential angiography revealed that the tumor was fed by the right bronchial artery, with the presence of abundant tumor staining (black arrow). (F) The 300–500-μm CalliSpheres microspheres loaded with gemcitabine (800 mg) were used for chemoembolization via the microcatheter (white arrow). The post-embolization angiography revealed the disappearance of tumor staining (black arrow). A total of four cycles of DEB-BACE/BAI were performed. (G) The 3-month CT scan after combination therapy revealed the tumor size decreases to 3.5 cm and showed a PR in response. (H, I) The 6-month and 9-month CT scans after combination therapy revealed a continued decrease in the tumor size. ASTRI-NSCLC, advanced standard treatment-refractory/ineligible non-small cell lung cancer; CT, computed tomography; MWA, microwave ablation; DEB-BACE, drug-eluting bead bronchial artery chemoembolization; BAI, bronchial artery infusion chemotherapy; PR, partial response.





Predictors of Overall Survival for ASTRI-NSCLC Treated With DEB-BACE

Detailed results of univariate and multivariate analyses are presented in Table 5. The cycles of DEB-BACE/BAI [hazard ratio (HR): 0.363, 95% CI: 0.202–0.655, P = 0.001; Figure 4A] and postoperative immunotherapy (HR: 0.219, 95% CI: 0.085–0.561, P = 0.002; Figure 4B) were identified as the predictors of OS for ASTRI-NSCLC treated with DEB-BACE.


Table 5 | Univariate and multivariate Cox proportional hazards analyses for OS in ASTRI-NSCLC treated with DEB-BACE.






Figure 4 | Kaplan–Meier analyses of OS in ASTRI-NSCLC treated with DEB-BACE. (A) The estimated median OS was 3.0 months for patients treated with one cycle of DEB-BACE compared with 13.0 months for those patients with no less than two cycles of DEB-BACE/BAI. (B) The estimated median OS was 27.0 months for patients with postoperative immunotherapy compared with 8.0 months for those patients without. OS, overall survival; ASTRI-NSCLC, advanced standard treatment-refractory/ineligible non-small cell lung cancer; DEB-BACE, drug-eluting bead bronchial artery chemoembolization; BAI, bronchial artery infusion chemotherapy.






Discussion

The first-line therapeutic strategy for unresectable advanced NSCLC is chemoradiotherapy, which can provide an objective response rate (ORR) of 23%–34% and a median OS of 11.6 months after systemic platinum-based chemotherapy, or an ORR of 51.5%, a median OS of 22.0 months, and a median PFS of 17.0 months after chemoradiotherapy (25–27). The incidence rate of adverse events was 62% as reported (26). Second-line systemic chemotherapy or TKIs were considered when the patients fail to respond to chemoradiotherapy and can provide a median OS of 12.2 months and a median PFS of 3.1 months for stage III NSCLC patients (28).

In recent decades, BACE/BAI has been reported as an effective and safe approach for advanced NSCLC, especially for chemoradiotherapy-ineligible/rejected patients, with a median PFS of 6.5–14.0 months and a median OS of 13.1–25.0 months (29–31). NSCLC is mainly supplied by the bronchial artery (32), and the chemotherapeutic drug could be infused into the tumor-feeding arteries directly during BAI, which can improve the bioavailability of the drug without leading to severe adverse events (33). BAI has a local drug concentration 2–6 times higher than that of systemic chemotherapy and also has effects on lymph node metastases (34). Both local and systemic chemotherapy could be achieved in BACE/BAI, which attributes to the drugs entering the tumor again through the blood circulation, and tumor ischemia, necrosis, or shrinking caused by the embolization (35). In 2012, Nakanishi et al. (29) attempted BAI in 25 advanced chemotherapy-refractory/ineligible NSCLC patients and presented an ORR of 52% and a median PFS and OS of 6.5 months and 17.4 months, respectively. Similarly, another study performed 142 cycles of BAI in 40 advanced chemoradiotherapy-ineligible/rejected NSCLC patients and found an ORR of 32.5%, a DCR of 92.5%, and a median OS of 13.1 months (30). In 2017, Zhu et al. (31) analyzed 36 stage III squamous cell lung cancer patients treated with BAI and revealed a prolonged PFS or OS compared with systemic chemotherapy, with an effective rate, 1-year survival rate, and 2-year survival rate of 72.2%, 75.4%, and 52.1%, respectively.

DEB microspheres can provide a higher local drug concentration while reducing the systemic drug concentration and toxicity (11). Several studies have identified the efficacy and safety of DEB-BACE in advanced lung cancer and found a median PFS of 6.3–11.0 months and a median OS of 8.0–16.5 months (12–16). Gemcitabine-loaded DEB-BACE was first to be applied to NSCLC in 2019 (13). Although this study included only six patients, promising results with the median PFS of 8.0 months and median OS of 16.5 months were provided (13). Then, Shang et al. (12) compared the efficacy of pirarubicin-loaded DEB-BACE and BAI alone in 60 standard treatment-ineligible/rejected NSCLC patients; among them, over 85% of NSCLC patients were in advanced stage. Higher ORR, DCR, and 6-month PFS and OS rates were found in the DEB-BACE group, which indicated a superior efficacy than BAI alone (12). Sequentially, Zeng et al. (14) analyzed 23 advanced lung cancer patients treated with DEB-BACE and revealed an ORR of 78.3% and median OS of 15.6 months despite including four patients with small cell lung cancer or lung metastases. Another study from this institution showed median PFS and OS of 6.3 months and 10.2 months, respectively, for 29 advanced NSCLC patients treated with pirarubicin-loaded DEB-BACE (15). Nevertheless, there was no consensus on the optimal chemotherapeutic drug loaded in the DEB microsphere. The predominant chemotherapeutic drug loaded in the DEB microsphere was gemcitabine in this study. Although pirarubicin showed moderate anticancer activity, mild toxicity, and a high response rate for advanced NSCLC as reported (34), no superior efficacy of pirarubicin over gemcitabine was found in this study. The median PFS and OS of advanced NSCLC treated with DEB-BACE in this study were 5.0 and 8.0 months, which seem to be less than the reported results. Potential mechanisms were (a) over 40% of the patients were stage IV and over 50% of the patients were standard treatment-refractory, and (b) 35.1% of the patients survived until the last follow-up. In addition, the immune checkpoint inhibitors were identified as the second-line treatment for advanced NSCLC, and PD-1 blockade combined with systemic chemotherapy has been revealed as a promising approach (36). Identically, this study revealed that postoperative immunotherapy was one of the predictors to prolong the OS of ASTRI-NSCLC treated with DEB-BACE, which is per the additional immunotherapy that may improve the survival of advanced NSCLC after BAI/DEB-BACE, as reported (16).

The mechanisms of MWA are that microwaves can induce the oscillation of the water molecules that flip back and forth at a speed of 2–5 billion times a second depending on the frequency of the wave itself, allowing for a superior convection profile and causing coagulative necrosis conforming to the target sites (37). The optimal indication for thermal ablation is NSCLC with tumor <3 cm in diameter (8). Tumor diameter is a critical risk factor of local recurrence and OS after MWA in NSCLC as reported, especially for the tumor ≥3 cm in diameter (17, 38). Zhong et al. (39) indicated a local recurrence rate of 20.5% in advanced NSCLC treated with MWA; of these, 81.3% of relapse occurred in tumor size ≥3 cm, while Nelson et al. (40) summarized a local recurrence rate of 5%–19% after MWA in NSCLC with tumor <4 cm in a systemic review. It has been reported that thermal ablation combined with TACE can decrease the recurrence rate and may improve the prognosis compared to ablation monotherapy for early-stage liver cancer (18, 19). Identical results were demonstrated in the combination therapy of DEB-TACE and MWA compared to MWA monotherapy for early-stage liver cancer (20). A study from China reviewed 138 advanced NSCLC patients and found that the 1-, 2-, and 3-year survival rates of the combination therapy group (BACE and radiofrequency ablation) were 90.7%, 58.1%, and 20.9%, respectively, which revealed a better prognosis than that of BACE or ablation monotherapy groups (41). In this study, the combination therapy of MWA and DEB-BACE revealed a superior local control, with a higher 6-month PFS rate and a longer PFS than DEB-BACE alone. The potential mechanisms were inactivating the majority of tumor tissues that can be achieved directly by MWA, and DEB-BACE leads to the continuous delivery of loaded chemotherapeutic drugs and the embolization of tumor-feeding arteries, thereby reducing the collateral circulation and enhancing the synergistic anticancer effects on residual tumor tissue. Although the combination therapy reveals a trend of prolonging the OS, no significant difference was found. The leading causes were that 42.9% of the patients in group A survived until the last follow-up and the limited mean follow-up of 21.7 ± 14.1 months in this study.

This study has several limitations. First, it was a retrospective study; patient selection bias may exist. Second, the sample size was still limited for patients treated with combination therapy. Third, this study consists of advanced patients who are ineligible for or are refractory to standard treatments, and heterogeneity may exist. Fourth, the sequence of MWA and DEB-BACE is required to be further investigated. Fifth, the follow-up period was still limited, and the long-term evaluation of OS for combination therapy should be further explored.

In conclusion, the combination therapy of MWA and DEB-BACE is an effective and safe approach for ASTRI-NSCLC. MWA sequentially combined with DEB-BACE was superior to DEB-BACE alone in the local control of ASTRI-NSCLC. Although the combination therapy reveals a trend of prolonging OS, long-term prognosis warrants an investigation with a longer follow-up.
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Objectives

To prospectively investigate the feasibility and efficacy of MRI-guided MWA for lung malignant tumor in our single center.



Materials and Methods

22 patients [mean age, 56.86 ± 13.05(23–73)years] with 23 malignant lung tumors were enrolled in the study. 21 patients had a single lesion and 1 patient had 2 lesions in the ipsilateral lung. The average maximum diameter of the lesion was 1.26 ± 0.65 (0.50-2.58)cm. Percutaneous MWA was guided by 1.5T MRI scanner using a MR-compatible microwave antenna to the target the lung lesions and ablation area was monitored intraoperatively by using a shielded MR-compatible microwave device and then follow-up.



Results

All patients were successfully treated under MR-guided MWA for lung tumors. Average operation time was 72.21 ± 24.99 (36–158) mins. T2WI signal intensity of the lesion gradually decreased over the course of MWA. The center of the ablated zones showed a short T1 and short T2 signals with the ring-like of long T1 and long T2 signals surrounded after immediately evaluation. No serious complications occurred. The average follow-up period was 12.89 ± 4.33 (2.0-19.6) months. Local recurrence occurred in one patient, representing a technical efficacy of 95.5% (21/22).



Conclusion

Magnetic resonance-guided microwave ablation for lung malignant tumor was feasible and demonstrated unique advantages in efficacy evaluation.





Keywords: magnetic resonance imaging, lung neoplasms, microwave, ablation techniques, pneumothorax



Introduction

Primary lung cancer has the second highest incidence and highest mortality among all cancers, while lung also ranks the second most likely site of tumor metastasis (1). Although surgical resection is effective in treating lung cancer, only about 20% of lung lesions can be surgically removed due to various reasons, making effective alternative therapies for local treatment compulsory (2). Microwave ablation (MWA) is considered as an alternative treatment option for primary and metastatic lung cancers. Owing to its slight trauma and reliable efficacy, MWA has been widely used in cancer treatment in recent years (3, 4). As lung tissue contains air, MWA is predominantly guided by computed tomography (CT) (5). As an alternative approach, magnetic resonance imaging (MRI) has the advantages such as free of ionizing radiation, scanning images in any orientation, sensitive to changes in moisture and temperature caused by MWA. Therefore, it has already been applied to guide tumor ablation in liver, kidney, bone, and soft tissues (6–8). The purpose of this study was to prospectively investigate the technical feasibility and short-term efficacy of MR-guided MWA for malignant lung tumor in our single center.



Materials and Methods


Materials


Clinical Information

This prospective study was approved by the ethics committee of the institution, and all participating patients signed an informed consent. The inclusion criteria was as follows: (1) No presence of lesions other than the target(s); (2) Diameter of the solitary lung malignant lesion(0.5cm–3cm); (3) Distance between the lesion and hilar vessels or large bronchi >1 cm; (4) No presence of severe emphysema or pulmonary fibrosis; (5) Platelet count ≥50 x 109/L and prothrombin activity ≥40%; (6) ECOG score ≤2; and (7) No contraindications for MRI.

We prospectively analyzed 22 patients with 23 lesions who underwent MR-guided MWA for malignant lung tumors in our center between Jan 2020 and June 2020. Patients’ general information is listed in Table 1. Of these cases, 9 were men and 13 were women, with an average age of 56.86 ± 13.05 (23–73) years. Ten cases had primary lung adenocarcinoma, and the remaining 12 had lung metastasis (4 cases of colorectal cancer metastasis, 2 cases of hepatocellular carcinoma metastasis, 2cases of lung cancer metastasis, and 1 case each of gastric, breast, tongue, and giant cell tumor of bone cancer metastasis). In addition, 21 cases only had a single lesion, while 1 case had 2 lesions on the ipsilateral lung. The pathological diagnoses of all cases were confirmed by needle biopsy. The average maximum diameter of the lesion was 1.26 ± 0.65 (0.50-2.58) cm. 11 lesions were located in the upper right lobe, 1 in the middle right lobe, 5 in the lower right lobe, 4 in the upper left lobe, and 2 in the lower left lobe.


Table 1 | Patient characteristics.





MRI

A 1.5T dual-gradient MRI scanner (GE Signa Infinity Twinspeed, USA) and a Torso coil with a rectangular operating hole were used in the study. Scan sequences and parameters were as follows:

	1. Fat-suppressed fast-recovery fast spin echo (fs FRFSE) T2WI with repetition time (TR) of 8500.0 ms, echo time (TE) of 85.0 ms, 90°C flip angle (FA), 17 echo train length (ETL), 5.0 mm slice thickness (ST), 1.0 mm GAP, 280 × 380 field of view (FOV), 1 excitation (NEX), and 70 - 90 s scanning time (T).

	2. Three-dimensional dynamic T1 weighted imaging (3D Dyn T1WI) with 4.8 ms TR, 1.1 ms TE, 45°C FA, 1 ETL, 3.0 mm ST, 280 × 380 FOV, 1 NEX, and 12 s T.



The 3D Dyn T1WI scan was acquired under breath-hold, whereas the fsFRFSE T2WI scan was acquired with respiratory gating.



MWA Device

A MR-compatible MWA device (MTC-3C, 2450 MHz, Vison Medical Co., Nanjing, China) was used in the study. Magnetic shielding was achieved by shielding the host with non-magnetic aluminum alloy plates and placing it outside the 0.5-mT line. In addition, a 2.5-m coaxial transmission cable equipped with a choke coil was used, so that MRI was not interfered during startup and tumor ablation. Lastly, a MR-compatible microwave antenna (14 G, 15 cm, Vison Medical Co., Nanjing, China) was adopted, which was made of copper alloy and ceramics and had a built-in water-cooling cycle.




Methods


Preoperative Preparation

One week before procedure, chest CT scans and chest MRI scans with contrast enhancement were performed to identify the lesion and surrounding tissues. Four hours before procedure, patients were instructed to fasting, and an intravenous indwelling needle was introduced. Subsequently, based on the needs of puncture, patients were placed either in the supine or the prone position, and were connected to the respiratory gating system, underwent training for their breathing patterns, and a skin marker was applied (cod liver oil matrix).



MWA Operation

FsFRFSE T2WI and 3D Dyn T1WI scans were first acquired to determine the puncture path and the puncture point on the skin. The puncture path was selected to pass through some normal lung tissue (≥ 2 cm) without touching important structures such as large blood vessels, heart, mediastinum and hilus. Before puncture, routine disinfection was performed and local anesthesia was induced with 2% lidocaine, followed by application of a sterilized hole towel to the puncture point and a sterilized cover for the scanning coil.

A small incision was made at the puncture point by a surgical knife, through which the microwave antenna was inserted into the chest wall and gradually loaded under the guidance of MRI using the fsFRFSE T2WI sequence. During the procedure, efforts were made for the antenna to penetrate the center of the lesion so that its tip surpassed 0.5–1 cm beyond the tumor. Subsequently, once the microwave antenna was connected to the host using the coaxial cable, and the bed was moved to the scanning position, the ablation power and duration were set, the water-cooling cycle was initiated, and the air in the antenna was exhausted. MWA then started, during which fsFRFSE T2WI scans were continuously acquired to monitor the process. Ablation was terminated when its range covered at least 0.5–1.0 cm beyond the tumor. For incomplete ablations, the position of the microwave antenna was adjusted for supplemental ablation. Once the ablation was completed and the indwelling needle was removed, fsFRFSE T2WI and 3D Dyn T1WI scans of both lungs were acquired to evaluate the technical success rate and find any signs of complications. Last, chest radiographs were acquired one day after MWA, and chest CT scans were conducted three days after MWA to rule out perioperative complications.





Complication

Complications were evaluated based on the guidelines of the Society of Interventional Radiology. The description of complications follows the proposed standardization of terminology and reporting criteria in this study (9).


Follow-Up and Efficacy Evaluation

One month after MWA, chest MRI with contrast enhancement were performed to evaluate the technical efficacy (9). Subsequent follow-ups were conducted at an interval of 3–4 months using chest CT scans.



Statistical analysis

Parameters that were recorded included the operation time, power, and duration of MWA, incidence of complications, technical success rate, and technical efficacy. Statistical analysis was performed in the SPSS20.0 statistical software. Measurement data was expressed as average ± standard deviation.




Results


MWA Results

All patients were successfully completed MR-guided MWA for lung malignant tumor with a technical success rate of 100%. The average operation time was 71.77 ± 25.71 (36-158) mins. Of all 23 lesions, 12 lesions were treated with single-site ablation and 11 lesions with 2-sites ablation, respectively. The average ablation power and duration were 81.32 ± 7.31 (60-90)W and 5.57 ± 1.71(3.0-9.0) min, respectively. The average maximum ablation diameter was 3.61 ± 0.52cm(2.59-4.49cm) with the minimum ablation diameter of 2.67 ± 0.45cm(1.51-3.39cm), respectively.



Incidence of Complications

There were 3 cases of pneumothorax either during or after the ablation, with 1 case requiring management by catheterization. One patient had a small amount of hemorrhage during the procedure which stopped after ablation. Ten patients with mostly near pleural tumors experienced intraoperative and postoperative pain, which was alleviated after symptomatic treatment with analgesia. Two patients suffered from a small amount of pleural effusion without catheterization. Other complications included infection (2 patients), which was treated with antibiotics, and low-grade fever (4 patients) which was treated by physical cooling. No serious complications such as bronchopleural fistula and massive hemoptysis were observed in the study.



Follow-Up Results

The average follow-up period was 12.89 ± 4.33 (2.0-19.6) months. During the follow-up, one case colon cancer lung metastasis of local recurrences occurred 4 months after MWA. The resultant technical efficacy was 95.5% (21/22).



Intraoperative MRI Manifestations

Compared with the chest wall muscle, prior to ablation, lesions showed isointense or slightly low signals on T1WI images (Figure 1A). Alternatively, on T2WI images, all lesions showed high or slightly high signals (Figure 1B). During the intraoperative scan (Figures 2A, B), T2WI signal intensity of dynamic scan showed the zone of coagulative necrosis area with hypointense gradually expanded from the center to the outer periphery and covered the hyperintense lesion within time advances. Last, during the postoperative scan, tumors showed decreased T2WI signals surrounded by high signals (Figures 3A, B) and increased T1WI signals surrounded by isointense signal bands.




Figure 1 | MR-guided MWA for invasive adenocarcinoma of the left lower lobe for 72-year-old woman. Preoperative scan: Preoperative MRI showed a nodule in the left lower lobe, displayed as isointense signals on T1WI [(A) arrow] and high signals on fsFRFSE T2WI [(B) arrow].






Figure 2 | Intraoperative scan: Intraoperative scan was acquired with the patient in the prone position. The lesion showed isointense signals on T1WI, and the hyperintensity marker (cod liver oil matrix) was visible on the patient’s surface (A). In the oblique sagittal fsFRFSE T2WI view with the microwave antenna as the long axis, the lesion was seen as high signals, while the microwave antenna displayed as a strip of low signals surrounded by a small amount of high signal due to hemorrhage [(B) arrow].






Figure 3 | Post-ablation scan: In both the transverse (A) and the oblique sagittal (B) views fsFRFSE T2WI scans, the ablation foci displayed as obvious low signals surrounded by ring-shaped high-signal shadows. In addition, the microwave antenna displayed as a strip of low signals, and a small amount of fluid was seen in the pleural cavity adjacent to the lesion.






Discussion


Microwave Ablation Guidance

The large amount of air in the lungs provides a natural contrast on computed tomography images. In addition, computed tomography can accurately evaluate ablation complications such as pneumothorax as well as clearly displaying the metal ablation antenna. Therefore, despite its ionization hazard, computed tomography remains the primary guidance method of microwave ablation for lung cancer, positron emission tomography-computed tomography and C-arm computed tomography are based on the same principles (10–12). Microwave ablation for lung cancer is considered successful if the ground glass opacity on the immediate post-ablation computed tomography covers 0.5–1.0 cm beyond the lesion (13). However, the boundary of the ground glass opacity is often unclear on computed tomography and can be covered by pulmonary hemorrhage as a result of puncture, and unobvious density changes in ablated tumor (14).

On the contrary,MR guided MWA has unique advantage including non-radiation especially at young patients, high solution of soft tissue, more precise efficacy assessment and can measure temperature changes non-invasively (14). In this prospective study, we select MR-guided for diameter of lung malignant lesion beyond 5mm and solitary nodule. Therefore, this study investigated the use of MRI to guide MWA for malignant lung tumors.



Feasibility of MR Guidance


Devices and Instruments

MR-guided MWA requires devices and instruments not only made of non-ferromagnetic, but also electromagnetic compatible materials, so that MRI can be acquired simultaneously during ablation without mutual interference. The MWA device and the microwave antenna adopted in this study were both made of non-ferromagnetic materials, allowing them to be placed in the MR scanning room. As a result, connecting cables did not need to be extended, thereby avoiding a substantially reduced ablation range due to microwave output loss. In addition, the MWA device was electromagnetically shielded, while the connecting cable was equipped with a choke coil according to the frequency of the MRI scanner’s primary magnetic field (63.637 MHz). Consequently, ablation did not disrupt concurrent MRI, thereby making it possible to perform real-time monitoring of the ablation process to prevent excessive or insufficient ablation.



Microwave Antenna Display

Although the microwave antenna displays clearly in the soft tissue of the chest wall, once it enters the lung tissue with air, neither the antenna itself nor the lung tissue produces a signal on the MRI. Therefore, the fsFRFSE T2WI sequence was adopted in this study to guide the puncture, so that high signals generated by different degrees of pulmonary hemorrhage during puncture could be used to project the non-signal microwave antenna. It was possible to accurately guide the puncture process by comparing the in vivo depth of the microwave antenna with the depth measured on the MRI.



Efficacy and Complications

Among the 22 patients who underwent MR-guided MWA in this study, the technical success rate (100%), the technical efficacy (95.5%), and the incidence of complications were not inferior to those of CT-guided MWA (15–18). MR was also capable of indicating complications such as pneumothorax and hemorrhage and demonstrated unique advantages in efficacy evaluation. Studies have shown that MRI manifestations has a strong correlation with pathological findings (19, 20). In a study performing MWA on rabbit lung VX2 tumors, Chen Jian et al. found that lung VX2 tumors with high signals on T2WI and isointense or low signals on T1WI before MWA, showed significantly reduced T2WI signals and increased T1WI signals after MWA due to coagulation necrosis and dehydration. In contrary, due to inflammatory reaction after thermal injury, the surrounding lung tissue experienced an increase in water content. This led to high signals on T2WI and isointense signals on T1WI that formed a clear contrast with the ablation foci, thereby facilitating a more accurate identification of the ablation boundary. Meanwhile, Chen Jin et al. (14) performed MR scans on 20 patients with lung cancer immediately after CT-guided radiofrequency ablation and found that MRI was accurate and reliable in the efficacy evaluation. In addition, they reported that bleeding during the puncture process displayed as low signals on T1WI, resulting in significant signal differences with the high signal of ablation foci and the isointense signal of thermal injuries that allowed MRI to provide a better efficacy evaluation than CT. In our study, as the study mention above, the center of the ablated zones showed a short T1 and short T2 signals with the ring-like of long T1 and long T2 signals surrounded by beyond 5mm after immediately evaluation considered as complete ablation.

This study has some shortcomings. First, only 22 cases were included in the study, most of them had a short follow-up period with small lesions, making studies with a larger sample size and a longer follow-up duration necessary. Second, after puncture into the lung, the display of the microwave antenna tract on MRI was not as clear as that on CT, causing a substantially longer operation time of the former. Third, due to the vascular flow effect of MRI, we could not determine the incidence of air embolism, a rare but serious complication.

In conclusion, magnetic resonance-guided microwave ablation for lung malignant tumor is feasible and has unique advantages in efficacy evaluation, making it suitable for guiding microwave ablation for lung lesions in the future.





Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The studies involving human participants were reviewed and approved by the ethics committee of first affiliated hospital of fujian medical univercity. The patients/participants provided their written informed consent to participate in this study



Author Contributions

ZL conceptualized the study, prepared figures and tables.RL wrote the article and prepared figures and tables. YF collected the data, carried out the analysis, and prepared the figures and tables. JinC, QL and JiaC participated in drafting and editing the article and assisted in the preparation of figures and tables. YY and JieC participated in figure preparation and drafting and editing the article. All authors contributed to the article and approved the submitted version.



Funding

This study was funded by The key Research and Development Programs of Jiangsu,PRC(Social Development Clinical Frontier Technology)(BE2017758),and The Research and Develop Program of Focus Field of Guangdong Province,PRC (2019B110233001).



References

1. Sung, H, Ferlay, J, Siegel, RL, Laversanne, M, Soerjomataram, I, Jemal, A, et al. Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2021) 71(3):209–49. doi: 10.3322/caac.21660

2. Scott, WJ, Howington, J, Feigenberg, S, Movsas, B, and Pisters, K. American College of Chest Physicians. Treatment of non-Small Cell Lung Cancer Stage I and Stage II: ACCP Evidence-Based Clinical Practice Guidelines (2nd Edition). Chest (2007) 132(3 Suppl):234S–42S. doi: 10.1378/chest.07-1378

3. Healey, TT, March, BT, Baird, G, and Dupuy, DE. Microwave Ablation for Lung Neoplasms: A Retrospective Analysis of Long-Term Results. J Vasc Interv Radiol (2017) 28(2):206–11. doi: 10.1016/j.jvir.2016.10.030

4. Vogl, TJ, Eckert, R, Naguib, NN, Beeres, M, Gruber-Rouh, T, and Nour-Eldin, NA. Thermal Ablation of Colorectal Lung Metastases: Retrospective Comparison Among Laser-Induced Thermotherapy, Radiofrequency Ablation, and Microwave Ablation. AJR Am J Roentgenol (2016) 207(6):1340–9. doi: 10.2214/AJR.15.14401

5. Han, X, Yang, X, Ye, X, Liu, Q, Huang, G, Wang, J, et al. Computed Tomography-Guided Percutaneous Microwave Ablation of Patients 75 Years of Age and Older With Early-Stage Nonsmall Cell Lung Cancer. Indian J Cancer (2015) 52 Suppl 2:e56–60. doi: 10.4103/0019-509X.172514

6. Lin, Z, Chen, J, Yan, Y, Chen, J, and Li, Y. Microwave Ablation of Hepatic Malignant Tumors Using 1.5T MRI Guidance and Monitoring: Feasibility and Preliminary Clinical Experience. Int J Hyperthermia (2019) 36(1):1216–22. doi: 10.1080/02656736.2019.1690166

7. Li, H, Lin, Z, Chen, J, and Guo, R. Evaluation of the MR and Pathology Characteristics Immediately Following Percutaneous MR-Guided Microwave Ablation in a Rabbit Kidney VX2 Tumor Implantation Model. Int J Hyperthermia (2019) 36(1):1197–206. doi: 10.1080/02656736.2019.1687944

8. Bing, F, Garnon, J, Tsoumakidou, G, Enescu, I, Ramamurthy, N, and Gangi, A. Imaging-Guided Percutaneous Cryotherapy of Bone and Soft-Tissue Tumors: What is the Impact on the Muscles Around the Ablation Site? AJR Am J Roentgenol (2014) 202(6):1361–5. doi: 10.2214/AJR.13.11430

9. Ahmed, M, Solbiati, L, Brace, CL, Breen, DJ, Callstrom, MR, Charboneau, JW, et al. Image-Guided Tumor Ablation: Standardization of Terminology and Reporting Criteria–a 10-Year Update. Radiol (2014) 273(1):241–60. doi: 10.1148/radiol.14132958

10. Wei, Z, Wang, J, Ye, X, Yang, X, and Huang, G. Computed Tomography-Guided Percutaneous Microwave Ablation of Early Stage Non-Small Cell Lung Cancer in a Pneumonectomy Patient. Thorac Cancer (2016) 7(1):151–3. doi: 10.1111/1759-7714.12244

11. Cazzato, RL, Battistuzzi, JB, Catena, V, Grasso, RF, Zobel, BB, Schena, E, et al. Cone-Beam Computed Tomography (CBCT) Versus CT in Lung Ablation Procedure: Which is Faster? Cardiovasc Intervent Radiol (2015) 38:1231–6. doi: 10.1007/s00270-015-1078-3

12. Schoellnast, H, Larson, SM, Nehmeh, SA, Carrasquillo, JA, Thornton, RH, and Solomon, SB. Radiofrequency Ablation of non-Small-Cell Carcinoma of the Lung Under Real-Time FDG PET CT Guidance. Cardiovasc Intervent Radiol (2011) 34 Suppl 2:S182–5. doi: 10.1007/s00270-010-9898-7

13. Pereira, PL, and Masala, S. Cardiovascular and Interventional Radiological Society of Europe (CIRSE). Standards of Practice: Guidelines for Thermal Ablation of Primary and Secondary Lung Tumors. Cardiovasc Intervent Radiol (2012) 35(2):247–54. doi: 10.1007/s00270-012-0340-1

14. Chen, J, Lin, ZY, Wu, ZB, Chen, ZW, and Chen, YP. Magnetic Resonance Imaging Evaluation After Radiofrequency Ablation for Malignant Lung Tumors. J Cancer Res Ther (2017) 13(4):669–75. doi: 10.4103/jcrt.JCRT-448-17

15. Welch, BT, Brinjikji, W, Schmit, GD, Callstrom, RM, Kurup, AN, Cloft, HJ, et al. A National Analysis of the Complications, Cost, and Mortality of Percutaneous Lung Ablation. J Vasc Interv Radiol (2015) 26(6):787–91. doi: 10.1016/j.jvir.2015.02.019

16. Zheng, A, Wang, X, Yang, X, Wang, W, Huang, G, Gai, Y, et al. Major Complications After Lung Microwave Ablation: A Single-Center Experience on 204 Sessions. Ann Thorac Surg (2014) 98(1):243–8. doi: 10.1016/j.athoracsur.2014.03.008

17. Carrafiello, G, Mangini, M, Fontana, F, Massa, A, Ierardi, A, Cotta, E, et al. Complications of Microwave and Radiofrequency Lung Ablation: Personal Experience and Review of the Literature. Radiol Med (2012) 117(2):201–13. doi: 10.1007/s11547-011-0741-2

18. Hiraki, T, Gobara, H, Fujiwara, H, Ishii, H, Tomita, K, Uka, M, et al. Lung Cancer Ablation: Complications. Semin Intervent Radiol (2013) 30(2):169–75. doi: 10.1055/s-0033-1342958

19. Chen, J, Lin, XN, Miao, XH, Chen, J, and Lin, ZY. Evaluation of the Correlation Between Infrared Thermal Imaging-Magnetic Resonance Imaging-Pathology of Microwave Ablation of Lesions in Rabbit Lung Tumors. J Cancer Res Ther (2020) 16(5):1129–33. doi: 10.4103/0973-1482.296428

20. Oyama, Y, Nakamura, K, Matsuoka, T, Toyoshima, M, Yamamoto, A, Okuma, T, et al. Radiofrequency Ablated Lesion in the Normal Porcine Lung: Long-Term Follow-Up With MRI and Pathology. Cardiovasc Intervent Radiol (2005) 28(3):346–53. doi: 10.1007/s00270-004-0156-8




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.


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 © 2022 Lin, Fang, Chen, Lin, Chen, Yan, Chen and Lin. 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: 15 July 2022

doi: 10.3389/fonc.2022.897329

[image: image2]


Risk Prediction Model for Synchronous Oligometastatic Non-Small Cell Lung Cancer: Thoracic Radiotherapy May Not Prolong Survival in High-Risk patients


Chunliu Meng 1†, Fang Wang 1,2†, Jia Tian 1, Jia Wei 3, Xue Li 1, Kai Ren 1, Liming Xu 1, Lujun Zhao 1* and Ping Wang 1*


1 Department of Radiation Oncology, Tianjin Medical University Cancer Institute and Hospital, National Clinical Research Center for Cancer, Tianjin Key Laboratory of Cancer Prevention and Therapy, Tianjin's Clinical Research Center for Cancer, Tianjin, China, 2 Department of Radiation Oncology, Affiliated Hospital of Hebei University, Baoding, China, 3 Department of Oncology, Shandong Provincial Third Hospital, Shandong University, Jinan, China




Edited by: 

Xin Ye, Qianfoshan Hospital, Shandong University, China

Reviewed by: 

Maurizio Valeriani, Sapienza University of Rome, Italy

Matthew Pierre Deek, Johns Hopkins Medicine, United States

*Correspondence: 

Lujun Zhao
 zhaolujun@tjmuch.com 

Ping Wang
 wangping@tjmuch.com
















†These authors have contributed equally to this work


Specialty section: 
 This article was submitted to Thoracic Oncology, a section of the journal Frontiers in Oncology


Received: 16 March 2022

Accepted: 16 June 2022

Published: 15 July 2022

Citation:
Meng C, Wang F, Tian J, Wei J, Li X, Ren K, Xu L, Zhao L and Wang P (2022) Risk Prediction Model for Synchronous Oligometastatic Non-Small Cell Lung Cancer: Thoracic Radiotherapy May Not Prolong Survival in High-Risk patients. Front. Oncol. 12:897329. doi: 10.3389/fonc.2022.897329




Background and Purpose

On the basis of the promising clinical study results, thoracic radiotherapy (TRT)1 has become an integral part of treatment of synchronous oligometastatic non–small cell lung cancer (SOM-NSCLC). However, some of them experienced rapid disease progression after TRT and showed no significant survival benefit. How to screen out such patients is a more concerned problem at present. In this study, we developed a risk-prediction model by screening hematological and clinical data of patients with SOM-NSCLC and identified patients who would not benefit from TRT.



Materials and Methods

We investigated patients with SOM-NSCLC between 2011 and 2019. A formula named Risk-Total was constructed using factors screened by LASSO-Cox regression analysis. Stabilized inverse probability treatment weight analysis was used to match the clinical characteristics between TRT and non-TRT groups. The primary endpoint was overall survival (OS).



Results

We finally included 283 patients divided into two groups: 188 cases for the training cohort and 95 for the validation cohort. Ten prognostic factors included in the Risk-Total formula were age, N stage, T stage, adrenal metastasis, liver metastasis, sensitive mutation status, local treatment status to metastatic sites, systemic inflammatory index, CEA, and Cyfra211. Patients were divided into low- and high-risk groups based on risk scores, and TRT was found to have improved the OS of low-risk patients (46.4 vs. 31.7 months, P = 0.083; 34.1 vs. 25.9 months, P = 0.078) but not that of high-risk patients (14.9 vs. 11.7 months, P = 0.663; 19.4 vs. 18.6 months, P = 0.811) in the training and validation sets, respectively.



Conclusion

We developed a prediction model to help identify patients with SOM-NSCLC who would not benefit from TRT, and TRT could not improve the survival of high-risk patients.





Keywords: synchronous oligometastasis, non–small cell lung cancer, thoracic radiotherapy, risk prediction model, survival



Introduction

Non–small cell lung cancer (NSCLC)2 is a common malignant tumor that accounts for 70%–80% of all lung cancer cases worldwide. NSCLC is associated with high morbidity and mortality rates (1). More than half of patients with NSCLC have stage IV disease at the time of diagnosis, and up to one-third of these patients have synchronous oligometastatic (SOM) disease (2, 3).

SOM disease has been described as a distinct disease entity characterized by reduced metastatic potential with a limited number of metastatic sites (4), which renders it amenable to local treatment (LT). There is no consensus on what specific criteria define SOM-NSCLC. Of note, inclusion criteria for previously cited studies were very different. Recently, the European Organization for Research and Treatment of cancer (EORTC) and the European Society of Radiotherapy & Oncology-American Society for Therapeutic Radiology and Oncology (ESTRO-ASTRO) conferences had attempted to standardize the definition of oligometastatic disease (2, 5). The documents showed that the definition of oligometastatic disease should base on safety of radical treatment rather than the number of metastases, and it would be better the number of metastatic lesions ≤ 5 and the number of metastatic sites ≤ 3, with or without primary sites, and mediastinal metastatic lymph nodes were included. Several clinical trials and multiple retrospectives series have reported favorable outcomes of thoracic radiotherapy (TRT) in highly selected patients with SOM-NSCLC (6–14). However, some of them experienced rapid disease progression after TRT and showed no significant survival benefit. And, to date, no effective predictive model has been developed to help identify patients with SOM-NSCLC who would not benefit from TRT. In this study, we sought to establish a risk prediction model to predict the mortality risk of these patients using baseline hematologic and clinical data and to identify patients who would not benefit from TRT.



Materials and methods


Patient Selection

We retrospectively reviewed the medical records of consecutive patients who received a diagnosis of advanced NSCLC at our hospital between January 2011 and December 2019. Clinical staging of the disease at the time of presentation was again determined with reference to the eighth edition of tumor node metastasis classification (15). The inclusion criteria for this study were as follows: (1) confirmed diagnosis of NSCLC based on pathological or cytological specimens, or both; (2) patients were allowed to have up to five lesions of metastatic disease (do not include primary site and enlarged lymph nodes in the mediastinum and supraclavicular) with no more than three sites (2, 5); and (3) availability of gene mutation status information. To determine metastasis status, patients needed to undergo comprehensive imaging tests, including head contrast-enhanced MRI, neck ultrasound, chest–abdomen contrast-enhanced CT plus ECT, or PET-CT. If there was ambiguous metastatic lesion in the liver, then contrast-enhanced abdominal MRI was also necessary. Meanwhile, patients were excluded if they had second primary tumor, pleural or pericardial effusion, meningeal or peritoneal metastases, a metastatic site with ambiguous diagnosis, or incomplete medical records.



Definition of Special Concept

In this study, positively sensitive mutations (SM+) included the following: EGFR (epidermal growth factor receptor) exon 19 deletion, EGFR exon 21 Leu858Arg mutation, ROS proto-oncogene 1, receptor tyrosine kinase (ROS1) fusion mutation, and ALK (anaplastic lymphoma kinase) mutation. EGFR uncommon mutations, such as exon 18 mutations, exon 20 insertion mutations, and so on, and other non-targeted therapeutic mutations or without any mutation, were defined as sensitive mutation negative (SM−).



Hematological Markers

Laboratory examinations including routine blood tests, hepatic and renal function tests, and tumor markers of patients were collected before initial treatment. The calculation formulas of neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and systemic inflammatory index (SII) were as follows: NLR = neutrophil number (109/L)/lymphocyte count (109/L); PLR = number of platelets (109/L)/number of lymphocytes (109/L); SII = number of platelets (109/L) × number of neutrophils (109/L)/number of lymphocytes (109/L). The optimal cutoff levels for albumin, leukocyte, PLR, NLR, SII, tissue polypeptide–specific antigen (TPSA), squamous cell carcinoma antigen (SCC), Ca19-9, carcinoembryonic antigen (CEA), and Cyfra211 were obtained according to overall survival (OS).



Thoracic Radiotherapy

In this study, 150 patients received TRT, and TRT could be carried out before, concomitant or after the systemic treatment. The specific radiotherapy target was determined by patient’s attending physician. Generally, gross tumor volume (GTV) included primary lesions with or without mediastinal metastatic lymph nodes, and planning GTV (PGTV) extends 5 mm across the GTV margin. Radiation therapy technology could apply conventional fractionated radiotherapy, hypo-fractionated radiotherapy, and stereotactic body radiotherapy, and the radiation doses were 1.8–2.1 Gy/50–66 Gy, 3 Gy/36–45 Gy, and 9–17 Gy/50–60 Gy, respectively.



First-line Systemic Treatment Strategy

All patients with EGFR non-SMs, untargeted therapy mutations or without mutation, underwent first-line chemotherapy after confirmation of the initial NSCLC diagnosis. The treatment included platinum-based doublet chemotherapy such as pemetrexed, paclitaxel, docetaxel, or gemcitabine combined with cisplatin, carboplatin, or nedaplatin. Each chemotherapy session was separated by an interval of 3 to 4 weeks.

Patients with EGFR-SMs (exon 19 deletion, exon 21 Leu858Arg mutations) were administered first-line treatment with EGFR tyrosine kinase inhibitors (TKIs), such as gefitinib, erlotinib, and icotinib, or with chemotherapy mentioned above and then TKIs after disease progression. Patients with ALK and ROS1 mutation were administered first-line treatment with crizotinib or with chemotherapy as aforesaid and then TKIs after disease progression.



Data Analysis and Statistical Considerations

The primary endpoint was OS defined as the time from the date of diagnosis until death or the most recent follow-up. The follow-up schedule began from the time of treatment to the final follow-up on December 17, 2021. The data on the date of death or at the final follow-up visit were acquired from hospital records or through direct correspondence with the family of the patient. R 4.1.1 and SPSS 24.0 software were used for statistical analyses. The Chi-squared test (or the Fisher’s exact test as applicable) was used to compare the clinical characteristics between groups. OS was estimated using the Kaplan–Meier method, and between-group differences in OS were assessed using the log-rank test. The optimal cutoff values of hematological markers were determined using the package “survminer” based on OS. Using the “glmnet” and “survival” packages and a backward–forward stepwise method, LASSO-Cox regression analysis was performed to select the optimal prognostic factors. The “predict” function of package “survival” was used to calculate the risk score of each patient. Time-dependent receiver operator characteristic (ROC) analyses were conducted using the “timeROC” package. Package “IPWsurvival” was used for stabilized inverse probability treatment weight (IPTW) analyses.




Results


Patient Characteristics

This study had been approved by the Ethics Committee of Tianjin Medical University Cancer Hospital (ab2022138). A total of 2,194 patients were diagnosed with advanced NSCLC at our hospital during the study reference period. Of these, 1,624, 23, 54, 76, and 134 patients were excluded due to extensive metastatic lesions, second primary tumors, pleural effusion, lack of gene sequencing results, and incomplete medical records, respectively.

Finally, 283 patients with SOM-NSCLC fulfilled the inclusion criteria for this study. The median OS was 23.4 months, and the 1-, 3-, and 5-year OS rates were 73.3%, 30.1%, and 11.5%, respectively. The entire cohort was randomly divided into two groups by a ratio of 2:1, 188 cases in the training set and 95 cases in the validation set, respectively. The median OS were 22.7 and 24.4 months, respectively; and 1-, 3-, and 5-year OS rates were 72.1%, 31.4%, and 12.7% and 75.6%, 27.0%, and 9.1%, respectively; and there was no difference in survival between sets (P = 0.655). The patient characteristics were summarized in Table 1.


Table 1 | Clinical characteristics of patients.





Construction of Risk-Total Formula in the Training Set

In the training set, hematological markers, including albumin, leukocyte, PLR, NLR, SII, TPSA, SCC, Ca199, CEA, and Cyfra211, were divided into low and high groups according to the respective optimal cutoff levels (Table 2).


Table 2 | Cutoff level and univariate Cox analyses of hematological markers in the training set.



To assess the mortality risk of each patient in the training set, we established a prognostic scoring system named Risk-Total using LASSO-Cox regression model (Figure A.1). Hematological markers mentioned above and other clinical variables, such as age, sex, Karnofsky performance status (KPS), smoking, histopathology, T stage, N stage, brain metastasis, bone metastasis, adrenal metastasis, liver metastasis, SM status, and LT status to metastatic site status before progression disease (PD), were included in the analysis. In this model, low albumin, high leukocyte, high PLR, high NLR, high SII, high TPSA, high SCC, high Ca199, high CEA, high Cyfra211, age ≥ 65, male, KPS < 80, smoking, N1–3, T3–4, non-adenocarcinoma, presence of brain metastasis, bone metastasis, adrenal metastasis, liver metastasis, SM−, and metastatic sites receiving partial or no LT before PD were assigned in level 2, and the corresponding alternatives were assigned in level 1.




Figure 1 | Construction and validation for Risk-Total. (A, C) Kaplan–Meier survival analyses of Risk-Total in the training set and the validation set. (B, D) Risk-Total performance in time-dependent receiver operating characteristic (ROC) curves in the training set and the validation set.



Finally, 10 variables were included in the optimal model (AIC = 1,251.94, P < 2.2 × 10−16) as follows: Risk-Total = 1 × HR-value (age) × HR-value (N stage) × HR-value (T stage) × HR-value (adrenal metastasis) × HR-value (liver metastasis) × HR-value (SM status) × HR-value (LT status to metastatic sites before PD) × HR-value (SII) × HR-value (CEA) × HR-value (Cyfra211) (Table 3). According to the median Risk-Total value (10.0658), patients were divided into low-risk and high-risk groups, and the median survival time (MST) were 37.6 and 13.4 months, respectively (P < 0.001; Figure 1A). Meanwhile, the prognostic accuracy of Risk-Total was evaluated by time-dependent ROC analyses, with 2-, 3-, and 4-year AUC values of 0.873, 0.836, and 0.875, respectively, which confirmed the excellent prognostic power of it (Figure 1B). The patient characteristics between low- and high-risk groups were displayed in Table 4.


Table 3 | Factors included in the Risk-Total formula.




Table 4 | Clinical characteristics of low- and high-risk patients in the training set.





Validation of Risk-Total Formula in the Validation Set

In the validation set, patients’ hematological markers were grouped on the basis of cutoff value, as shown in Table 2, and the risk score were calculated on the basis of Risk-Total formula, as shown in Table 3. Then, according to the median value (10.0658) mentioned above, patients were divided into low-risk and high-risk groups, and the MST were 29.7 and 16.9 months, respectively (P = 0.00084; Figure 1C). Similarly, the prognostic accuracy of Risk-Total was also evaluated by time-dependent ROC analyses, with 2-, 3-, and 4-year AUC values of 0.724, 0.648, and 0.689, respectively (Figure 1D). These results confirmed the super prognostic power of Risk-Total in another heterogeneous population. The patient characteristics between low- and high-risk groups are shown in Table 5.


Table 5 | Clinical characteristics of low- and high-risk patients in the validation set.





Prognostic Value of TRT for Low- and High- risk Patients

In the training set, 54 of 94 patients with low-risk received TRT, and survival analysis showed improvement in OS (42.8 vs. 32.4 months, P = 0.070; Figure 2A). However, the inter-group clinical characteristics were very unbalanced, especially with respect to age, gender, LT status to metastatic sites, and PLR (Table 6A). Therefore, we applied the stabilized IPTW analysis to calculate the weights of clinical variables and match them. After matching, TRT was still found to improve the OS (46.4 vs. 31.7 months, P = 0.083; Figure 2B). Whereas, 47 of 94 patients with high-risk received TRT, but the OS was not prolonged (15.5 vs. 11.4 months, P = 0.300; Figure 2C). When the clinical variables were calculated weights and matched (Table 6B), the survival time was not improved all the same (14.9 vs. 11.7 months, P = 0.663; Figure 2D).




Figure 2 | Kaplan–Meier survival analyses for patients between groups. (A, B) Survival curves for low-risk patients between non-TRT and TRT groups when clinical characteristics were unmatched and matched using stabilized IPTW analysis in the training set. (C, D) Survival curves for high-risk patients between non-TRT and TRT groups when clinical characteristics were unmatched and matched using stabilized IPTW analysis in the training set.




 




In the validation set, 29 of 44 low-risk patients received TRT, and the OS was prolonged 8.2 months (34.1 vs. 25.9 months, P = 0.080; Figure 3A). In addition, stabilized IPTW analysis was used to match the clinical characteristics (Table 6C), and the between-group differences in OS were close to statistical as ever (34.1 vs. 25.9 months, P = 0.078; Figure 3B). Meanwhile, 51 patients were divided into high-risk group, and 20 of them received TRT with no improvement in OS (17.1 vs. 14.7 months, P = 0.400; Figure 3C). On the basis of the clinical characteristics, the TRT group had more patients with no treatment to metastatic sites, which may have influenced the result (Table 6D). Similarly, we applied stabilized IPTW analysis to match the groups. After matching, TRT was not found to have improved survival as before (19.4 vs. 18.6 months, P = 0.811; Figure 3D).




Figure 3 | Kaplan–Meier survival analyses for patients between groups. (A, B) Survival curves for low-risk patients between non-TRT and TRT groups when clinical characteristics were unmatched and matched using stabilized IPTW analysis in the validation set. (C, D) Survival curves for high-risk patients between non-TRT and TRT groups when clinical characteristics were unmatched and matched using stabilized IPTW analysis in the validation set.






Discussion

In the current study, we established a risk prediction model to predict the mortality risk of patients with SOM-NSCLC and, further, to identify patients who would not benefit from TRT. Eventually, a total of 283 cases met the inclusion criteria and were divided into the training and validation sets. A Risk-Total formula constructed by 10 clinical prognostic factors was used to  calculate each patient’s risk score, and patients were divided into low- and high-risk groups according to the median value (10.0658) in the training set. Then, TRT was found to just have improved the survival of low-risk patients (P = 0.083) but not that of high-risk patients (P = 0.663) in the training set. Similarly, patients in the validation set were estimated risk-score on the basis of the Risk-Total formula, and were grouped into low- and high-risk groups basing on the median value (10.0658), and TRT only prolonged the OS of low-risk patients (P = 0.078) but not that of the high-risk patients (P = 0.811).

The biological characteristics of oligometastatic cancer are increasingly being defined, and the role of LT has evolved substantially during the past decade. In 2018, a prospective, multicenter, single-arm, phase 2 trial reported the long-term outcomes of consolidative radiation therapy (CRT) to the primary and metastatic sites from oligometastatic NSCLC, achieving a partial response or stable disease after three to six cycles of platinum-based chemotherapy. The median PFS and OS were 11.2 and 28.4 months, respectively, which met the primary endpoint and transcended the historical record (13). The first multicenter randomized trial of local consolidative therapy (LCT) for highly selected oligometastatic NSCLC (≤3 metastatic lesions, no progression after front-line systemic therapy) demonstrated significant PFS (14.2 vs. 4.4 months) and OS (41.2 vs. 17.0 months) benefit compared with patients who received maintenance therapy or observation (8). Another single-center randomized phase 2 study of maintenance chemotherapy alone versus stereotactic ablative radiotherapy followed by maintenance chemotherapy for patients with limited metastatic NSCLC (primary plus up to five metastatic sites) with no EGFR-targetable or ALK-targetable mutations but who did achieve a partial response or stable disease after induction chemotherapy also obtained gratifying results (7). Despite differences in the population inclusion criteria in these clinical trials, there was significant prolongation of OS (range of 28.4–41.2 months). However, some patients with SOM-NSCLC experienced rapid disease progression after TRT and showed no significant survival benefit. However, to date, no effective predictive model has been developed to help identify patients who would not benefit from TRT. Hence, in the present study, we established a risk prediction model to predict the mortality risk of patients with SOM-NSCLC and, further, to identify patients who would not benefit from TRT.

Several hematological and clinical factors have been shown to suggest a bad prognosis for lung cancer including hypoalbuminemia (16–18); increase of C-reactive protein (18, 19), lactate dehydrogenase (20), PLR (17, 21–23), NLR (17, 21–24), SII (17, 21), and tumor biomarkers (20, 25); abnormal coagulation and fibrinolysis (26, 27); high T and N stage; liver metastasis; adrenal metastasis (28, 29); absence of SMs; smoking history; male; and loss of weight (30). In the present study, 10 variables were included in the Risk-Total formula, and the level of risk score was associated with reduced survival of patients, which was consistent with previous studies. According to this model, we found that TRT just improve the survival of low-risk patients but not that of high-risk.

In recent years, immunotherapy has transformed the treatment approach for patients with advanced NSCLC. The combination of immunotherapy and LCT for these potentially curable patients is an area of active investigation. Bauml et al. (31) randomized 51 patients who had oligometastatic NSCLC (≤4 metastatic sites) and had completed LT to all known sites of disease to receive pembrolizumab. The median PFS was significantly greater than historical data (P = 0.005), and 1- and 2-year OS rates were 90.9% and 77.5%, respectively. Nevertheless, in our study, immunotherapy status was not included in the analysis, which may affect the practicality of this prediction model in the era of immunotherapy.



Limitations

Some limitations of our study should be considered. Most importantly, because of the retrospective study design, the diagnosis of metastatic sites was not based on homogenous imaging techniques. Next, local and systematic treatments were also inconsistent, which may have influenced survival. Finally, this study was based on the experience of a single institution, and the number of patients was limited. Future multicenter studies are required to verify this model and to refine the treatment method for primary lesion.



Conclusion

The prognosis of SOM-NSCLC is significantly influenced by many hematological and clinical factors. A prediction model was developed in this study to help identify patients who would not benefit from TRT, and we found that TRT improved the survival of low-risk patients but not that of the high-risk patients.
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Purpose

To retrospectively evaluate the safety and efficacy of percutaneous computed tomography (CT)-guided microwave ablation (MWA) in colorectal cancer (CRC) lung metastases, and to analyze prognostic factors.



Materials and methods

Data were collected from 31 patients with CRC lung metastases from May 2013 to September 2017. They had removed the CRC, no extrapulmonary metastases, no more than three metastases in the lung, the maximum diameter of the lesions was ≤3 cm, and all the lung metastases could be completely ablated. The ablation procedures were performed using a KY-2000 microwave multifunctional therapeutic apparatus. Efficacy is assessed two to four weeks after ablation, and follow-up are performed every three months for two years. The primary outcome was overall survival (OS). The secondary outcomes were progression-free survival (PFS), and complications. Cox regression analysis was used for the evaluation of the statistical significance of factors affecting the end result of MWA therapy. The Kaplan–Meier method was used for estimation of survival rates.



Results

A total of 45 metastatic lung lesions from CRC in 31 patients were treated with CT-guided MWA procedures. The median OS was 76 months. The one, two, three, and five-year survival rates were 93.5%, 80.6%, 61.3%, and 51.6%, respectively. Multivariate analysis showed that the primary tumor from the rectum (P = 0.009) and liver metastases at the diagnosis of lung metastases (P = 0.043) were risk factors affecting OS, while PFS was a protective factor. The median PFS was 13 months. The maximum diameter of lung metastases lesions (P = 0.004) was a risk factor. The interval between pulmonary metastases and MWA (P=0.031) was the protective factor. Pneumothorax was observed in 13 out of 36 procedures. Four patients developed pneumothorax requiring drainage tube insertion. No patient deaths occurred within 30 days of ablation. Three out of 31 patients (9.67%) were found to have local recurrence of the original lung metastatic ablation foci.



Conclusion

MWA therapy may be safely and effectively used as a therapeutic tool for the treatment of selected CRC pulmonary metastases, and the prognosis is better in patients without liver metastases at the diagnosis of lung metastases.
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1 Introduction

Colorectal cancer (CRC), with an increasing incidence in developing countries, ranks third among the most common malignant tumors in the world but second in terms of mortality, accounting for about 10% of all malignant tumor deaths (1). What’s worse, about 20% to 25% of patients have distant metastases at initial diagnosis (2–4). Lungs have become the second most common metastatic site after liver, which makes it a severe threat to patients (5, 6). Long-term epidemiological research has shown that these patients have a poor prognosis unless effective treatment is taken (7). Therefore, the diagnosis and treatment of CRC with lung metastases deserves high emphasis.

Currently, a combination of systemic and local therapy is recommended in the management of CRC lung metastases, but for some patients, especially for those with primary lesions that can be controlled and those with a single metastasis in the lung or liver, appropriate local treatment can prolong their survival. Approximately 37.7%–44.5% of the initial lung metastasis population had isolated lung metastasis, of which only 21.1%–32.5% were suitable for radical therapy, while others were only eligible for palliative pharmacotherapy with or without local therapy (8–10). Besides, it is also demonstrated that stereotactic body radiation therapy can help yield better survival outcome (11–13).

Several modalities, including cryoablation, laser ablation, and radiofrequency ablation, have been used to eradicate tumors in a minimally invasive manner (14–20). Recently, as a safe, effective, and minimally invasive treatment, image-guided percutaneous local thermal ablation has been gradually applied to the therapy of lung metastases. Radiofrequency ablation and microwave ablation (MWA) are currently the two most widely used ablation methods (21). When compared to radiofrequency ablation, MWA has the advantage of producing a larger spherical ablation area in less time and having less influence from the heat sink effect, which is expected to improve the efficacy of thermal ablation on lung tumors (22–24). Furthermore, prior studies revealed the safety and efficacy of MWA in CRC pulmonary metastases with the median overall survival (OS) ranging from 31 to 32.8 months (25, 26), and MWA exhibited a potential benefit in local tumor management when compared to other ablation methods (26).

Our current study intends to retrospectively evaluate the safety and efficacy of computed tomography (CT)-guided percutaneous MWA in the management of patients with CRC lung metastasis as well as factors affecting these outcomes.



2 Materials and methods


2.1 Patients and tumor criteria


2.1.1 Patients

A total of 31 medical records of patients with CRC lung metastasis who were treated in the Department of Interventional Therapy, Cancer Hospital, Chinese Academy of Medical Sciences, from May 2013 to September 2017, were reviewed. This study was approved by the Hospital Ethics Committee (NCC3615). All procedures performed in studies involving human participants were in accordance with the ethical standards of the institutional and/or national research committee and with the 1964 Declaration of Helsinki and its later amendments or comparable ethical standards. The requirement for individual informed consent was waived by the Cancer Hospital Chinese Academy of Medical Sciences ethics committee.



2.1.2 Criteria

The inclusion criteria of the study are: (1) all patients had undergone surgical resection of their primary CRC with subsequent histopathological assessment, discovery of lung metastases during simultaneous or postoperative follow-up; (2) patients had to have three or fewer lesions, and the lesions had to be 3 cm or smaller in maximal axial diameter; (3) if liver metastases are concomitant, hepatic metastases are treated preferentially to obtain R0 efficacy; (4) patients were capable of tolerating MWA therapy for lung metastases and refused surgical resection; (5) Eastern Cooperative Oncology Group (ECOG) performance status score 0–1; (6) estimated survival ≥ 6 months. The exclusion criteria of the study are: (1) pulmonary metastases are adjacent to the hilar or lung segment bronchi and blood vessels; (2) concomitant primary tumors in other sites; (3) pulmonary insufficiency (PaO2 < 60 mmHg; PaCO2 > 50 mmHg); (4) concomitant of other chronic wasting diseases; (5) clinical data are incomplete.




2.2 Pretreatment assessment

A comprehensive clinical history was taken, a physical examination was performed, chest enhancement CT, pulmonary function test, and electrocardiography were also performed. The indications for, risks and benefits of the procedure were then discussed in detail by the multidisciplinary treatment. Preprocedural laboratory investigations, including a complete blood count, a coagulation profile, hepatorenal function, coagulation function, and tumor markers, were also completed. Anticoagulant or antiplatelet medications were stopped seven days before the procedure because of the risk of bleeding.



2.3 MWA procedure

All lung MWAs were performed by using CT guidance. Patients underwent CT scanning in the supine position immediately prior to treatment to confirm the location, number, and size of tumors. The ablation parameters, including applicator length and number, position of the patient, and site of puncture, were planned on the basis of tumor size and anatomic location. All ablation procedures were performed by using a KY-2000 microwave multifunctional therapeutic apparatus (Kangyou Medical Instruments, Nanjing, China) with power settings at 60–70 W and a mean ablation time of 10.8 minutes (range 4–24 minutes). Ablation times were recorded for all procedures. Multisite stacking therapy is performed according to the appropriate size. Treatment was performed in the CT suite under CT guidance. Conscious sedation was obtained using intraoperative local anesthesia combined with intravenous intensive anesthesia.

To prevent seeding of malignant cells in the needle track during removal of the needle electrode and to induce local hemostasis of the electrode track, needle track coagulation was routinely performed at the end of the procedure (17). At the end of every treatment, patients underwent a CT scan without contrast injection. Treatment was considered complete when densitometric decrease occurred in the lesion and a ground glass opacity developed around it. The patients’ vital signs were monitored continuously during the procedure. Following MWA, electrocardiography was routinely monitored, with oxygen inhalation for 24 hours and fasting for 12 hours. Dissolving sputum, antibiotics, and supportive care are routinely taken for three to five days.



2.4 Postablation follow-up protocol

The assessment of the completeness of treatment was based on findings from a second spiral CT repeated two to four weeks later. The presence of enhancing tissue on the CT scan was thus regarded as indicative of incomplete treatment, whereas the presence at the tumor site of a nonenhancing area larger than the treated one was considered radiological evidence of complete tumor necrosis and therefore, of successful treatment. In the latter case, as planned previously by the multidisciplinary treatment, patients underwent clinical–radiological follow-up that included spiral CT scans every three months after MWA for the first two years and every six months thereafter. If preoperative tumor markers, such as CEA, are elevated, close dynamic observation is also required.



2.5 Study design and statistical analysis

All data was collected from the electronic health records, including age, gender, complications, number of pulmonary lesions, maximum lesion diameter, chemotherapy protocol, location of the primary tumor, extrapulmonary metastasis, disease-free interval, interval between pulmonary metastasis and MWA, and MWA procedure duration.

OS was defined as the time from the date of MWA to the date of death or the date of the final follow-up. Disease-free interval (DFI) was the period of time from the resection of the primary lesion of intestinal cancer to the first sign of pulmonary metastases. Progression-free survival (PFS) was the period of time from the date of MWA to the date of progression or the date of the final follow-up. Patients during this period are considered tumor-free survivors. The primary outcome was OS, the secondary outcome was PFS. Complications were observed and factors affecting the efficacy of MWA therapy were analyzed. The complications reported are based on the classifications of the American Society of Interventional Radiology (SIR) criteria (27).

The OS and PFS rates were evaluated with Kaplan–Meier analysis. A Cox regression analysis was performed to evaluate the prognosis factors for pulmonary metastases from CRC. P < 0.05 was considered to indicate a statistically significant difference for all analyses. IBM SPSS Statistics for Windows, version 25.0(IBM Corp., Armonk, N.Y., USA) was used to analyze all data.




3 Results


3.1 Baseline characteristics of patients

A total of 31 patients were included in the study. The mean age was 57.3 (range 38–78) years. There were 13 (41.9%) males and 18 (58.1%) females, respectively. There were 11 (35.5%) patients with primary tumors from the colon and 20 (64.5%) from the rectum. Patients and tumor characteristics are described in Tables 1, 2.


Table 1 | Baseline characteristics of patients.




Table 2 | Characteristics of lung metastases.





3.2 Safety and complications of percutaneous MWA

A total of 45 metastatic lung lesions from CRC in 31 patients were treated with CT-guided MWA procedures. Complications were in accordance with the standards of the society of interventional radiology (SIR). Major complications include pneumothorax, hemorrhage and infection. Pneumothorax was observed in 13 of 36 procedures, three of which were observed after the MWA procedure. Four patients developed a pneumothorax requiring drainage tube insertion, two patients had hemorrhage, only one patient with infection had a hospital stay more than 5 days. Delayed discharge happened in eight patients (hospital stay more than 5 days). Oncologic imaging showed that all lesions in the 31 patients were completely ablated at one-month follow-up after ablation. No patient deaths occurred within 30 days of ablation. Complications of percutaneous MWA (36 procedures) are described in Table 3.


Table 3 | Complications of percutaneous MWA.





3.3 Reablation of local recurrence lesions

During the follow-up period, three patients found local recurrence of the original lung metastatic ablation foci 9, 12, and 15 months after ablation. Reablation was performed for two of them after clinical justification and clinical exclusion of systemic tumor spread, while the other patient with recurrence was only eligible for systemic therapy for multiple metastases of lung and liver. Secondary tumor control after reablation revealed a success rate of 100% with no evidence of residual or recurrent tumor within the one to three months follow-up period. Unexpectedly, the one who refused postablation chemotherapy was found to have multiple lung metastases after six months of follow-up after reablation, and died of tumor progression 12 months later.



3.4 PFS


3.4.1

The median PFS was 13 months. The one, two, three, and five-year survival rates were 45.2%, 32.3%, 25.8%, and 22.6%, respectively. The survival curve of PFS is shown in Figure 1.




Figure 1 | The PFS in the total population.





3.4.2

Multivariate analysis showed that the maximum diameter of lung metastases (P = 0.004) was a risk factor affecting PFS and the interval between pulmonary metastases and MWA (P = 0.031) was a protective factor. Multivariable analyses of prognostic factors for progression-free survival are described in Table 4.


Table 4 | Multivariable analyses of prognostic factors for progression-free survival.






3.5 Overall survival


3.5.1

The median OS was 76 months. The one, two, three, and five-year survival rates were 93.5%, 80.6%, 61.3%, and 51.6%, respectively. The survival curve of OS is shown in Figure 2.




Figure 2 | The OS in the total population.





3.5.2

Multivariate analysis showed that the primary tumor from the rectum (P = 0.009) and extrapulmonary metastases (P = 0.043) were risk factors affecting OS, while PFS was a protective factor. Multivariable analyses of prognostic factors for overall survival are described in Table 5.


Table 5 | Multivariable analyses of prognostic factors for overall survival.







4 Discussion

The lung is the second most common metastatic site of CRC, only after the liver. The main reason is that the blood supply to the lungs is sufficient and the blood flow is relatively slow, which is conducive to the implantation of metastatic cancer cells. Similar to the treatment strategy for CRC liver metastases, for patients with CRC lung metastases if the primary CRC has been resected with no extrapulmonary metastases, and the lung metastases can be completely resected, surgical resection is still the preferred option (28, 29). A clinical study of 378 patients with advanced CRC showed that patients with lung metastases had a 28% recurrence-free survival rate at three years and a 78% OS rate at three years after undergoing pulmonary metastasectomy (30). What’s more, for patients under the premise of strict control of indications, combined pulmonary and hepatic resections of resectable metastatic disease have been implemented (31, 32).

For patients with advanced CRC where lung metastases have developed, lung metastasis resection is the standard practice of local treatment. However, surgical resection is traumatic and severely impairs lung function, and the majority of patients are unable to tolerate surgery due to poor general condition (33, 34). Such patients may be suitable candidates for percutaneous minimally invasive ablation. Commonly used ablation methods include radiofrequency ablation, MWA, and cryoablation (35–37).

For multiple lesions in both lungs, a staging ablation was adopted to avoid delayed pneumothorax, and a total of 36 ablation procedures were implemented among the 31 enrolled patients in this study. The success rate of ablation was assessed at 100% at one month after MWA. There were no deaths in the perioperative period, 13 cases of pneumothorax occurred, and eight cases required thoracic drainage. There were eight cases of delayed discharge (hospital stay more than 5 days). What’s mentioned before demonstrates the precision and minimal invasion of the ablation therapy of lung metastases. Under the guidance of CT, the ablation needles can be accurately punctured into the tumor area during the procedure. The complication rate is low, which can achieve complete ablation of bilateral, multiple lung metastases while preserving lung function as much as possible.

Only three out of 31 patients (9.67%) were found to have local recurrence of the original ablation foci 9–15 months after the first ablation, which is similar to what has been reported before (38, 39). Except for one patient who was converted to systemic therapy due to multiple metastases of the liver and lung, the other two were successfully treated with reablation, which revealed that ablation therapy is curative for metastases ≤3.0 cm in that the coagulating necrosis produced by ablation can completely inactivate the tumor, and that ablation can be performed again for recurrent metastases, which is crucially important for the management of metastases.

In this study, the median PFS was 13 months and the median survival was 76 months. The one, two, three, and five-year PFS rates and OS rates were 45.2%, 32.3%, 25.8%, 22.6%, and 93.5%, 80.6%, 61.3%, and 51.6%, respectively, which shows a slightly better survival outcome than other centers (40). A large prospective study enrolled 566 patients with CRC and a total of 1037 lung metastases underwent radiofrequency ablation, with PFS rates of 1–4 years at 40.2%, 23.3%, 16.4%, and 13.1%, respectively, and 40.7% to 67.5% of 5-year OS rates (40). The difference is that our study used MWA while they used radiofrequency ablation. MWA not only has better thermal conductivity, larger ablation zone, but it is less affected by blood flow and carbonization (23, 24, 41).

It has been reported that the OS rate at three years of surgical resection of lung metastases was 78%, which was 61.3% in this group. On the one hand, this may be related to different inclusion criteria, that is, the screening requirements for surgical resection are more stringent than for ablation therapy (30). On the other hand, lobectomy or lung segment resection of metastases resects the tumor and normal tissues around it compared with local ablation. Local ablation is still a safe and effective option for elderly patients with poor general condition, multiple comorbidities, and multiple lesions (26, 42).

The results of multivariate analysis suggest that lung metastases from rectal cancer are a risk factor for OS, which is similar to the results reported in the literature (43). For one thing, the chance of lung metastases may be increased due to the double venous drainage of the rectum from the portal vein and inferior vena cava (44, 45). On the other hand, the general prognosis of rectal cancer is also inferior to that of colon cancer (1, 46). Besides, liver metastases are the most important cause of death in patients with advanced CRC (47, 48). In our study population, seven patients had liver metastases at the diagnosis of lung metastases (22.6%), which turned out to be a risk factor for OS, which was in good agreement with the clinical epidemiological data. Therefore, in the face of patients with CRC and simultaneous metastases of the liver and lung, the importance of systemic therapy should be emphasized. It has been confirmed that the median chemotherapy-free survival of patients without extrapulmonary metastases is longer than that of patients with extrapulmonary metastases (20.9 months vs. 9.2 months) (49).

In the multivariate analysis of PFS, the maximum diameter of the lung metastasis lesion (P = 0.004) was the risk factor, and the interval between the time of lung metastasis detection and MWA (P = 0.031) was the protective factor. Consequently, regular follow-up of patients with CRC is critical to detect lung metastases as early as possible, and positive intervention at an early stage benefits patient more (7). The results of this study showed that gender, age, number of tumors, chemotherapy protocol, ablation duration, the interval between metastases and ablation, the disease-free interval, and the interval between primary cancer surgery and MWA were not related to survival.

In summary, for selected patients with CRC lung metastases, MWA therapy, which has the advantages of being minimally invasive, curative, and repeatable, is a safe and effective treatment option. However, this study is a single-center, small-sample retrospective study, which may have selective bias and still requires clinical validation of large-sample multicenter.
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Objective

To explore the correlation of CT-MRI pathology with lung tumor ablation lesions by comparing CT, MRI, and pathological performance of rabbit lung VX2 tumor after thermal ablation.



Methods

Thermal ablation including microwave ablation (MWA) and radiofrequency ablation (RFA) was carried out in 12 experimental rabbits with lung VX2 tumors under CT guidance. CT and MRI performance was observed immediately after ablation, and then the rabbits were killed and pathologically examined. The maximum diameter of tumors on CT before ablation, the central hypointense area on T2-weighted image (T2WI) after ablation, and the central hyperintense area on T1-weighted image (T1WI) after ablation and pathological necrosis were measured. Simultaneously, the maximum diameter of ground-glass opacity (GGO) around the lesion on CT after ablation, the surrounding hyperintense area on T2WI after ablation, the surrounding isointense area on T1WI after ablation, and the pathological ablation area were measured, and then the results were compared and analyzed.



Results

Ablation zones showed GGO surrounding the original lesion on CT, with a central hypointense and peripheral hyperintense zone on T2WI as well as a central hyperintense and peripheral isointense zone on T1WI. There was statistical significance in the comparison of the maximum diameter of the tumor before ablation with a central hyperintense zone on T1WI after ablation and pathological necrosis. There was also statistical significance in the comparison of the maximum diameter of GGO around the lesion on CT with the surrounding hyperintense zone on T2WI and isointense on T1WI after ablation and pathological ablation zone. There was only one residual tumor abutting the vessel in the RFA group.



Conclusions

MRI manifestations of thermal ablation of VX2 tumors in rabbit lungs have certain characteristics with a strong pathological association. CT combined with MRI multimodal radiomics is expected to provide an effective new method for clinical evaluation of the immediate efficacy of thermal ablation of lung tumors.





Keywords: VX2 tumor, lung cancer, Thermal ablation, Magnetic Resonance Imaging, multimodal radiomics



Introduction

Lung cancer is the second most common malignant tumor in terms of morbidity and has the highest death rate in the world (1), and the lung is one of the most common metastatic target organs of malignant tumors. Lung metastases appear in 30%–40% of malignant tumor patients with advanced stage (2). Thermal ablation can effectively prolong the survival time of patients in the treatment of pulmonary malignant tumors, and the treatment efficacy of smaller lung tumors is close to the efficacy of surgery (3, 4). Currently, thermal ablation of lung tumors is mainly represented by radiofrequency and microwave. However, the lung tissue is poorer in heat conduction with the singleness post-ablation evaluation method, and the therapeutic efficacy is lower than that of liver tumor ablation. Therefore, the immediate efficacy assessment of post-ablation is extremely important.

This study aims to compare and analyze the multimodal radiomics, pathological manifestations, and the correlation between the acute thermal injury after radiofrequency ablation (RFA) and microwave ablation (MWA) in rabbit lung VX2 tumors, so as to provide more information for the precise evaluation of the efficacy of thermal ablation of lung tumors.



Materials and methods


Establishment of rabbit lung VX2 tumor model

Three New Zealand male rabbits (weight 2.0–2.5 kg) were inoculated with VX2 tumor strain (gifted by the First Affiliated Hospital of Fujian Medical University) after general anesthesia with ketamine 1 ml/kg and chlorpromazine 0.5 ml/kg. Tumors formed on the inner musculature of the hind legs of the rabbits. About 2–3 weeks after tumor formation, fish sarcoid tumor tissue with vigorous growth at the edge of the tumor block was excised, and the tumor tissue was cut into tumor blocks of about 1-mm3 size.



Cultivation of tumor strains in rabbit lungs

Fifteen New Zealand male rabbits (weight 2.0–2.5 kg), were fasted for 12 h before the operation, their skin was prepared after general anesthesia, and they were fixed in a prone position on a CT (Somatom Emotion, Siemens) scan table. The appropriate puncture path was determined after the CT scan. After the rabbits were positioned, disinfected, and draped, a 17G coaxial needle was used to puncture the lower lung under CT guidance. Then the tissue block was inserted into the lung parenchyma through the coaxial needle. CT was reexamined to observe the growth of the tumor in the rabbit lung 2–4 weeks after implantation. When the tumor grew to about 10 mm in diameter, it was used for ablation.

Thirteen experimental rabbits were successfully implanted with a VX2 tumor in the lung, showing a single nodule with soft tissue density in the lung by CT, and no tumor was found in 2 experimental rabbits. One tumor-bearing rabbit was killed and confirmed by pathological examination. There were 12 rabbits with VX2 tumors in the remaining lungs enrolled in our study (Figure 1). The tumor foci were located in the right lower lung in 6 rabbits and in the left lower lung in 6 rabbits. The average diameter of the tumor was 11.6 ± 2.9 mm (range 9.1–15.1 mm, median 11.3 mm).




Figure 1 | CONSORT flow diagram summarizes the process in this study. CONSORT, Consolidated Standards of Reporting Trials.





Pre-ablation MRI scan

After general anesthesia, 12 tumor-bearing rabbits underwent a 1.5-T MRI plain scan (Magnet Espree, Siemens, Germany) of the lung using the surface coil. The MRI scan sequence and parameters are shown in Table 1.


Table 1 | MRI sequences and parameters.





CT-guided thermal ablation of VX2 tumor in rabbit lung

Twelve tumor-forming rabbits were divided into 2 groups, 6 in each group. All tumor-bearing rabbits were placed in the prone position, and a CT scan was performed to select the appropriate puncture point. In the RFA group, a 17G needle with a 20-mm working radiofrequency electrode (star RF Electrode-Fixed, Starmed, Korea) with water cooling was gradually inserted under CT guidance. Through the water cooling cycle, the automatic pulse mode and the output power were set to 40–70 W; the continuous treatment time was 5–10 min.

In the MWA group, a microwave ablation antenna (15G, 150 mm, VISON Medical Equipment Co., Nanjing, China) with an outer diameter of 1.8 mm was gradually inserted into the distal end of the tumor under CT guidance, and the output power was set to 40–50 W with treating time of 4–6 min. The repeat CT scan showed that the surrounding ground-glass opacity (GGO) of the lesion exceeded 5–10 mm after ablation, which was considered complete ablation.

The needle was withdrawn after ablation, and a CT scan was performed again to observe whether there were complications such as pneumothorax, hemorrhage, and pleural effusion. If there was a pneumothorax and the lung was compressed by more than 20%, lung recruitment maneuver was performed by aspiration of the thoracic cavity.

All rabbit lung VX2 tumor ablation treatments were performed by physicians with more than 5 years of experience in tumor ablation.



Post-ablation MRI scan

MRI was performed to observe the VX2 tumor in the rabbit lung immediately after ablation. The MRI sequences were the same as those before ablation. The experimental rabbits were killed and pathologically examined after an MRI scan.



Statistical analysis

The maximum diameter of the tumor on CT before ablation, the central hypointense area on MRI T2-weighted image (T2WI) after ablation, the central hyperintense area on T1-weighted image (T1WI) after ablation, and the maximum diameter of coagulative necrosis on pathology were measured and compared. At the same time, the maximum diameter of the GGO around the tumor on CT after ablation, the peripheral hyperintense area on T2WI after ablation, the peripheral isointense area on T1WI after ablation, and the maximum diameter of the thermal injury area on pathology were also measured and compared. All indicators are expressed as mean ± SD. Statistical analysis was performed using the t-test of the SPSS software (version 22.0; IBM, Chicago, IL, USA), and p < 0.05 was considered statistically significant.




Results


MRI findings before ablation

All rabbit lung VX2 tumors before ablation showed a round or slightly round-like hyperintense zone on T2WI and an isointense zone on T1WI compared with chest wall muscle (Figures 2, 3), as well as a hyperintense zone on diffusion-weighted imaging (DWI) with clear boundaries.




Figure 2 | CT-guided RFA for rabbit lung VX2 tumor with MR and pathological findings. CT showed a VX2 tumor located in right lower lobe with 12 mm in diameter (A, arrow). The pre-ablation MR scan of the tumor showed hyperintensity on T2WI and isointensity on T1WI before RFA (B, C, arrow). Radiofrequency electrode was gradually punctured into the tumor under CT guidance (D). GGO surrounding the lesion with 5 mm beyond was displayed immediately after RFA on CT (E). Immediately after RFA, MR showed short T1 and short T2 signals in the central area and patchy iso-T1 and long T2 signals in the periphery (F, G arrow). Pathology showed coagulative necrosis of the ablation foci, with peripheral hemorrhage and inflammatory reaction zone (H). RFA, radiofrequency ablation; T2WI, T2-weighted image; T1WI, T1-weighted image; GGO, ground-glass opacity.






Figure 3 | CT-guided MWA for rabbit lung VX2 tumor with MR and pathological findings. CT showed a VX2 tumor located in right lower lobe with 13 mm in diameter and invasion of adjacent pleura (A, arrow). The pre-ablation MR scan of the tumor showed hyperintensity on T2WI and isointense zone on T1WI before MWA (B, C, arrow). MW antenna was gradually punctured into the tumor under CT guidance (D). GGO surrounding the lesion was displayed immediately after MWA on CT (E). Immediately after MWA, MR showed short T1 and short T2 signals in the central area with patchy iso-T1 and long T2 signals in the periphery including adjacent pleura and chest wall (F, G). Pathology showed coagulative necrosis of the ablation area including invasion of adjacent pleura, with peripheral hemorrhage and inflammatory reaction zone (H, I arrow). MWA, microwave ablation; T2WI, T2-weighted image; T1WI, T1-weighted image; GGO, ground-glass opacity. .





Procedure and CT/MRI findings after ablation

Thermal ablation was accomplished in all 12 rabbits’ lung VX2 tumors. CT showed GGO surrounding the original tumor in the lungs of 11 rabbits immediately after ablation (Figure 2E). In the remaining 1 rabbit, a blood vessel was injured during the RF electrode puncture into the target, resulting in patchy hemorrhage in the lung. The margin of the ablative zone was relatively unclear after the procedure.

In an MR scan immediately after ablation, the ablative areas showed a hypointense zone in the center surrounded by a ring-like hyperintense zone on T2WI. Meanwhile, the ablative areas showed a hyperintense zone in the center surrounded by a ring-like isointense zone on T1WI (Figure 2F). There was a hypointense zone in the center with a slightly ring-like hyperintense zone surrounding the ablated area, and the signal of original lesions was significantly reduced after ablation as observed on DWI.



Pathology

The gross specimens of rabbit lung VX2 tumors after thermal ablation showed that the tumor tissues had a gray-white coagulation necrosis area after ablation, and the needle track area in the center of the ablation area was a fissure-like carbonization center, which was seen more in the MWA group than the RFA group. The lung tissue had a reddish-brown coagulation necrosis area, the coagulation necrosis areas were surrounded by a hemorrhagic zone, and a large area of congestion and edema was seen around the hemorrhage zone (Figures 2H and 3H, I). One case showed residual VX2 tumor tissue in the RFA group confirmed by pathological examination. The remaining 11 cases showed complete ablation confirmed by pathological examination.



Statistical results

There was statistical significance in the comparison of the maximum diameter of the tumor before ablation with a central hypointense zone on T2WI, a central hyperintense zone on T1WI after ablation, and pathological necrosis in both the RFA and MWA groups (p < 0.002, Table 2). There was no significant difference between the maximum diameter of the central hypointense zone on T2WI after ablation, the central hyperintense zone on T1WI after RFA, and the maximum diameter of coagulative necrosis on pathology in both the RFA and MWA groups (p > 0.05, Tables 2, 3).


Table 2 | Comparison of MD of tumor on CT pre-ablation, central hypointense zone on T2WI, central hyperintense zone on T1WI, and MD of coagulative necrosis on pathology post-ablation (mm).




Table 3 | Comparison of MD of MR performance and pathology after thermal ablation (mm).



There was no significant difference between the maximum diameter of the peripheral hyperintense area on T2WI after ablation and the maximum diameter of the peripheral isointense area on T1WI after ablation (p > 0.05, Table 4). There was statistical significance in the comparison of the maximum diameter of GGO around the lesion on CT with a peripheral hyperintense zone on T2WI, peripheral isointense on T1WI after ablation, and thermal injury on pathology (p < 0.005, Tables 3, 4).


Table 4 | Comparison of MD of GGO around tumor on CT, peripheral hyperintense zone on T2WI, peripheral isointense on T1WI, and thermal injury on pathology post-ablation (mm).






Discussion

At present, CT is commonly used to guide thermal ablation for lung tumors and evaluate the ablative efficacy immediately (3–5). GGO of the lung tissue covering the original tumor and exceeding 5–10 mm is usually considered a sign of successful ablation (6, 7). However, the GGO after ablation is sometimes confused with the hemorrhage of mechanical damage to the lung tissue during the puncture process, and the density of the tumors does not significantly change during the CT scan. Therefore, it is not accurate to use CT alone to evaluate the immediate effect of lung tumor ablation, especially when combined with postoperative puncture bleeding (8).

Miao et al. (9) performed RFA for rabbit VX2 lung tumor models and found that five typical isocenter areas formed around the radiofrequency needle after RFA: needle tract area, tumor coagulated necrosis area, lung parenchyma coagulated necrosis area, peripheral hemorrhage, and inflammatory area. In this study, the pathological changes of the rabbit lung VX2 tumor after thermal ablation were similar to those reported in the literature. MRI findings have certain characteristics after ablation due to MRI’s sensitivity to changes in tissue temperature and water content (10–12). Oyama (13) conducted a comparison study of MRI manifestations and pathology after RFA of normal pig lungs. After RFA of normal pig lungs, there was an inner zone of equal T1 short T2 signals with an outer zone of long T2 signal surrounding. The analysis with confirmation by pathological examination showed that the inner zone with equal T1 short T2 signal was a coagulated necrosis area, and the outer zone with long T2 signal showed pulmonary heat injury area including neutrophil infiltration, alveolar effusion, and pulmonary congestion. In this study, short T1 and short T2 signals were observed in the center of the thermal ablated zone on MRI. The maximum diameters of the central short T2 signal area and the central short T1 signal area after ablation are similar to those of the pathological coagulated necrosis area, which included tumor coagulated necrosis and lung coagulated necrosis area. Meanwhile, the maximum diameter of the pathological coagulated necrosis area was larger than that of the tumor before ablation but smaller than the maximum diameter of the GGO on the CT after ablation. The peripheral equal T1 long T2 signal area on MRI was considered to correspond to the pathological peripheral hemorrhage area and inflammatory layer area, both of which were larger than the peripheral GGO range on CT after ablation. It was indicated that MRI was more sensitive to the changes of intra-alveolar exudation than CT.

In this study, there was 1 case of needle tract bleeding during puncture in the RFA group, which affected the judgment of CT curative effect. Immediate post-ablation MRI could clearly distinguish the coagulation necrosis area from the bleeding area according to the characteristic changes, which showed a more objective evaluation of the ablation curative effect.

According to reports, MWA is less affected by the heat sink effect compared to RFA (14, 15). In this study, all 6 cases of rabbit lung VX2 tumors in the MWA group showed complete ablation by pathology. In the RFA group, 1 case showed residual tumor after ablation, which was located next to the blood vessel in the right lower lobe. Residual tumor was displayed as slightly equal T1 long T2 signal and considered to be related to the heat sink effect.

This study had certain limitations. First, the sample size of experimental animals was small. Second, contrast-enhanced MRI and CT scans were not used to further evaluate the efficacy of ablation. Third, only acute thermal ablation injury was observed immediately without dynamic observation for imaging and pathological evolution of ablated lesions. The shortcomings need to be improved in future research.

In conclusion, MRI manifestations of thermal ablation zones for rabbit lung VX2 tumors have certain characteristics and better corresponded with pathology than CT. CT combined with MRI multimodal radiomics is expected to provide an effective new method for clinical evaluation of the immediate efficacy of thermal ablation of lung tumors and to improve the complete tumor ablation rate.
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Background

Microwave ablation (MWA) and intratumoral chemotherapy (ITC) are useful for treating tumors in animal models; however, their clinical use in patients with large non−small cell lung cancer (NSCLC) remains unknown. This retrospective study aimed to evaluate preliminary outcomes of MWA + ITC for large NSCLC.



Methods

From November 2015 to April 2020, a total of 44 NSCLC patients with a mean lesion diameter of 6.1 ± 1.5 cm were enrolled and underwent synchronous MWA + ITC procedures. The primary endpoint was local progression-free survival (LPFS); secondary endpoints were progression-free survival (PFS), complications, overall survival (OS), and associated prognostic factors.



Results

The median follow-up time was 19.0 months. At the 1-month CT scan, complete tumor ablation was observed in 47.7% of cases. Median LPFS was 12.1 months; 1-, 2-, and 3-year LPFS rates were 51.2%, 27.9%, and 13.6%, respectively. A shorter LPFS was significantly associated with large lesions (HR 1.23, 95% CI 1.02–1.49; p = 0.032). Median PFS was 8.1 months; 1-, 2-, and 3-year PFS rates were 29.5%, 18.2%, and 9.1%, respectively. LPFS was significantly superior to PFS (p = 0.046). Median OS was 18.8 months. The 1-, 2-, 3-, and 5-year OS rates were 65.9%, 43.2%, 26.4%, and 10.0%, respectively. In univariate comparisons, high performance status (PS) score, smoking, and larger lesions were significantly correlated with poor survival. In multivariate analysis, advanced age, higher PS score, higher stage, larger lesion, and prior systematic treatment were independent prognostic factors for shorter OS. Adverse events were well tolerated and all patients recovered after appropriate intervention.



Conclusions

MWA + ITC is a safe and effective new modality of local treatment for large NSCLC and can significantly prolong LPFS.





Keywords: microwave ablation, intratumoral chemotherapy, non-small cell lung cancer, cisplatin, local progression-free survival



Introduction

Lung cancer is the second most frequently occurring malignancy with an estimated 2.2 million new cases, constituting 11.4% of all diagnosed cancers in 2020, and as the leading cause of cancer-related mortality with an estimated 1.8 million deaths making up 18% of total cancer deaths worldwide (1). Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancer patients. Despite advances in treatment and prognosis in the last decade, NSCLC presents a poor 5-year overall survival rate, ranging from 68% at clinical stage IB to 0%–10% at clinical stage IVA-IVB (2, 3).

Over the last decade, percutaneous image-guided thermal ablation (IGTA) has been increasingly applied as a safe, cost-effective, and precise minimally invasive alternative therapy for patients not qualified for surgery. Radiofrequency ablation (RFA), microwave ablation (MWA), and cryoablation are the most frequently used modalities. In contrast to RFA, MWA utilizes the dielectric hysteresis effect of polar molecules under a high-frequency electromagnetic field (915 or 2450 MHz) to generate heat >60°C and achieve cellular coagulation necrosis (4). Microwaves can propagate effectively through air-filled lungs, which are special organs characterized by a high impedance, low electrical conductivity, and low thermal transfer. Furthermore, MWA is more advantageous than RFA as it has a larger ablation zone, shorter ablation duration, lower heat-sinking effect, and combines the synergistic action of multiple antennae (5). Therefore, MWA either alone or in combination with systemic treatment has been progressively used for the treatment of early-stage and advanced NSCLC stage I to IV (6–8).

Despite the theoretical superiority of MWA, as it is unlimited by impedance, unsatisfactory long-term effects in lesions >3 cm, particularly those of 5 cm diameter, or adjacent to large vessels, has decreased the confidence in expanding MWA’s scope of clinical application (9). Therefore, a new strategy for MWA treatment of large tumors capable of persistently enhancing local control or strongly debulk tumor burden by maximizing the area of coagulation necrosis is needed. One very promising modality surmounting the current limitations of MWA alone is its combination with intratumoral chemotherapy (ITC) (10). Results from animal models have provided evidence supporting a positive role for synchronous thermal ablation plus ITC with cisplatin, paclitaxel, or doxorubicin (11–13). This retrospective study aimed to investigate the feasibility, safety, and preliminary outcomes of patients with large advanced NSCLC undergoing synchronous MWA plus ITC (hereinafter referred to as MWA + ITC) under computed tomography (CT) guidance as a local palliative treatment.



Material and methods


Patient’s Selection

This study was approved by the Ethics Committee of Shandong Provincial Hospital Affiliated to Shandong First Medical University and followed the tenets of the Declaration of Helsinki. Informed consent was waived due to the retrospective nature of this study. However, written informed consent was obtained before MWA + ITC. For the purposes of this study, 44 NSCLC patients who received MWA + ITC were recruited and retrospectively analyzed between November 2015 and April 2020. The integral course of treatment for each patient was accomplished by a comprehensive medical team including interventional radiology, thoracic surgery, medical oncology, and radiotherapy experts. In this study, the chemotherapeutic agent administered directly into the lesions of all NSCLC patients was a cisplatin aqueous solution with iodixanol.

Patient inclusion criteria were as follows: (a) Eastern Cooperative Oncology Group performance status (ECOG PS) score 0–2, (b) age ≥18 years, and non-pregnant if female, (c) pathologically confirmed NSCLC, (d) newly diagnosed patients unsuitable for or refusing surgery and radiotherapy, or patients with progressive disease after or refractory to standard treatments, (e) the maximum diameter of primary lung lesions to be ablated >4 cm, (f) life expectancy ≥6 months. Exclusion criteria included: (a) primary lung tumors other than NSCLC (e.g., small cell lung cancer and neuroendocrine tumors), (b) untreatable coagulopathies and/or platelet count < 50 × 109/L, (c) brain metastasis with compression symptoms, (d) incomplete clinical and radiological data, and (e) loss of follow-up.

The clinical database collected from the entire study population before and after MWA + ITC procedures consisted of (a) age, (b) sex, (c) initial staging for new patients or re-staging for treated patients, (d) tumor characteristics including size, location, pathological type, and anatomical structures nearby (such as large vessels, pleura, or chest wall), (e) previous treatment modality including surgery, radiotherapy, chemotherapy, molecular targeted therapy, and/or immunotherapy, (f) follow-up data including the occurrence of local and systemic tumor progression, survival time, and cause of mortality.



Pretreatment Preparation and Instruments

Before treatment, chest and abdomen contrast-enhanced CT scan and brain magnetic resonance imaging (MRI) within 2 weeks were implemented for each patient in addition to a routine examination of complete blood count, coagulation function, electrocardiogram, and cardiopulmonary function. If necessary and economically feasible, PET-CT and E-BUS were highly recommended for accurate staging. The decision to perform MWA + ITC was ultimately reached after a comprehensive discussion by a multi-disciplinary team comprised of at least a medical oncologist, thoracic surgeon, respiratory physician, radiologist, and pathologist. All patients were nonsurgical candidates due to poor cardiopulmonary function, advanced age, other medical comorbidities, or refusal of surgery and radiation therapy. The patients or their legal representatives were fully informed of disease severity, treatment risks, possible complications, and benefits of the combination treatment. Patients should be fasted for >4 h and not routinely prescribed antibiotics for prophylaxis during the peri-procedural period.

CT (Lightspeed 64 V, GE General Electric or NeuViz64, Neusoft Co., Ltd. or uCT 760, United Imaging Healthcare Co., Ltd.) was used to guide procedures. MWA was performed with an MTC-3C microwave ablation system (Vison-China Medical Devices R&D Center), ECO-100A1 microwave ablation system (ECO Medical Instrument Co., Ltd.), or KY-2450B microwave ablation system (CANYOU Medical Inc.), with a frequency of 2450 ± 50 MHz; the adjustable continuous-wave output power ranged from 0 to 100 W. For the microwave antenna, the effective length was 100–180 mm and the outside diameter was 19 G (a 19G antenna has the advantages of high puncture accuracy and few complications), with a 1.5 cm radiating tip (tapered end). The surface temperature of the antennae was cooled with a water circulation cooling system. ITC was performed via ≥1 21 gage Chiba needles (Hakko Co., LTD. Chikuma-Shi, Japan) directly inserted into the tumors. Cisplatin (Qilu Medical Co., Jinan, China) was diluted into an aqueous solution at 2–4 mg/mL (14, 15), then mixed with iodixanol (Jiangsu Hengrui Medical Co., LTD. China) at a ratio of 10:1. Iodixanol was used to aid local drug visualization for tracking the dispersion of the cisplatin solution.



MWA + ITC Procedure

Detailed MWA procedures were as we previously described. For tumors contiguous to or involving the chest wall, intercostal nerve block plus intravenous conscious sedation was applied to relieve the patients’ discomfort as much as possible during the procedures. The entire procedure was conducted by simultaneously placing the antenna and Chiba needles into the pre-planned tumor sites. Once proper positioning of the antenna and Chiba needles was ascertained via CT, ITC was performed immediately followed by MWA. The procedure of ITC was similar to that of the MWA procedure (6–8). Given the remarkably larger size of the lesions in this study, MWA + ITC were accomplished by a flexible pattern of multiple antenna/needles placed at multiple sites to maximize the treatment area (example cases shown in Figures 1, 2). Based on the lesion size, cisplatin doses administration was as follows: (a) 20–40 mg for tumors with a diameter ≤4.5 cm; (b) 40–60 mg for those between 4.5–6.5 cm; (c) 60–80 mg for those ≥6.5 cm. Ablation parameters such as power and time referred to the recommendations of the device manufacturer. Depending on the stage, histology, genetic alterations, prior treatment regime, and patient’s condition, administration of systemic chemotherapy, molecularly targeted therapy, and immunotherapy either alone or in combination was allowed after MWA + ITC if necessary and feasible. The general interval between MWA + ITC and systemic therapy was <7 days.




Figure 1 | MWA + ITC treatment of a large squamous cell lung cancer in the left upper lobe of a 69-year-old man. Enhanced CT scan in the pulmonary window (A) and mediastinal window (B) showing a mass with a maximum diameter of 11.5 cm adjacent to the left pulmonary artery. (C–E) Direct injection of 40 mL aqueous solution containing 80 mg cisplatin into the mass via three 21-gage Chiba needles at a multisite. (F–I) MWA using four antennae at multisite and multisession with an ablation power of 60 W and a cumulative ablation time of 52 min. (J) Enhanced CT scan at 1-month follow-up after MWA + ITC showing an almost complete necrosis of the ablation zone. (K, L) Enhanced CT scan at 3- and 9-month follow-up after MWA + ITC showing  gradually involuting fibrosis of the necrotic zone and no local residue. MWA, microwave ablation; ITC, intratumoral chemotherapy; CT, computed tomography.






Figure 2 | MWA + ITC treatment of a large lung adenocarcinoma in the right upper lobe of a 48-year-old woman. Enhanced CT scan in the pulmonary (A) and mediastinal window (B) showing a nearly round mass with a diameter of 5.0 cm close to a large hilar vessel. (C) Insertion of a 21-gage Chiba needle into the side of the tumor near the hilar vessel. (D) Injection of 40 mg cisplatin aqueous solution containing 2 mL iodixanol into the mass, and diffusion of the agent over the entire tumor displayed by high-density iodixanol. (E–H) MWA using two antennae with multisite and multisession insertions. (I) Enhanced CT scan at 1-month follow-up showing complete necrosis. (J–L) Enhanced CT scan at 3-, 9-, and 18-month follow-up after MWA + ITC showing gradually involuting fibrosis of the necrotic zone and no local recurrence. MWA, microwave ablation; ITC, intratumoral chemotherapy; CT, computed tomography.





Follow-Up

A non-contrast chest CT scan was performed 24 h post-procedure for all patients to assess potential complications, such as massive pneumothorax, pleural effusion, or hemorrhage, which needed prompt interventions. Contrast-enhanced whole-body CT scans were performed at 1, 3, 6, 9, and 12 months for the first year, and every 6 months thereafter, or at any time attributable to sudden aggravation of the patient’s condition. The size of the ablation zone measured at the 1-month CT scan was used as a baseline reference to which subsequent follow-up images were compared. According to expert consensus for thermal ablation of lung tumors (2018 Edition), the local effect of ablative responses involves complete and incomplete ablation, and local progression (16). No abnormal contrast enhancement in the arterial phase of the follow-up CT scan at 1 month was considered complete ablation, whereas irregular or nodular enhancement signs at the margin of the ablation zone were considered incomplete. Local progression was defined as increases >10 mm in size with irregular or nodular enhancement signs in the ablation field at the later CT scan compared with the 1-month CT scan. When necessary, PET-CT was also used for assessment of the uncertainty of viable tumors 3 months after the procedure. In the case of locally progressive foci, ≥2 MWA ± ITC sessions were performed if feasible, but these subsequent procedures were not included in the analysis.

The primary endpoint was local progression-free survival (LPFS), defined as the interval from MWA + ITC treatment to local progression, or death. Secondary endpoints included progression-free survival (PFS), complications, overall survival (OS), and predictive factors associated with prognosis. PFS was defined as the interval from MWA + ITC treatment to disease objective progression, including local progression and/or distant progression, or death. OS was defined as the interval from MWA + ITC treatment to death or last follow-up. In this study, the cause of death for all patients was cancer-related.



Statistical Analysis

Continuous data are presented as mean/median, range, and standard deviation and categorical data are described as frequencies and percentages. The Kaplan–Meier log-rank test was used for univariate survival curve comparisons, if no additional statement was attached. When variables had a P< 0.2 in univariate analysis, they were included in multivariate analysis. Multivariate Cox proportional hazard models were performed to screen prognostic factors and the corresponding hazard ratios (HR) for different factors with 95% confidence intervals (CI). P-values were two-sided and considered significant if <0.05. Statistical analysis was performed using SPSS for Windows Version 26.0 (IBM, Chicago, IL, USA).




Results


Patients and Tumors Characteristics

Based on our inclusion and exclusion criteria, 44 patients (34 males and 10 females; mean age: 65.9 ± 10.4 years, range: 44–86 years) with primary NSCLC lesions (mean size: 6.1 ± 1.5 cm, range: 4.1–11.5 cm) underwent percutaneous MWA + ITC treatment under CT guidance from November 2015 to April 2020 in this study. The clinical characteristics of patients and tumors are summarized in Table 1. Adenocarcinoma was the most common pathologic type (23, 52.3%), followed by squamous cell carcinoma (SCC, 16, 36.4%) and undefined NSCLC (5, 11.4%). The clinical staging in all patients covered stage IIA in one (2.3%) case, stage IIB in six (13.6%) cases, stage IIIA in seven (15.9%) cases, stage IIIB in six (13.6%) cases, stage IIIC in six (13.6%) cases, stage IVA in 10 (22.7%) cases, and stage IVB in eight (18.2%) cases. Stratification by lesion size manifested as 10 (22.7%) cases ranging between 4.0–5.0 cm, 16 (36.4%) cases between 5.1–6.0 cm, 10 (22.7%) cases between 6.1–7.0 cm, and eight (18.2%) cases >7.0 cm. Of 44 lesions to be treated locally, 12 (27.3%), one (2.3%), seven (15.9%), 13 (29.5%), and 11 (25.0%) cases were located in the right upper lobe, right middle lobe, right lower lobe, left upper lobe, and left lower lobe, respectively. Of all enrolled patients, 16 (36.4%) received prior antitumor therapy including surgery alone in one case, MWA alone in two cases, and systematic treatment (≥1 chemotherapy, molecularly targeted therapy, and immunotherapy) in 13 cases. Over half (23, 52.3%) of the patients suffered from ≥1 coexisting chronic comorbidities involving cardio-cerebrovascular disease (14 cases), chronic obstructive pulmonary disease (six cases), diabetes (six cases), cirrhosis (two cases), and autoimmune disease (one case).


Table 1 | Clinical characteristics of 44 patients (44 tumors) and univariate analysis of OS.





Side Effects and Complications

No death occurred during the procedures or within 30 days after MWA + ITC. Side effects mainly included pain and postablation syndrome (Table 2). A total of 13 (29.5%) patients suffered intra- or post-procedural pain including 10 cases of mild and five cases of moderate pain and were positively treated with non-opioid analgesics. Postablation syndrome, mainly characterized by low-grade fever (<38.5°C), nausea, vomiting, and/or general malaise, occurred in 11 (25.0%) cases and was managed through low-dose dexamethasone or non-steroidal anti-inflammatory drugs. Major complications (Table 2) included massive pneumothorax or pleural effusion requiring chest tube drainage, as well as severe pulmonary infection or bronchopleural fistula lengthening the hospital stay. Minor complications (Table 2) included mild pneumothorax, small amounts of pleural effusion, pulmonary hemorrhage/hemoptysis, and subcutaneous emphysema, all asymptomatic or self-limiting and not requiring invasive intervention (17). Pneumothorax developed in 23 cases (52.3%), of which 10 (22.7%) cases required chest tube drainage. Pleural effusions occurred in 34 (77.3%) patients, only five (11.4%) of which required chest tube drainage. Pulmonary hemorrhage/hemoptysis was observed in nine (20.5%) cases and was effectively alleviated by the application of conventional hemostatic drugs such as reptilase and etamsylate. Slight subcutaneous emphysema appeared in four (9.1%) cases with spontaneous recovery. In addition, three (6.8%) patients showed pulmonary infection, including two cases of bacterial infection and one of Aspergillus infection; appropriate antibiotics were administered according to a drug susceptibility test. A bronchopleural fistula caused by pulmonary Aspergillus infection occurred in one (2.3%) patient for whom thoracic intubation for continuous drainage and regular flushing was required.


Table 2 | Parameters, side effects, and complications of MWA + ITC in 44 patients.





Follow-Up

All procedures were technically successful and generally well tolerated. Detailed MWA + ITC parameters, including ablation power, ablation time, number of ablation antennae, and cisplatin dosage are listed in Table 2. Of all patients, 34 (77.3%) received systematic therapy after MWA + ITC, specifically presented as the application of chemotherapy, targeted therapy, and immunotherapy combined or alone in concurrent or sequential patterns. In addition, eight (18.2%) patients received local retreatment owing to local progression after MWA + ITC, including two cases with MWA, two cases with 125I seed implantation, two cases with radiotherapy, one case with surgery, and another with MWA + ITC. At the 1-month enhanced CT scan, complete ablation was observed after 21 (47.7%) MWA + ITC procedures, and incomplete ablation after 25 (56.8%). The mean follow-up time was 24.3 ± 18.4 months with a median duration of 19.0 months (range, 3.4–76.3 months); no patients were lost to follow-up. Median PFS was 8.1 months, and 1-, 2-, and 3-year PFS rates were 29.5%, 18.2%, and 9.1%, respectively. Median LPFS was 12.1 months, and 1-, 2-, and 3-year LPFS rates were 51.2%, 27.9%, and 13.6%, respectively (Table 3). LPFS was significantly superior to PFS (p = 0.046), as shown in Figure 3. A shorter LPFS was significantly associated with large lesion size in Cox regression univariate analysis (HR 1.23, 95% CI 1.02–1.49; p = 0.032). A total of 36 (81.8%) patients succumbed to cancer in the follow-up period. Median OS was 18.8 months (95% CI, 8.8–28.7). The 1-, 2-, 3-, and 5-year OS rates were 65.9%, 43.2%, 26.4%, and 10.0%, respectively (Table 3, Figure 4). In univariate analysis, smoking, high ECOG PS score, and larger lesions were significantly correlated with poor survival (Table 1, Figures 5, 6). In multivariate analysis, age, ECOG PS score, stage at treatment, lesion size, and prior systematic treatment were independent prognostic factors for OS (Table 4), while the impact of smoking on OS was not obvious.


Table 3 | Probability of survival in 44 patients undergoing MWA + ITC.






Figure 3 | Kaplan–Meier survival curves of LPFS versus PFS. The 1-,2-, and 3-year PFS rates were 29.5%, 18.2%, and 9.1%, respectively. The 1-,2-, and 3-year LPFS rates were 51.2%, 27.9%, and 13.6%, respectively. LPFS, local progression-free survival; PFS, progression-free survival; CI, confidence intervals.






Figure 4 | Kaplan–Meier survival curves of OS for patients. OS rate was 65.9% at 1 year, 43.2% at 2 years, 26.4% at 3 years, and 10.0% at 5 years, respectively. OS, overall survival; CI, confidence intervals.






Figure 5 | Kaplan–Meier survival curves of OS by ECOG PS score for all patients. The OS of PS score of 0-1 was significantly better than that of PS=2 (median: 24.1 months vs. 9.1 months; P=0.029). OS, overall survival; ECOG PS, Eastern Cooperative Oncology Group performance status; CI, confidence intervals.






Figure 6 | Kaplan–Meier survival curves of OS by lesion size for all patients. The OS of lesions ≤5.5 cm was significantly better than that for lesions >5.5 cm (median: 31.1 months vs. 12.2 months; P=0.032). OS, overall survival; CI, confidence intervals.




Table 4 | Cox regression multivariate analysis of survival predictors for OS.






Discussion

MWA is increasingly used for radical treatment of inoperable early-stage NSCLC or refusal of surgery and has comparable therapeutic effects to SBRT (18). Generally, most patients are clearly defined as stage I with lesions ≤4 cm, while the remaining few cases were stage T2b-3N0M0 with lesions > 4 cm (7, 19, 20). In this study, the lesions of seven patients at stages IIA and IIB were confined to the lungs and could not be surgically removed due to chronic comorbidities. For patients with advanced NSCLC, the addition of local MWA as a local palliative treatment can significantly prolong PFS and OS based on systemic therapies such as chemotherapy, molecularly targeted therapy, or immunotherapy. However, in these patient groups, the mean diameter of ablated lesions is generally <5 cm (8, 21, 22). In this study, the average size of ablation lesions was 6.1 cm (4.1–11.5 cm); 34 (78.3%), 18 (40.9%), and eight (18.2%) of them were >5, 6, and 7 cm in diameter, respectively. Hence, both the average size of lesions and the proportion of lesions >4 cm in this study were far higher than described in a previous report focusing on MWA in large tumors (6 vs. 5 cm, 100% vs. 60%) (23, 24). Furthermore, our study did not exclude tumors abutting hilar large vessels, involving the visceral pleura, or transgressing the parietal pleura into the chest wall. Unfortunately, clinical evidence on the use of MWA for large NSCLC lesions is scarce, since very large tumors are extremely difficult to completely ablate. Here we hypothesize that tumor debulking may be of benefit in the following situations: (1) refractory pain caused by tumor infiltration of the parietal pleural nerve, (2) airway obstruction resulting from tumor compression near the center, (3) local rapid progression after systemic therapy, and (4) excessive tumor burden and unresectability.

In the past, ITC of primary NSCLC, a remarkably effective local intervention by direct injection or delivery of various cytotoxic agents into the tumor via an ordinary needle-catheter under the guidance of bronchoscopy, was mainly used for rapid re-canalization of central airway obstruction, commonly life-threatening and frequently resulting in death from suffocation if untreated (25). ITC has more unique advantages than conventional intravenous chemotherapy, including: (1) accuracy in local drug delivery, (2) complete drug permeation inside and around the target tumor, (3) achievement of dramatically higher tumor tissue concentrations, (4) marked reduction of systemic toxic and side effects, (5) synergistic effect in combination with surgery, radiotherapy, thermal ablation, and immunotherapy (11–15, 26), and (6) the potential for a tumor-specific immune response (27). In this study, a cisplatin aqueous solution injected via multisite Chiba needles was uniformly dispersed, completely encompassing the tumor mass and the surrounding margin, and could be visually displayed by incorporated iodixanol. As mentioned, despite the larger lesions undergoing MWA in this study, our complete ablation rate at 1 month was better than in previous studies (47.7% vs. 44.6%) (23). Hence, we explicitly conclude that MWA + ITC could greatly expand the scope of coagulative necrosis than either alone, showing stronger synergy or additive effects and confirmed in the transplanted tumor animal model (12, 13, 28). In addition, barely any patients had toxic side effects related to the local application of cytotoxic drugs in this study.

Feng et al. published one of the earliest papers on early-stage NSCLC treated with RFA + ITC showing better survival, less complications, and small damage; a sequence of ablation followed by immediate ITC was adopted, which was a reversal of our order (29). The most beneficial paradigm to the patients is currently unclear. Irreversible thermal injury, triggering cellular death, occurs when cells are heated >46°C; coagulation necrosis can be induced in focal tissue when heated to 50°C for 4–6 min (30). Although lower temperature hyperthermia (42–45°C) merely results in reversible cellular injury, this can enhance cellular susceptibility to additional chemotherapeutics (28). In this study, more than half (54.5%) of lesions were close to hilar large vessels where a steep thermal descent due to heat sink effect was observed, which likely led to the inability of completely encompassing the tumor tissue with the 50°C isotherm even if multiple antennae were simultaneously used. Under such circumstances, a combination of MWA + ITC was innovatively used in this study, obtaining a larger necrosis volume and a more complete tumor destruction area, as reflected in the superiority of LPFS over PFS at follow-up (p = 0.046). The rationale for this optimized combination therapy may be explained by a “two-hit” exposure of sublethal hyperthermia and high concentration cisplatin, and by filling the cisplatin aqueous solution in untreated gaps within the ablation zone.

In this study, side effects and complications were mainly related to MWA. Possibly, they were aggravated in terms of incidence and severity by the introduction of ITC. Given the unprecedented large lesions to be ablated and the combined utility of MWA with ITC in this study, ≥2 ablation antennae and ≥1 Chiba needles were used to cause multiple punctures through the pleura, which could slightly increase the incidence (52.3% vs. 31.9%) and severity (chest tube: 22.7% vs. 11.5%) of pneumothorax (7). Likewise, the incidence (77.3% vs. 68.2%) and severity (chest tube: 11.4% vs. 3.0%) of pleural effusion in this study were modestly higher than in our previous report, which was associated with severe thermal injury to the pleura due to a higher proportion (38.6%) of lesions involving the pleura or chest wall and a longer ablation time (mean 26.8 min) (6). The incidence (6.8%) of pulmonary infections, including bacterial (4.5%) and fungal (2.3%) infections corresponded with previously reported rates of 1%–6% (16). Particularly, the fungal infection was a deep invasive Aspergillosis which resulted in one case of bronchopleural fistula with hemoptysis, resulting from the potent erosive ability of Aspergillus to surround normal lung tissue (31). The pulmonary hemorrhage/hemoptysis (20.5%) and slight subcutaneous emphysema (9.1%) recovered spontaneously after conservative treatment. In addition, almost no patients had toxic side effects related to the local application of cytotoxic drugs. In general, these data reinforce the concept that MWA + ITC of NSCLC is a relatively safe and tolerable procedure.

In this study, in a comparison with 8.1 months at median PFS and 29.5%, 18.2%, and 9.1% at 1-, 2−, and 3-year PFS rates, median LPFS under MWA + ITC treatment was further extended to 12.1 months, and 1-, 2−, and 3-year LPFS rates were further raised to 51.2%, 27.9%, and 13.6%. Hence, sites undergoing additional MWA + ITC displayed slower progression than others undergoing subsequent systemic therapy alone. We speculate that the partial gain is due to increased intratumoral drug accumulation in the larger peripheral periablative zone after subsequent systematic treatment. Studies in animal models have demonstrated up to a 5.6-fold increase in intratumoral agent accumulation after RFA; most of the agents are concentrated in the immediate periphery of the area coagulated by radiofrequency heating and within the region with non-lethal hyperthermia (32, 33). Similarly, this study was no exception in that lesion size was still a significant prognostic factor for LPFS. Further, the larger the tumor mass, the lower the chance of obtaining complete necrosis (23).

Studies on IIIA-IVB NSCLC cases not receiving MWA have shown a 5-year OS range between 0%–36% (3). A preliminary study on MWA for large NSCLC showed 5-year OS and CCS rates of 18.3% and 30.0%, respectively; NSCLC at stage IIIB-IIIC was the main indication that at stage IV was excluded (23). In this study, there was a large proportion of cases at stage IV NSCLC (18/44, 40.9%), which was responsible for the relatively lower 5-year OS and CCS rates of only 10%. As expected in univariate analysis, the OS in patients with smoking, PS score of 2, and lesions >5.5 cm was significantly lower than in patients with non-smoking, PS score of 0-1, and lesions ≤5.5 cm (P-value: 0.035, 0.029, 0.032, respectively). Similarly, in multivariate comparisons, besides advanced age, higher PS score, higher stage, and larger lesion, receiving systematic treatment prior to MWA+ITC also indicated a poorer prognosis characterized by shorter survival probably due to the worse response to second- or third-line therapy.

This study had some limitations. First, it was a retrospective single-arm study comprising a small number of patients. Second, multiple NSCLC stages were included in the study, which limits the ability to reflect the real survival benefit at each stage. Third, it was difficult to achieve uniform diffusion of the directly injected cisplatin over larger tumors. Last, it was uncertain whether the gains of local treatment helped prolong OS in advanced NSCLC patients. Nonetheless, the preliminary results support the utility of MWA + ITC as a palliative modality in patients with advanced NSCLC. Particularly, to our knowledge, this is the first clinical study showing MWA + ITC application for the treatment of large, advanced NSCLC lesions. In the future, a prospective, preferably multi-center, controlled study with a larger sample size is needed to better evaluate the role of MWA + ITC in local tumor control, evaluate survival outcomes, and improve its application as part of a comprehensive multimodality treatment.

In conclusion, this study supports MWA + ITC as a safe and effective new modality of local treatment for large, advanced NSCLC. MWA + ITC was successfully applied to large NSCLC and could significantly prolong LPFS. Nevertheless, further large-scale, multi-center, prospective clinical trials are needed to evaluate long-term survival benefits.
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Objectives

To explore the efficacy and safety of local pleural anesthesia (LPA) for relieving pain during microwave ablation (MWA) of pulmonary nodules in the subpleural regions.



Materials and Methods

From June 2019 to December 2021, 88 patients with 97 subpleural nodules underwent percutaneous CT-guided MWA. Patients were divided into two groups according to whether LPA was applied; 53 patients with local pleural anesthesia during MWA; and 35 patients with MWA without LPA. The differences in technical success, pre-and post- and intra-operative visual analog scale (VAS) pain scores, complications of the procedure, and local progression-free survival (LPFS) between the two groups were assessed. Thus, to evaluate the efficacy and safety of MWA combined with LPA for treating subpleural nodules.



Results

In this study, the procedures in all patients of both groups achieved technical success according to pre-operative planning. There was no statistically significant difference in the pre-operative VAS pain scores between the two groups. Intra-operative VAS scores were significantly higher in the non-LPA (NLPA) group than in the LPA group. They remained significantly higher in the NLPA group than in the LPA group during the short postoperative period. Analgesics were used more in the NLPA group than in the LPA group intra- and postoperatively, with a statistically significant difference, especially during the MWA procedures. The overall LPFS rates were 100%, 98.333%, 98.333%, and 98.333% at 1, 3, 6, and 12 months postoperatively in the LPA group and 100%, 97.297%, 94.595%, and 94.595% postoperatively in the NLPA group, respectively. Tumor recurrence occurred in one and two patients with lung adenocarcinoma in the LPA and NLPA groups. The incidence of pneumothorax was significantly higher in the NLPA group (25,714%, 9/35) than in the LPA group (15.094%, 8/53), and there were three cases of pleural effusion (blood collection) and one case of pulmonary hemorrhage in the NLPA group.



Conclusion

Percutaneous CT-guided MWA is a safe and effective treatment for subpleural pulmonary nodules. Applying a combined LPA technique can reduce the patient’s pain and complications during and after the MWA. The long-term efficacy must be verified in more patients and a longer follow-up.
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1 Introduction

Lung cancer is one of the most prevalent malignancies worldwide, with the highest morbidity and mortality in males in China (1, 2). For a long time, surgical resection was the preferred or even the only treatment for early-stage lung cancer (3). According to the latest clinical guideline, radical surgical resection is the preferred local treatment for stage I and II non-small cell lung cancer (NSCLC) (4). However, the most obvious limitation of surgery is the damage to the patient’s pulmonary function reserve, especially in older patients with poor underlying lung function (5). In addition, the surgery is more costly and the recovery time for patients is usually long. The popularity of thoracoscopy has reduced the damage to patients, but there are still some shortcomings (6). However, for patients who are inoperable or unwilling to have a surgical resection, CT-guided percutaneous thermal ablation plays an increasingly crucial role in treating lung tumors. It has comparable treatment efficacy to surgical procedures, but the overall damage to the patient is minimal, and the cost is significantly less than conventional surgery (7).

Recently, numerous studies confirming the effectiveness and safety of minimally invasive percutaneous ablations in the treatment of lung tumors (8). However, the efficacy of minimally invasive CT-guided treatment is closely related to the surgeon’s procedure plan and requires more skill and experience from the surgeon. Incomplete ablation of the tumor leads to recurrence or even recoil. Heavy pain during thermal ablation, which seriously affects the procedure, is the most reason for incomplete ablation and the most common postoperatively complication (9). The pleura is rich in nerves, and a slight irritation can lead to a severe pleural reaction. Therefore, the most serious difficulty in thermal ablation of sub-pleural nodules is achieving complete inactivation of the tumor safely and comfortably. Okuma reported that patients were more likely to undergo pain during radiofrequency ablation (RFA) when the distance between the tumor nodule and the thoracic wall was <1 cm (10). Pleuritic pain is the most common complication during thermal ablation (9). Some patients experience intolerable pain during local anesthetic ablation, which can usually be relieved by reducing the treatment power or shortening the ablation time. Still, this management may lead to incomplete ablation and increase the risk of tumor recurrence. Intravenous anesthesia can adversely affect pulmonary ventilation and increase the chance of infection (9). Microwave ablation (MWA) is more likely to cause pain in patients than RFA due to the difference in the underlying mechanism of thermogenesis (11).

The nerves that innervate the parietal pleura are the intercostal and phrenic nerves, which are somatosensory (12, 13). Stimulating the nerves on the parietal pleura can cause significant pain, radiating along the intercostal nerve to the chest and abdominal wall and the phrenic nerve to the neck and shoulder (13). The nerves in the visceral pleura come from the pulmonary plexus and enter the lung surface via the pulmonary hilum along the outer membrane of the pulmonary artery, peribronchial and lobular septa visceral sensory nerves with a high threshold for pain. Due to the proximity to the pleura, heat conduction will involve the pleura during radiofrequency ablation, which will cause pain in milder cases and partially cause a pleural reaction, leading to the failure of the procedure (13).

Our institution has performed many thermal ablations of pulmonary nodules in recent years, including MWAand radiofrequency ablation. It has accumulated considerable unique experience, including in the thermal ablation of pulmonary nodules in the adjacent pleural area. Our team has gradually worked out a method of local pleural anesthesia for the difficult treatment of subpleural pulmonary nodules, ensuring complete tumor ablation while minimizing the patient’s pain and damage to the pleura. This study aimed to evaluate the efficacy and safety of local pleural anesthesia in the MWA treatment of subpleural pulmonary nodules.



2 Materials and methods


2.1 Patients enrollment

This retrospective study was approved by the Ethics Committee of the Chinese PLA general hospital. Fifty-three patients with subpleural pulmonary nodules who underwent CT-guided percutaneous MWA with local pleural anesthesia in our hospital from June 1, 2019, to December 31, 2021, were retrospectively analyzed, and another 35 patients with subpleural pulmonary nodules who underwent MWA without local pleural anesthesia during this period were also recruited in this study as a control group. Because of the study’s retrospective nature, informed consent was waived by the Ethics Committee of our institution. This paper does not contain any person’s data in any form. We reviewed the hospital records and radiographic data of these patients.

Based on our prior knowledge, we defined subpleural nodules as pulmonary nodules at any distance within 1.0 cm from the pleura (10, 14). The specific inclusion criteria for patients were: (1) tumor margin within 1 cm from the pleura, including pleural apex, cribriform pleura, diaphragmatic pleura and mediastinal pleura. The distance of the lesion from the skin puncture point should be less than 15 cm to ensure that the antenna can reach the center of the lesion; (2) single pulmonary nodule less than 3.0 cm; (3) number of pulmonary malignancies three or less; (4) patients who refused or were not suitable for surgical resection. Exclusion criteria included severe lung infection, coagulation dysfunction, severe pulmonary failure, uncontrollable angina pectoris, cardiac arrhythmia, congestive heart failure, or a history of implantable cardiac devices. After screening, a total of 88 patients (51 male and 37 female, 42-90 years) were enrolled in the study. The baseline and tumor characteristics of the patients are summarized in Table 1. These 88 patients had 97 subpleural pulmonary nodules and were treated with MWA. Patients were divided into groups LPA and NLPA according to whether they applied local pleural anesthesia.


Table 1 | Patient clinical information and demographics for all patients.



The vast majority of nodules had definite pathology by percutaneous biopsy before the MWA procedures, while some patients’ pathology was obtained during the ablation. Only 13 nodules could not have definite pathology. For patients without definite pathology before surgery, we performed the MWA procedure at the patients’ strong request and with the ethics committee’s consent because the imaging signs suggested a high possibility of malignancy.



2.2 Local pleural anesthesia adjuvant MWA procedure


2.2.1 MWA procedure

The procedures were performed with a spiral computed tomography (CT) Scanner (Philips Brilliance Big Bore 16-layer, Philips, USA) for pre-operative localization, pre-operative planning, intraoperative monitoring of ablation procedures, assessment of treatment response, and observation of complications. MWA of pulmonary nodules was performed using the “Tumor Microwave Ablation Therapy System” and the matched sterile disposable MWAantennas from Cannyon Medical Technology Co. The ablation antennas were selected according to the position, the size of the lesion, and the distance of the lesion from the skin. The procedures were usually performed by three experienced interventionalists with at least five years of experience in MWA treatment at our institution. There were also two permanent CT technicians and two surgical nurses who cooperated with the procedures. The patient’s position during the procedure was determined according to the tumor’s location. The patient’s position was fixed using shaped pads, pads, and baffles to ensure that the patient could remain comfortably in the same position for a long period.

Before the procedure, intravenous access was first established by the operating nurse to facilitate intraoperative emergency or therapeutic drug administration; the patients were kept on continuous low-flow oxygen (3-5L/min) through a nasal tube. The procedure monitored patients with cardiac monitoring, oxygen saturation, and heart rate. The patient’s blood pressure was measured every 5 minutes. All the above actions were taken to monitor the patient’s status during the procedure and provide timely intervention and treatment.

All patients included in this study underwent MWAunder local anesthesia. After local disinfection of the skin of the puncture point, 10-20ml of 1% lidocaine would be applied for local anesthesia. Local anesthesia before antenna entry acts primarily subcutaneously at the entry point and at the point where the microwave antenna would soon pass through the pleura. Lidocaine was usually mixed with 0.9% saline at a ratio of 1:1.

After local anesthesia, the ablation applicators should be placed in a predefined position using a stepwise method. The ablation parameters were selected according to the tumor size, location, morphology, adjacent structures, and the approach. The gauge size of the MWAapplicator was 17G, and the antenna length was 10cm or 15cm. Double-antenna clamping was usually chosen for the treatment when the tumor was larger than 2 cm, or the lesion was dense and difficult to penetrate. The power and duration of ablation vary according to the lesion’s density and size. Complete ablation refers to complete necrotic lesions of the local tumor tissue and a possible cure through thermal ablation. The complete ablation in the MWA procedure was usually indicated by the appearance of the halo sign around the lesion (15). When the ground-glass opacity around the lesion exceeded the nodule border by more than 5 mm, the tumor could be considered completely covered by the ablation area, complete ablation should be achieved, the procedure could be stopped, and the antennas should be removed. CT scan or enhanced imaging observed complete ablation of the tumor, and the ablated area appeared as a clear non-enhanced area (15). If the patient experienced significant pain during or after the procedure, analgesics should be given intravenously, usually 50 mg of flurbiprofen axetil injection.



2.2.2 Application of local pleural anesthesia

To reduce the damage to the pleura after microwave ablation, we creatively applied the method of local pleural anesthesia. Select an appropriate syringe or percutaneous puncture to anesthetize the pleura adjacent to the lesion according to the positional relationship between the lesion and the pleura. Specifically, the site of administration of local pleural anesthesia should be in the pleura closest to the subpleural nodule. When the length of the anesthesia needle was less than 3 cm, a 5ml syringe and needle could be used directly for anesthesia, and when it was longer than 3 cm, a 20G or 21G puncture needle (PTC needle) should be used for anesthesia. The specific method was first to measure the distance from the skin of the puncture site to the target pleura on the CT image and to use a 20G or 21G puncture needle to lay the needle after anesthesia for the subcutaneous and puncture access, and to place the needle tip outside the pleura. All MWAprocedures in this study was done under local anesthesia, and patients were kept awake throughout the procedure. The local pleura is adequately anesthetized before the start of microwave ablation. If the patient felt any painful stimuli during the ablation procedure, regional lidocaine analgesia should be administered immediately until the patient achieved complete pain-free. During administration, local CT images should be used to confirm adequate infiltration of the pleura by the anesthetic. When the amount of lidocaine reached 20ml, ropivacaine was usually used to avoid the toxic side effects of the patient due to an overdose of anesthesia. In addition, lidocaine is a short-acting local anesthetic with faster dispersion by local injection, whereas ropivacaine has better analgesia and lasts longer than lidocaine, so ropivacaine was also given to some patients who were not satisfied with lidocaine analgesia.



2.2.3 Pain assessment

All patients were evaluated before, during, and after the MWA procedure using a visual analog scale (VAS) system, which was applied in previous literature (16–18). The patients were scored and recorded on the VAS scale before, during, and 24 hours after the procedure to compare the differences in pain degrees between the two groups. Depending on the score, they were graded as mild (VAS 0-2 points), moderate (VAS 3-5 points), or severe (VAS 6-10 points). We obtained the above information through in-patient records and follow-up records. We compared the differences in pain levels between the two groups preoperatively, intraoperatively and postoperatively. In addition, since some patients used two antennas during ablation, we also compared the differences in pain levels between single- and double-antennas patients within each group separately to analyze the effect of the number of MWA antennas on pain levels.




2.3 Treatment efficacy

Local efficacy after MWAtreatment was assessed according to the criteria drafted by Ye et al. (15). Post-treatment follow-up imaging by CT was performed to evaluate the ablation outcome. Follow-up CT observed the efficacy of treatment and the presence of residual or recurrent lesions. Chest-enhanced CT was usually used to assess the outcome of the procedure. A complete lack of enhancement in the ablation zone is defined as technical success. Complete ablation of the tumor was observed by CT scan or enhanced imaging, and the ablated area appeared as a clear non-enhanced area. Incomplete ablation was observed as a nodular enhancement at the tumor margin or enlargement of the lesion in some areas around the tumor. Irregular nodal enhancement in the ablation zone was considered a recurrence or residual tumor. CT scan can also be used to observe the size and morphological changes of the tumor ablation area. Local progression-free survival (LPFS) was used to describe the absence of disease progression after treatment. The incidence of LPFS at different follow-up times was assessed according to the modified solid tumor response evaluation criteria. Due to the various tumors included in this study, the efficacy evaluation was only validated using LPFS. The time of LPFS was calculated from the day of the MWA procedure.



2.4 Complications

CT scan would be performed intra- and postoperatively to exclude complications. Common complications of MWA include pneumothorax, hemorrhage, and pleural effusion. Complications should be reported using the updated SIR classification criteria table so they can be consistently classified according to severity. Major complications result in severe morbidity and disability (e.g., resulting in unexpected organ loss), which increase the level of care or result in prolonged hospitalization (SIR C-E). This includes any condition requiring blood transfusion or interventional drainage. All other complications are considered to be minor.



2.5 Statistical analysis

Statistical analysis was performed using SPSS software version 26.0 (Chicago, IL, USA). Pearson chi-square and Fisher’s exact tests were used for categorical variables and Mann–Whitney U tests for continuous variables. A Paired two-sample T-test was used to compare the differences in VAS scores before and after MWA in each group separately. Two independent samples t-tests were used to compare differences in clinical information and outcomes related to patients in the two groups (LPA vs. NLPA). If the data did not conform to a normal distribution, then a non-parametric test was used. The statistical threshold was set at a P-value of less than 0.05.




3 Results


3.1 Patient clinical information and demographics

Eighty-eight patients with 97 subpleural pulmonary lesions were included in this study, and all patients underwent CT-guided microwave ablation. There were 53 patients in the LPA group and 35 in the NLPA group. The mean patient age was 66.04 ± 10.43 in the LPA group and 67.00 ± 10.27 mm in the NLPA group. The mean tumor size was 18.50 ± 5.63 mm in the LPA group and 16.43 ± 5.93 mm in the NLPA group. Both groups had the highest proportion of pathological types of lung adenocarcinoma (Group LPA: 24/53, Group NLPA: 21/35), followed by lung metastases. Thirty-one patients were placed in the supine position, and 66 were placed in the lateral position during the MWA procedure.

The detailed clinical information of all patients is shown in Table 1.



3.2 Technical success rate

This study performed CT-guided MWA on 97 subpleural pulmonary nodules in 88 patients. All 88 patients were treated according to the protocol, and ablation was performed by single- or double-antenna, and intra- and post-operative enhanced CT assessment of the ablated tumor area showed complete coverage of the tumor without significant enhancement of the tumor area, suggesting the technical success of MWA. In the LPA group, local pleural anesthesia was applied, and the anesthetic needle reached the designated position and worked in all patients (Figures 1A–C). In the NLPA group, no local pleural anesthesia was used during MWAin all patients (Figures 1D–F). The technical success rate of the LPA group was 100%; the technical success rate of the NLPA group was also 100%. (Table 2)




Figure 1 | Intraoperative CT images of patients who underwent local pleural anesthesia (LPA) or not during the microwave ablation (MWA) procedures. (A–C) In the LPA group, the needle and syringe used for local pleural anesthesia can be seen on the CT images. The tips of the anesthesia needles (Arrows) were visualized on the CT as reaching the subpleural and used to administer the anesthesia. (D–F) The NLPA group’s ablation antennas were located in the center of the nodules without local pleural anesthesia.




Table 2 | Technique efficacy and follow-up of LPFS.





3.3 Treatment efficacy

We observed the efficacy of the treatment through post-operative CT follow-up. The postoperative outcomes were followed up at one day, one month, three months, six months, and 12 months after the MWA procedure. In both groups, most patients experienced complete ablation of the lesions after microwave ablation, which gradually shrank or even disappeared over time (Figure 2). Only one patient in the LPA group showed abnormal internal enhancement three months after treatment, which was considered an incomplete ablation, and a second MWA operation was performed electively (Figure 3). In the NLPA group, two lesions showed inhomogeneous enhancement 3 and 6 months after the procedure, and incomplete tumor ablation and recurrence were considered. Each of these patients underwent secondary ablation.




Figure 2 | A female patient, 50 years old, with pulmonary metastasis from osteosarcoma, which was eradicated with an MWA procedure with LPA. (A, B) CT image showed a sizeable subpleural metastasis in the upper lobe of the patient’s left lung. Two MWA antennas were used on the patient at different layers to perform MWAof this metastatic tumor. (C) Local pleural anesthesia was used on the patient during the treatment. The tip of the anesthesia needle was placed in the subpleural area near the tumor. (D) An immediate postoperative CT scan showed a “halo sign” surrounded by a ground-glass density around the lesion. (E) A follow-up examination three months after surgery showed that the lesion was smaller than before, and no abnormal enhancement was seen inside the lesion. (F) Twelve months later, the tumor largely disappeared, suggesting that the pulmonary metastasis had achieved radical ablation.






Figure 3 | A female patient, 72 years old, with lung adenocarcinoma in the right lower lung lobe, underwent secondary ablation after the first incomplete ablation. (A) The tumor was located in the subpleural area with significant enhancement. (B) First MWA treatment combined with LPA. (C) Follow-up CT three months after the intervention showed significant inhomogeneous enhancement within the tumor. (D) Re-ablation of the tumor was performed using two MWA antennas combined with LPA. (E) Postoperative CT showed a “halo sign” surrounding the tumor. (F) 3-month follow-up after the secondary ablation indicated complete tumor ablation.



The technical outcomes and short-term follow-up of the two groups are shown in Table 2, in which the overall LPFS rates were 100%, 98.333%, 98.333%, and 98.333% at 1, 3, 6, and 12 months postoperatively in the LPA group and 100%, 97.297%, 94.595%, and 94.595% postoperatively in the NLPA group, respectively (Table 2).



3.4 Pain degree assessment

We applied only a small amount of ropivacaine (less than 10 ml) after 20 ml of lidocaine in only three patients in the study, and the postoperative VAS score was performed 24 h after the MWA, so our anesthetist considered that this would not have an impact on the accuracy of the VAS score.

Since the data of each group did not satisfy a normal distribution, the Mann-Whitney U test was used to determine whether there was a difference in VAS scores between the two groups at pre-, intra-, and post-operative periods. The shape of the VAS score distribution was not consistent between the two groups as judged by the histogram. The mean rank order of VAS in the pre-operative LPA group was 42.17, and the mean rank order of VAS in the NLPA group was 48.03. The Mann-Whitney U test showed that the difference in VAS between the pre-operative LPA and NLPA groups was not statistically significant (U=804.000, P=0.260). The mean rank order of VAS was 35.12 in the LPA group and 58.7 in the NLPA group, and the Mann-Whitney U test showed that there was a statistically significant difference between the VAS of the LPA (2.36 ± 1.039) and NLPA (3.86 ± 1.574) groups during the procedure (U=430.500, P<0.001). The mean rank order of VAS in the post-operative LPA group was 40.04, and the mean rank order of VAS in the NLPA group was 51.26. The Mann-Whitney U test showed a statistically significant difference between the VAS in the post-operative LPA and NLPA groups (U=691.000, P<0.031) (Table 3).


Table 3 | Differences of VAS scores between the two groups.



The Mann-Whitney U test was also used to determine whether there were differences in VAS scores in each group at the time points, respectively. The analysis showed statistically significant differences in VAS between the LPA group preoperatively, intraoperatively, and postoperatively (P<0.05). The intraoperative VAS was the highest, while the postoperative score was slightly higher than the pre-operative score (P=0.027). Similar to the results of the LPA group, there were statistically significant differences in VAS between the two groups in the NLPA group preoperatively, intraoperatively, and postoperatively (P<0.05) (Supplementary Table 1).

In addition, some patients used analgesics during and after the MWA procedure, and statistics revealed that the use frequency of intraoperative analgesics in the NLPA group was significantly higher than that in the LPA group (P=0.036) (Table 4).


Table 4 | Efficacy and complications of microwave ablation in the two groups.



We also analyzed the effect of the number of antennas on the pain degree. Given that the data did not conform to a normal distribution, we used the Mann-Whitney U test to conduct the analyses in the LPA and NLPA groups separately. The Mann-Whitney U test showed no statistically significant difference in pain levels between single and dual antenna patients in the LPA group intraoperatively (U=310, P=0.511). The NLPA group showed the same results, with no statistically significant difference in pain levels between single and dual antenna patients intraoperatively (U=142.5, P=0.756). No statistically significant differences were also found between both groups in the postoperative analysis (P>0.05) (Supplementary Table 2).



3.5 Adverse events/complications

The SIR scoring system was used to assess the complications of MWA surgery (17). All 88 patients had no severe complications. In the LPA group, pneumothorax occurred in 8 patients (15.094%, 8/53), 4 of whom were evaluated for large pneumothorax volume and underwent tube drainage; 2 patients had Pleural effusion, and one patient underwent bleeding around the lesion, and the related complications were effectively controlled after the application of hemostatic drugs and other medical treatments (Supplementary Figure 1).

In the NLPA group, nine patients had a pneumothorax (25.714%, 9/35), 6 of whom were evaluated and underwent tube drainage due to the large volume of pneumothorax; 3 patients had different amounts of pleural effusion, and the related complications were effectively controlled after the application of hemostatic drugs and other medical treatments. The relevant results are detailed in Table 4.




4 Discussion

The subpleural pulmonary nodule itself was not precisely defined. Okuma et al. reported that when the distance between the tumor and the chest wall was less than 1 cm, patients may feel severe pain from heat transfer from the target area to the pleura during thermal ablation therapy (10). Local pleural anesthesia can protect adjacent structures and reduce pain without affecting the patient’s respiratory function. This study defined nodules less than 1 cm from the pleura as subpleural nodules, and subpleural nodules were ablated using MWA. To explore the safety and efficacy of local pleural anesthesia in the MWA of subpleural nodules, we grouped patients with subpleural nodules treated by MWA for nearly two years into group LPA and group NLPA. In this study, 88 patients with 97 subpleural nodules were treated with MWA, and local pleural anesthesia was used to address the pain during the ablation process. The use of local pleural anesthesia significantly reduced intraoperative and postoperative pain compared to a small number of patients who did not have local pleural anesthesia. All patients tolerated the entire procedure better. In addition, we routinely applied a mixture of lidocaine and saline to increase the diffusion thickness and extent of local pleural anesthesia within the range of safe anesthetic doses and provided better protection to the pleura. The results showed that local pleural anesthesia significantly reduced the intraoperative pain of patients, and the patients’ post-operative pain got to be alleviated accordingly. In addition, the use of intra- and post-operative intravenous analgesics was also less in the LPA group than in the NLPA group, suggesting that LPA played a promising analgesic role in the intra- and post-operative periods. Painkillers such as flurbiprofen have substantial side effects such as neurotoxicity and are contraindicated in patients with digestive tract ulcers or bleeding (19).

We are the first to report the use of local pleural anesthesia in MWA. The local pleural anesthesia mentioned here differs from the anesthesia for puncture procedures such as biopsy. Because of the short biopsy time and the absence of distance pain caused by thermal stimulation, the local anesthesia done during the biopsy is sometimes acceptable for less than complete pleural anesthesia. However, the pain caused by thermal ablation is very intense, and the analgesic effect is not good enough during microwave ablation treatment. The present study is thorough and continuous anesthesia of the local pleura adjacent to the lesion during ablation using local anesthetics lidocaine or ropivacaine, which is an innovation in pain management of microwave ablation and has been reported very rarely in the literature before. Most of the related literature has focused on the use of artificial pneumothorax and has not explicitly reported the use of local pleural anesthesia. Artificial pneumothorax was considered an effective pain relief and tissue protection method during thermal ablation and tumor biopsy (9, 20, 21). Previously, artificial pneumothorax was used in RFA of pulmonary adjacent mediastinal lesions, and effective therapeutic results and effective protection of proximal mediastinal structures could be achieved using artificial pneumothorax (9). Yang et al. compared MWA in 17 patients with and 20 without artificial pneumothorax and reported that artificial pneumothorax significantly reduced pain during and after the procedure (17). However, in some cases, including patients with pleural adhesions and severe respiratory insufficiency, artificial pneumothorax may not be effective or may not be tolerated by the patient. In addition, excessive compression of the lung parenchyma can alter the RF’s electrical conductivity and thermal conductivity, affecting the ablation efficiency and leading to increased lung tissue damage (22). In particular, the excessive collapse of lung tissue can lead to subpleural lesions closer to the pleura, and ultimately thermal ablation may lead to complications such as pleural fistula. In addition, the application of artificial pneumothorax requires a high level of technical skill, and improper operations can lead to severe complications such as respiratory distress and subcutaneous emphysema; in addition, for some specific lesions, the adjustment of position and gas pushing are not effective in forming an ideal gas isolation zone. An excessive amount of artificial pneumothorax may also lead to lung collapse, increase the difficulty of antenna transfer, produce more damage to lung tissue during treatment, and even lead to severe complications such as pleural fistula. In addition, a small amount of gas does not eliminate the pain caused by MWA due to the preferable conductivity of the gas to heat. The application of artificial pneumothorax in the treatment of subpleural lung cancer has a considerable limitation.

Pneumothorax is the most common complication of RFAand MWA (23, 24). Rika Yoshimatsu et al. suggested that delayed and recurrent pneumothorax occurs more likely when the GGO around the lesion adheres to the pleura (24). A small amount of pneumothorax can usually resolve independently, while a larger amount may require chest tube drainage. In this study, the incidence of pneumothorax was significantly lower in the LPA group than in the NLPA group. We believe this may be due to the better compliance and tolerance of local pleural anesthesia patients, who are less prone to violent coughing and excessive respiratory dynamics that may lead to pneumothorax. In addition, very few patients in both groups had thoracic bleeding and a small amount of intrapulmonary hemorrhage. Local pleural anesthesia also did not increase the chance of intercostal artery injury or bleeding, indicating the safety of local pleural anesthesia.

MWA is an effective minimally invasive treatment for eradicating pulmonary nodules (25, 26) and has achieved better outcomes in treating subpleural nodules (14, 17). Previously, for subpleural lesions, ablation was usually performed at lower power for a longer period to protect the pleura and reduce pain as much as possible. This may result in incomplete tumor ablation for larger lesions and affect the ablation outcome. The higher power usually leads to pain and the inability to tolerate the procedure. The duration of MWA depends mainly on the changes in lung tissue density around the lesion of ablation (27). Usually, we use the halo sign of ground-glass density around the lesion and the range of ground-glass density beyond the edge of the lesion by more than 5 mm as the sign of complete ablation. Although there was no significant difference in the duration of ablation between the two groups in this study, the mean treatment power was somewhat higher in the LPA group than in the NLPA group, suggesting that patients who underwent local pleural anesthesia were more tolerant of the higher MWA power to achieve complete ablation. This study again demonstrated the efficacy of MWAin primary and metastatic subpleural pulmonary nodules. Only 3 of all 88 patients had a postoperative recurrence, and all were eradicated after repeated MWA. Due to the different pathology of subpleural nodules, only LPFS was used in this study to observe the efficacy of local lesion ablation. The LPFS rate was slightly higher in the LPA group than in the NLPA group, suggesting that LPA combined with MWA may produce better efficacy. And this needs to be validated with more patients and longer follow-ups in the future.

There are some limitations of this study. First, the degree of pain was assessed using the VAS score, a highly subjective score system that may affect the accuracy of the results. Second, this study was a retrospective analysis. More confounding factors such as the application of ropivacaine in a few patients in this study brought bias to the results; Second, because of the different pathologies of pulmonary nodules, we only observed the short-term efficacy of MWA by comparing the LPFS of the patients. The long-term efficacy of MWA needs to be validated further; Third, Due to the limitation of patients, the control group was not selected using the more scientific propensity score matching method, and the relevant results need to be further validated in a larger sample in the future.



5 Conclusion

In conclusion, CT-guided MWA is a safe and effective minimally invasive treatment for subpleural pulmonary nodules. Local pleural anesthesia can significantly reduce patients’ intra- and postoperative pain during MWA, facilitate the implementation of the surgical plan, complete ablation of the lesion, and reduce the occurrence of complications such as pneumothorax. The long-term efficacy must be verified in more patients and a longer follow-up.
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Supplementary Figure 1 | Complications of MWA for subpleural pulmonary nodules. (A) After ablation of the tumor in the right lung, a CT scan revealed a large pneumothorax with decreased oxygen saturation in the patient. (B) The patient was placed on a chest tube for drainage. (C) A slight intraoperative intrathoracic bleeding was found in the patient’s right lower lobe lung lesion. (D) After treatment was completed, the scan after antenna removal revealed an increase in pleural blood accumulation compared to the previous one, and symptomatic therapies such as hemostatic drugs were given, and the patient was closely monitored.

Supplementary Table 1 | Differences of VAS in the peri-operative periods in each group.

Supplementary Table 2 | Differences in VAS between single and dual antennas in each group.
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Objective

To retrospectively evaluate the efficacy and safety of local ablation treatment for adjacent pleural lung tumors.



Materials and methods

Sixty-two patients who underwent pulmonary nodule ablation at the Affiliated Cancer Hospital of Zhengzhou University were enrolled between January 2016 and December 2020. All patients were followed up with enhanced computed tomography or magnetic resonance imaging within 48 h after treatment and 2, 4, 6, 9, and 12 months after treatment. All patients were followed for at least 12 months.



Results

A total of 84 targeted tumors (62 patients) underwent 94 ablations. In the 12-month follow-up images, 69 of the 84 targeted tumors were completely ablated, 15 had incomplete ablation, and the 12-month incomplete ablation rate was 17.8% (15/84). Of the 15 incompletely ablated tumors, six had partial responses, five had stable disease, and four had progressive disease. The most common adverse event was pneumothorax, with an incidence of 54.8% (34/62). The second most common complication was pleural effusion, with an incidence rate of 41.9% (26/62). The incidence of needle-tract bleeding was 21% (13/62) and all patients were cured using hemostatic drugs. Serious complications were bronchopleural fistula in four patients (6.5%, 4/62) and needle tract metastasis in one patient. Four cases of bronchopleural fistula were found in the early stages and were cured after symptomatic treatment.



Conclusion

Local ablation is effective for the treatment of adjacent pleural lung tumors, and its operation is safe and controllable.





Keywords: lung malignancies, microwave ablation, radiofrequency ablation, pleura, cryoablation,



Introduction

According to statistics from the American Cancer Society, lung cancer is the leading cause of cancer death in the United States, with approximately 350 people dying of lung cancer every day (1). With societal development and the aggravation of air pollution in developing countries, the incidence of lung malignancies is on the rise (2). Surgical resection has always been the main treatment for patients with early non-small cell lung cancer and some patients with pulmonary metastatic diseases (3, 4). However, more than 20% of patients with early non-small cell lung cancer are not suitable for surgery because of various factors (such as old age, severe lung function impairment, or other complications) (3). The standard local treatment option for these inoperable patients is stereotactic body radiotherapy (SBRT), which has a local control rate of 90% for early lung cancer and has achieved an effect similar to that of surgery (5, 6).

In recent years, image-guided local ablation has been rapidly developed as an alternative to radiotherapy, including radiofrequency ablation (RFA), microwave ablation (MWA), and cryoablation. Compared with SBRT, local ablation also has a good local control rate for inoperable early lung cancer (7–9). Many studies have reported the use of ablation in the treatment of early non-small cell lung cancer and oligometastatic lung cancer (10–12), but there are few reports on the ablation of adjacent pleural lung cancer or pulmonary metastases. The development of its efficacy and complications have not been discussed in depth. The purpose of this study was to retrospectively evaluate the local efficacy and safety of local ablation in the treatment of adjacent pleural lung tumors.



Materials and methods


Patients and admission criteria

Before conducting this retrospective study, we obtained approval from the ethics committee of the Affiliated Cancer Hospital of Zhengzhou University. All patients in the study received ablation treatment for lung tumors in our hospital and signed a written informed consent form for ablation treatment prior to the treatment. From January 2016 to December 2020, 522 patients with concurrent local ablation of pulmonary malignancies were admitted to our department, including 306 patients who underwent local radical ablation and 62 patients who met the criteria of this study. The inclusion criteria for this study were as follows: (A) the patient’s lung lesion was histologically diagnosed as a malignant tumor; (B) if the lung lesion was a primary tumor, it must be non-small-cell lung cancer; (C) because of personal reasons, the patient was unsuitable for surgical treatment (such as insufficient cardiopulmonary function reserve) or unwilling to undergo surgical resection; (D) the number of lesions in patients was ≤3 and confined to one side of the lung, and the maximum diameter of a single tumor was ≤30 mm; (E) the patient had at least one lesion located ≤5 mm away from the pleura; and (F) if the intrapulmonary lesion was a metastatic tumor, it should be stable for at least 3 months after systemic treatment, with no new metastatic lesion in the lung. The exclusion criteria were as follows: (A) the primary malignant tumor was not effectively controlled; (B) primary lung cancer was accompanied by extrapulmonary metastasis or spread; (C) there were multiple lesions on both sides of the lung; (D) the maximum diameter of a single tumor was >30 mm; (E) imaging indicated mediastinal lymph node metastasis or had invaded the chest wall or mediastinum; and (F) severe coagulation dysfunction, systemic infection, thrombocytopenia, or other conditions unsuitable for lung tumor ablation.



Pre-treatment examination and planning

All patients underwent comprehensive imaging and laboratory examinations prior to local ablation. This included chest enhanced computed tomography (CT) or magnetic resonance imaging (MRI), as well as complete blood count and coagulation indices in laboratory examinations, including bleeding time, partial thromboplastin time, and international normalized ratio. The patients stopped using anticoagulants or antiplatelet drugs within 3 days to 1 week before surgery, and the coagulation function was rechecked the day before surgery to ensure that it was within the normal range. Before the surgery, two associate professors jointly planned the patient’s position and puncture path according to the location and number of tumors. Prophylactic antibiotics were not routinely administered.



Ablation procedure

Local ablation was performed by three interventional physicians under sterile conditions in the CT room (HL.L, CY.G, and HT.H, with 20, 20, and 15 years of experience in lung tumor ablation, respectively). Twenty patients were treated under general anesthesia and 42 patients were treated with local anesthesia combined with analgesia. A GE large-hole CT machine was used (the scanning parameters were 30 mAs, 120 kV, and 5 mm thickness), and electrocardiogram (ECG) monitoring was used during the entire process. According to the preoperative planned body position and needle insertion path, the patients were asked to lie on their back, prone, or side on the CT workbench. After scanning and positioning, the needle insertion path was confirmed (Figure 1A). After disinfection, a predetermined ablation equipment electrode was used to insert the lesion location according to the designed best path (Figures 1B, C). Argon-helium knife ablation was started with all the focal electrodes in place (if there were multiple or large lesions), MWA and RFA was performed successively using a single lesion (if there were multiple lesions), and all tumors on one side of the lung were ablated at one time without serious complications. All ablation procedures were performed in accordance with the recommendations of the equipment manufacturer, and the ablation range was beyond 5 mm on both sides of the tumor to ensure an adequate range of ablation safety. CT scans were used during ablation to assess the adequacy of the ablation range and monitor related complications. If ablation complications occurred, treatment termination was decided according to the severity of the event and the degree of intervention required. Because all tumors in this study were adjacent to the pleura, after treatment, the electrode was removed without any coagulation of the needle track. A CT scan was performed immediately to confirm the ablation range and presence of complications (Figure 1D). If any complications occurred, corresponding measures were performed. If there were no complications or treatments, the puncture point was disinfected again and covered with an application. The patients underwent continuous ECG monitoring for 12 h after returning to the ward.




Figure 1 | (A) A 69-year-old male presented with a tumor in the right upper lobe of his lung. (B, C) The biopsy specimen was diagnosed as lung adenocarcinoma. Lung function is poor owing to emphysema and cannot be surgically removed. Radiofrequency ablation was performed at our department. (D) After ablation was completed, the computed tomography scan showed a small amount of pneumothorax in the right upper lung. The patient had no symptoms of chest tightness or discomfort and no related treatment was performed. (E) The day after the ablation of the lung cancer, the patient complained of fever, chest tightness, and subcutaneous emphysema, and a computed tomography (CT) scan showed increased pneumothorax with subcutaneous emphysema and pleural effusion. (F) Considering that the patient had a bronchopleural fistula, a pleural drainage was performed using a 10F pigtail catheter, and anti-infective therapy was given. Ten days after continuous chest drainage combined with anti-infective therapy, the patient’s chest tightness and fever disappeared completely. (G, H) A repeat CT scan showed that the pneumothorax and pleural effusion had completely disappeared, and the original lung tumor showed extensive necrosis. The patient recovered and was discharged from the hospital. (I, J) The CT scan of the patient 2 months after discharge showed that the extent of tumor ablation was smaller than before, and the contrast-enhanced CT examination 1 year after ablation showed that the necrotic tumor was absorbed, showing a cord shadow (K, L). (M, N) Contrast-enhanced CT 2 years after ablation showed that the original residual cable shadow was further absorbed and reduced.





Follow-up after ablation

A chest CT scan was performed within 48 h after treatment to determine if there were delayed complications, such as delayed pneumothorax (Figures 1E, F) and bleeding. CT or MRI follow-up studies were performed at 2, 4, 6, 9, 12, and 18 months after discharge to evaluate efficacy and complications (Figures 1G–N). The follow-up CT or MRI scan scheme was plain scanning plus multiphase enhancement. The postoperative CT images were evaluated by two senior doctors (JC.X and QJ.Y, with 20 and 15 years of experience, respectively) who were not involved in the ablation surgery. The shortest follow-up period for patients in this study was 12 months. Complete ablation of the tumor was confirmed by enhancing the enhanced signs of CT or MRI. Irregular focal soft tissue enhancement was considered to be a sign of residue or recurrence. An annular thin-wall symmetric reinforcement of <5 mm was observed 6 months after ablation, which was considered a sign of enhancement of peripheral normal tissue after complete ablation of the tumor (13, 14). A review revealed residual or enlarged focal soft tissue enhancement lesions that were considered as lesions with incomplete primary ablation from 1 to 12 months after the initial ablation (14). The lesions were ablated again, after excluding tumor diffusion or metastasis. The method and process of ablation were the same as those described above.



Study end point

The main endpoints of this study were single complete ablation rate and complications. The single complete ablation rate was defined as the absence of tumor recurrence within 12 months after the first local ablation. Adverse reactions were evaluated according to the expert consensus for image-guided RFA of pulmonary tumors (2015 version) (14).



Statistical methods

The Shapiro-Wilk test was used to determine the normality of the quantitative data. Continuous numerical variables of normal distribution are expressed as mean ± standard deviation, and continuous numerical variables that do not conform to normal distribution are described by the median and interquartile range. Count data are expressed as percentages. All statistical analyses were performed using SPSS software (version 23.0; SPSS, Chicago, IL, USA).




Results


Patients and tumors

By December 2020, 62 patients were enrolled, including 41 males and 21 females, with a mean age of 59.76 ± 13.94 years. Among the 62 patients with lung tumors, 28 had lung cancer (seven cases of squamous cell carcinoma and 21 cases of adenocarcinoma). There were 34 cases of lung metastasis, including 24 cases of rectal cancer, five cases of liver cancer, and five cases of mammary cancer (Table 1). There were 84 lesions were near the pleura (31 subpleural tumors of lung cancer and 53 subpleural tumors of lung metastases). There were 81 lesions in the costopleura and 13 in the diaphragmatic pleura. Among them, 12 lesions were ablated with argon-helium knife (eight patients), 14 lesions with MWA (10 patients), and 58 lesions with RFA (44 patients).


Table 1 | Baseline characteristics of the study patients.





Treatment and follow-up

The 84 lung lesions that were observed in the 62 patients with malignant lung tumors were successfully ablated. Intraoperative CT showed that all tumors were covered by the ablation range, and the technical success rate was 100%. As of December 31, 2021, all patients were followed up using enhanced CT or MRI after local ablation and completed at least 12 months of follow-up. For patients with suspected tumor edge activity on CT images, enhanced MRI were added to further evaluate tumor activity. During the follow-up period, 54 of 62 patients achieved complete ablation (two patients underwent ablation twice), and 69 of 84 targeted tumors were ablated completely. Even after two ablations (eight patients), 15 target lesions showed tumor residue, recurrence, or progression during the follow-up period. The 12-month follow-up showed that the complete ablation rate of all lesions was 82.1% (69/84) and the 12-month complete response (CR) rate of 62 patients was 87.0% (54/62). Of the eight patients with lung tumor progression after local ablation, six received systemic chemotherapy combined with radiotherapy, and two received systemic chemotherapy. As of the last follow-up, among the 54 patients who achieved complete ablation within 12 months, four patients had new intrapulmonary tumors and three had distant metastasis. Among the eight patients with incomplete ablation, four patients had tumor progression, two were stable, and two died due to multiple organ failure (Table 2). Due to the large number of pulmonary metastases cases (54.8%, 34/62) in this study, these patients received other anticancer therapies after disease progression, so the overall survival was not analyzed in this study.


Table 2 | 12-month complete ablation rates and follow-up.





Complications

No ablation-related deaths occurred during ablation or within 30 days of treatment. The most common complication was pneumothorax, with an incidence of 54.8% (34/62), but only eight patients required fine tube drainage, and no patients needed surgical incision and drainage. Another common complication was pleural effusion formation, with an incidence of 41.9% (26/62), and 16 patients required catheter drainage of pleural effusion. The complications of local ablation included pain, postoperative syndrome, bleeding, coughing, and pleural reactions (Table 3). Of the 62 patients treated with local ablation, 20 (31.8%, 20/62) experienced intraoperative or postoperative pain, including 17 cases of mild pain without intervention and three cases of moderate and severe pain requiring drug treatment. However, all symptoms were relieved within 3-5 days after treatment. Postoperative syndromes, including low fever (<38.5°C), nausea, vomiting, and general malaise, occurred in 12 cases (22.7%, 12/62). Coughing was also a common complication in nine cases (19.7%, 9/62), including six mild and three severe cases of coughing. The incidence of needle bleeding was 21% (13/62), and all patients were cured by hemostatic drug infusions. The most serious complications were bronchopleural fistula in four patients (6.5%, 4/62) and needle track implantation in one patient. There were no other serious complications such as thoracic hemorrhage, phrenic nerve injury, or air embolism. Four cases of bronchopleural fistula were found early, and they were cured after intrathoracic intubation and anti-infective treatment (Figures 1E–H). One patient was found to have needle tract implantation during the 3-month follow-up and was cured by the second ablation. Two patients had a cavity in the target tumor area on CT 2 months later. During the follow-up period, the cavity was gradually reduced and absorbed in one case, and there was no change in the other case. There were no signs of residual tumor activity or recurrence in these two patients.


Table 3 | Incidences of complications and associated factors.






Discussion

Some patients with early lung cancer or oligometastatic lung cancer cannot tolerate surgical resection because of their old age and/or poor cardiopulmonary function. In addition, some patients had previously undergone surgery at other sites and were unwilling to undergo surgical resection again. Therefore, image-guided percutaneous puncture and ablation, such as RFA, MWA, and cryoablation, is an alternative to surgery with the advantages of fewer complications, less trauma, good tolerance, high repeatability, and rapid recovery (15–17).

Although lung tumor ablation has been considered an alternative therapy for unresectable early lung cancer, ablation is still considered high-risk and prone to recurrence for early lung cancer adjacent to the pleura and oligometastatic lung cancer (18). The main reason is that an insufficient safe ablation range can lead to recurrence, and severe pleural injury may lead to bronchopleural fistula (18–19). Second, the ablation treatment for lung tumors is different from that for liver tumors. The lung parenchyma differs from the liver in terms of energy deposition, electrical conductivity, thermal diffusion, and thermal convection (20). The energy required for the treatment of lung tumors is usually lower than that required for the treatment of liver tumors of the same size. Proper control of the ablation range requires further exploration.

Our study showed that the complete ablation rate of tumors at 12 months was 82.1% (69/84), which is lower than the previously reported complete ablation rate of 93% at 18 months (21), and also lower than the 1-year progression-free survival rate of 94.0% reported by Huang et al. (22). The ablation effect may be affected by several factors: a) the tumor is close to the pleura, which limits the operator’s ability to expand the scope of ablation; b) the pain caused by ablation of the adjacent pleural tumor under local anesthesia leads to a lack of sufficient ablation time or course of treatment, and may eventually form a residual tumor. Of the eight patients with incomplete ablation in our study, six were ablated under local anesthesia; and c) there are few choices for the puncture needle path near the pleural tumor, and the puncture technique is difficult, which often requires repeated needle adjustment and is prone to pneumothorax. Once pneumothorax occurs, the distance between the tumor and visceral pleura is further reduced, and the pleura is more likely to be damaged during ablation.

Our results showed that the 12-month CR rate in this group was 87%, which is similar to the previously reported 18-month CR rate of 88% (21). This may be due to the high proportion of primary lung cancer in our study (45.2%, 28/62) and only 15% of primary lung cancers, as reported by de Baere et al. (9/60) (22). Thomas et al. (23) reported a complete ablation rate of 73.1% for lung metastatic cancer ablation. The ablation success rate of patients with diameter ≤3 cm was higher than that of patients with diameter >3 cm. In addition, their study indicated that there was no significant interdependency between the histopathological types of metastatic tumors and the ablation effect. Our study also showed that the complete ablation rate of tumors was unrelated to the histopathological type of metastatic tumors. The complete ablation rate of metastatic lung cancer in our study was higher than that previously reported, which may be related to the fact that all tumors in our study were <30 mm, and the number of cases was lower.

Previous studies have shown that the duration of surgery and ablation of the free edge of the tumor are significantly related to the size of the tumor, and the ablation edge beyond the edge of the tumor by at least 5 mm is a key factor in ensuring complete ablation (24, 25). Our study demonstrated that for lung tumors adjacent to the pleura, complete ablation was achieved in most tumors, even if the margin of the tumor was <5 mm away from the pleura. We admit that this is a high rate of complete ablation combined with a high incidence of complications. The high success rate may be due to the following reasons: a) advances in equipment and technology have made the scope of ablation more accurate, ensuring the scope of ablation while minimizing damage to the surrounding tissue; b) multiple intermittent ablations were performed with low power and long time mode, and CT scanning was performed at each ablation interval to determine the ablation range in time to achieve accurate control of the ablation range; and c) for lesions <10 mm, pleural damage can be minimized by puncturing the needle parallel to the pleura adjacent to the tumor and close to the medial edge of the tumor. According to our experience, avoiding vertical pleural puncture of the tumor for ablation can reduce pleural damage. Nevertheless, there were four cases of bronchopleural fistula in this study, with an incidence rate of 6.5%, which was much higher than the 0.2%-0.6% reported in literature (26, 27). This is directly related to the fact that the distance from the lung tumor to the pleura was ≤5 mm in all patients in this study. Although the above methods have been adopted for treatment, the occurrence of bronchopleural fistula cannot be avoided, which shows that the degree of pleural injury caused by ablation is the most important factor affecting this complication.

Although the incidence of bronchopleural fistula is very low, it is difficult to manage, and its long-term presence may lead to more serious complications, such as infection and intractable pneumothorax. This can be life-threatening, and its treatment is challenging (28). Needle ablation has been reported to be prone to bronchopleural fistula (29); however, needle ablation was not performed in our study. Therefore, pleural injury caused by the ablation procedure is the main cause of bronchopleural fistula formation. Rapid cure of bronchopleural fistula was achieved in four cases in our study. Our team benefited from early diagnosis, early treatment, and localized bronchiolar injury. It has been reported that the presence of bronchopleural fistula should be highly suspected for the persistence of delayed or recurrent pneumothorax because even a large number of pneumothorax cases will disappear quickly after drainage (26, 29–30). In our study, four patients showed no significant improvement after continuous postoperative drainage of pneumothorax and developed pleural effusion. We immediately administered anti-infective treatment and 8F-10F drainage tube placement to strengthen drainage. After 2 weeks, the pneumothorax and pleural effusion disappeared, and the patient was cured. The treatment of tracheopleural fistula in previous reports is very difficult, most of which require multiple surgical methods to perform the intervention (31). The rapid recovery of these four patients by minimally invasive surgery may be related to minor pleural damage because of the small subpleural nodules, which are terminal bronchioles. All these factors promote tracheopleural fistula closure after adequate anti-infective treatment and drainage. However, bronchopleural fistula after ablation of the central tumor may not be closed easily by drainage and anti-infective treatment alone, which requires early surgical intervention. On the other hand, previous studies have shown no significant difference in technical success, technical efficacy, local tumor control, and complications with artificial pneumothorax compared with no artificial pneumothorax (32). Although studies have shown that artificial air/hydrothorax can reduce pain in patients (33), it does not reduce the occurrence of bronchopleural fistula. Therefore, early detection, diagnosis, and treatment are effective treatments for this serious complication.

In this study, three ablation methods were used, mainly RFA, but there was no significant difference between the complete ablation rate, serious complications, and ablation equipment, indicating that as long as the ablation equipment is used correctly, RFA, MWA, or cryoablation can safely complete the ablation of lung tumors near the pleura. In this study, there was a case of needle track implantation caused by poor respiratory coordination under local anesthesia and repeated adjustment of the needle path. For this situation, we believe that there are two ways to reduce needle track implantation. (A) General anesthesia and apnea techniques can be used to improve puncture accuracy, and (B) needle track implantation metastasis could be avoided by sending it into the ablation electrode through the coaxial needle external sheath after coaxial needle puncture to the tumor edge. Further studies are needed to confirm the feasibility of this method.

This study had some limitations. First, the retrospective nature of this study may lead to data bias. Second, the small sample size cannot fully demonstrate the effectiveness of treatment and the incidence of complications. Third, this study used a variety of ablation methods, and the choice of different ablation methods is mainly related to doctors’ treatment preferences, patients’ choices, and medical insurance policies, which may also lead to biased results. These deficiencies are expected to be addressed through larger sample sizes and multicenter prospective studies in the future.

In short, good results can be achieved by using appropriate ablation methods and techniques for lung tumors near the subpleura, which are not suitable for surgical treatment. Although combined with high complication of tracheopleural fistula, if diagnosed early and if correct treatment is provided, this serious complication can be treated effectively in a short time and related death can be avoided. In the future, the rate of serious complications could decrease owing to the development of technology and equipment.
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Background

Thermal ablation (TA) is considered a safe alternative to surgical resection for the treatment of non-small cell lung cancer (NSCLC). While previous studies have shown that TA is beneficial for stage I NSCLC patients, however, few have reported on TA efficacy in patients with stage II-III NSCLC. The current study investigated the impact of TA on the overall survival (OS) and cancer-specific survival (CSS) of patients with stage II-III NSCLC.



Methods

Data on patients with stage II-III NSCLC who did not undergo surgical resection between 2004 and 2015 were extracted from the Surveillance, Epidemiology, and End Results (SEER) database. Propensity score matching (PSM), Kaplan-Meier survival curves, and Cox regression were used for statistical analyses.



Results

A total of 57,959 stage II-III NSCLC patients who did not undergo surgical resection were included in this study, 261 of whom received TA. Overall, TA was associated with a longer OS (p = 0.035) and CSS (p = 0.005) than non-ablation. After 1:3 PSM, 252 patients receiving TA and 732 patients not receiving ablation were enrolled in the matched cohort. The OS (p = 0.047) and CSS (p = 0.029) remained higher in the TA group than in the non-ablation group after PSM. Cox regression analysis showed that age, sex, primary tumor site, pathological type, tumor size, radiotherapy, chemotherapy, and thermal ablation were independently associated with OS and CSS (p <0.05). Subgroup analysis found that the advantages of TA were more pronounced among individuals ≥70 years of age, with tumor size ≤3.0 cm, or who did not receive radiotherapy.



Conclusion

TA could be an effective alternative treatment for stage II-III NSCLC patients unsuitable for surgical resection, particularly those ≥70 years of age, with tumor size ≤3.0 cm, or who have not received radiotherapy.
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Introduction

Lung cancer, one of the most prevalent and lethal malignancies worldwide, is a significant public health concern (1). In the United States, it is estimated that 235,760 new cases of lung cancer will be diagnosed in 2021, and 131,800 patients will die from the disease (2). Surgical resection is the preferred treatment for early-stage non-small cell lung cancer (NSCLC) (3, 4). However, a proportion of NSCLC patients are unsuitable for surgical resection for several reasons including advanced age, severe underlying disease, and refusal to undergo surgical intervention (5, 6). Thus, non-surgical treatment for NSCLC, including thermal ablation (TA) and stereotactic body radiotherapy (SBRT), has attracted increasing attention (7–11).

TA includes radiofrequency ablation (RFA), microwave ablation (MWA), and ultrasound ablation using various energy sources (12, 13). As a minimally invasive treatment technique, TA utilizes thermal energy to cause injuries to the targeted tissue (14). Of the ablation technologies in clinical use, RFA is the most widely used for the treatment of multiple conditions, including cardiac arrhythmias and liver, lung, kidney, and other tumors (12). MWA devices use higher frequency electromagnetic waves than RFA, allowing larger tissue volumes to be heated (13). Thermal injuries caused by TA may result in protein denaturation, enzyme inactivation, vascular injury, and ischemia-reperfusion, leading to irreversible cellular damage (15, 16). Previous studies indicate that TA is beneficial for stage I NSCLC patients (7, 17–19). Current guidelines from multiple societies specify that the best candidates for TA are stage I NSCLC patients who are not eligible for or amenable to surgical resection and SBRT (20, 21). However, few studies have reported on TA efficacy in patients with stage II-III NSCLC. Thus, it remains unknown whether inoperable stage II-III NSCLC patients may benefit from this technique.

According to the American Society of Clinical Oncology and Chinese Medical Association guidelines, inoperable stage III NSCLC patients should be offered concurrent chemoradiotherapy as a standard treatment (22, 23). Those who are not candidates for concurrent chemoradiation but are candidates for chemotherapy should be offered both sequential chemotherapy and radiation therapy. For inoperable stage II-III NSCLC patients who are unsuitable for chemoradiation, radiotherapy alone is the standard treatment with a survival benefit (23–25). The survival benefit of TA is comparable to SBRT in stage I NSCLC patients (26, 27). The current study performed a retrospective analysis to investigate whether inoperable stage II-III NSCLC patients can benefit from TA using patient data from the Surveillance, Epidemiology, and End Results (SEER) database.



Methods


Data source

Data were retrieved from the SEER 18 Registries Database (2000–2018). SEER is a national population-based registry program that collects the tumor-related clinical data and basic demographics of cancer patients (28). Since this database is publicly available and all records are de-identified, no ethics committee approval or informed consent is required.



Study population

Data from patients diagnosed with NSCLC during 2004–2015 were extracted from SEER. The third edition of the International Classification of Diseases for Oncology (ICD-O-3) was used to identify NSCLC. Patients were included in the study if they had a pathological diagnosis of NSCLC and their age at diagnosis was >18 years. Patients were excluded if (1) they received other surgical procedures beyond thermal ablation, or surgery information was unknown (2), their tumors were identified as TNM stage I or IV (3), they were identified in autopsy or death certificates (4), their survival data was unknown, or (5) information regarding age, sex, race, pathological type, primary tumor site, laterality, lymph node staging, marital status, or tumor size was missing.

The following information was extracted: year of diagnosis, age at diagnosis, sex, race, histological grade, pathological type, primary tumor site, laterality, lymph node staging, tumor size, radiotherapy, chemotherapy, surgery, marital status, cancer-specific survival (CSS), overall survival (OS), and survival months. TNM staging was reclassified according to the eighth edition of the American Joint Committee on Cancer (AJCC) staging manual. Patients were divided into TA and non-ablation groups based on the treatment they received. The primary endpoints in this study were OS and CSS. CSS was defined as the time from diagnosis to death attributed to NSCLC.



Propensity score matching

In retrospective cohort studies, treatment-related selection bias resulting from an imbalance in the baseline characteristics is inevitable (29). Propensity score matching (PSM) can reduce the selection bias, offset differing clinical features among groups, and bolster the evidence of a retrospective cohort study (30). The current study created a logistic regression model with propensity scores to balance the baseline characteristics between the TA and non-ablation groups. TA was defined as the dependent variable, while other baseline characteristics were included as the covariables. The PSM was performed in a 1:3 ratio using nearest neighbor matching with a caliper of 0.001. Chi-square or Fisher’s exact tests were used to compare baseline characteristics between groups.



Statistical analysis

Analyses were performed using R version 4.0.0 and SPSS version 26.0. Kaplan-Meier methods and log-rank tests were used for survival analysis. Univariate and multivariable analyses were performed using Cox proportional hazards regression. Variables with p <0.10 from the univariable analysis were considered for multivariable analysis. Differences with p <0.05 were considered significant.




Results


Baseline characteristics

Data on 57,959 non-surgical patients who were diagnosed with stage II-III NSCLC during 2004–2015 were extracted from the SEER database. A total of 261 patients (0.45%) received TA and 57,698 patients (99.55%) did not. The baseline characteristics of the patients are shown in Table 1. There were significant differences in age (p = 0.003), race (p = 0.013), tumor site (p <0.001), pathological type (p <0.001), tumor size (p = 0.002), lymph node staging (p = 0.022) and chemotherapy (p = 0.003) between the TA and non-ablation groups in the unmatched cohort. After 1:3 PSM, 252 patients receiving TA and 732 patients without ablation were enrolled in the matched cohort. The baseline characteristics were well-balanced between the TA and non-ablation groups in the matched cohorts.


Table 1 | Characteristics of stage II-III NSCLC patients before and after PSM, n (%).





Survival analysis

Kaplan‐Meier analysis revealed a significant difference in the OS of patients receiving TA and those who did not (p = 0.035) (Figure 1A). The median OS was 15 months (95% confidence interval (CI): 11.275–18.775) and 12 months (95% CI: 11.847–12.153) for the TA and non-ablation groups, respectively. The 3- and 5-year OS of the TA and non-ablation groups was 24.14% versus 18.82% and 14.39% versus 10.84%, respectively. Patients who received TA also had longer CSS than non-ablation patients (p = 0.005) (Figure 1B). After 1:3 matching, patients who received TA also had longer OS than non-ablation patients (p = 0.047) (Figure 1C). The median OS was 15 months (95% CI: 11.111–18.889) and 11 months (95% CI: 9.811–12.189) for the TA and non-ablation groups, respectively. The 3- and 5-year OS of the TA and non-ablation groups was 24.21% versus 19.51% and 14.98% versus 10.71%, respectively. CSS was also longer for patients in the TA group than in the non-ablation group (p = 0.029) (Figure 1D).




Figure 1 | Kaplan-Meier survival curves of stage II-III NSCLC patients before (A, B) and after (C, D) PSM. NSCLC, non-small cell lung cancer; PSM, propensity score matching.





Univariate and multivariate COX regression analysis after PSM

Univariate survival analysis showed that age, sex, race, primary tumor site, histological grade, pathological type, tumor size, radiotherapy, and chemotherapy were significantly associated with OS (p < 0.05) (Table 2). Variables with p <0.10 from the univariable analysis were considered for multivariable analysis. The multivariable analysis showed that age, sex, primary tumor site, pathological type, tumor size, radiotherapy, chemotherapy, and thermal ablation were independently associated with OS (p <0.05). Regarding the pathological type, squamous cell carcinoma served as a reference, and adenocarcinoma (hazard ratio (HR) = 0.81, 95% CI: 0.69–0.95, p = 0.009) was shown to be a favorable prognostic factor for OS. However, large cell lung cancer (HR = 1.10, 95% CI: 0.68–1.77, p = 0.703) and the other pathological types (HR = 1.00, 95% CI: 0.64–1.56, p = 0.997) were not statistically related to OS. Compared with tumor size ≤3.0 cm, tumor sizes of 5.1–7.0 cm (HR = 1.31, 95% CI: 1.07–1.60, p = 0.009) and >7.0 cm (HR = 1.91, 95% CI: 1.52–2.40, p <0.001) were adverse prognostic factors for OS, and tumor sizes of 3.1–5.0 cm (HR = 1.12, 95% CI: 0.94–1.33, p = 0.203) did not significantly impact OS. The multivariable analysis of CSS showed that age, sex, primary tumor site, pathological type, tumor size, lymph node staging, radiotherapy, chemotherapy, and TA were independently associated with CSS (p <0.05) (Table 3). Overall, TA was associated with longer OS (p = 0.005) and CSS (p = 0.020).


Table 2 | Univariate and multivariate analyses of OS after PSM.




Table 3 | Univariate and multivariate analyses of CSS after PSM.





Subgroup analysis after PSM

Kaplan-Meier was used to conduct subgroup analyses stratified by age and tumor size. When age was <70 years, there was no significant difference in the OS and CSS of the TA and non-ablation groups. The 3- and 5-year OS of the TA and non-ablation groups was 22.48% versus 25.95% and 17.40% versus 16.09%, respectively (p = 0.718, Figure 2A). The 3- and 5-year CSS of the TA and non-ablation groups was 29.07% versus 32.10% and 22.60% versus 22.51%, respectively (p = 0.760, Figure 2B). When age was ≥70 years, the TA group had longer OS and CSS than the non-ablation group. The 3- and 5-year OS of the TA and non-ablation groups was 26.02% versus 13.30% and 12.29% versus 5.61%, respectively (p = 0.001, Figure 2C). The 3- and 5-year CSS of the TA and non-ablation groups was 34.59% versus 20.82% and 23.84% versus 10.79%, respectively (p <0.001, Figure 2D).




Figure 2 | Kaplan-Meier survival curves comparing the TA and non-ablation groups when age was <70 years (A, B) or ≥70 years (C, D) after PSM. TA, thermal ablation; PSM, propensity score matching.



In patients with tumor size ≤3.0 cm, the 3- and 5-year OS of the TA and non-ablation groups was 34.44% versus 17.87% and 18.86% versus 8.89%, respectively (p = 0.001, Figure 3A). The 3- and 5-year CSS of the TA and non-ablation groups was 46.55% versus 29.85% and 32.35% versus 17.06%, respectively (p = 0.002, Figure 3B). However, no significant difference was observed in the OS and CSS of the TA and non-ablation groups for tumor sizes of 3.1–5.0 cm (3-year OS: 22.97% versus 24.77%, p = 0.803, Figure 3C; 3-year CSS: 29.57% versus 30.65%, p = 0.716, Figure 3D), 5.1–7.0 cm (3-year OS: 18.75% versus 18.99%, p = 0.672, Figure 3E; 3-year CSS: 22.12% versus 23.76%, p = 0.721, Figure 3F), and >7.0 cm (3-year OS: 10.00% versus 13.64%, p = 0.920, Figure 3G; 3-year CSS: 15.12% versus 15.98%, p = 0.884, Figure 3H).




Figure 3 | Kaplan-Meier survival curves for the TA and non-ablation groups when tumor size was ≤3.0 cm (A, B), 3.1-5.0 cm (C, D), 5.1-7.0 cm (E, F), or >7.0 cm (G, H) after PSM. TA, thermal ablation; PSM, propensity score matching.



Cox proportional hazard analyses were performed to explore the survival benefit of TA for patients in different subgroups. TA improved the OS of patients who were ≥70 years of age (HR = 0.693, 95% CI: 0.560–0.857, p <0.001) or white (HR = 0.841, 95% CI: 0.715–0.989, p = 0.037) and had right laterality (HR = 0.813, 95% CI: 0.670–0.987, p = 0.037), lung lobes (HR = 0.845, 95% CI: 0.716–0.998, p = 0.047), adenocarcinoma (HR = 0.743, 95% CI: 0.555–0.994, p = 0.046), tumor size ≤3.0 cm (HR = 0.647, 95% CI: 0.501–0.834, p = 0.001), N0 staging (HR = 0.708, 95% CI: 0.547–0.916, p = 0.009), non-radiotherapy (HR = 0.642, 95% CI: 0.508–0.812, p <0.001) and non-chemotherapy (HR = 0.704, 95% CI: 0.573–0.864, p = 0.001) (Figure 4). For CSS, subgroup analysis stratified by age, sex, race, histological grade, tumor site, laterality, lymph node staging, tumor size, radiotherapy, chemotherapy, and marital status gave similar results (Figure 5). A statistically improved OS (p = 0.046) but not CSS (p = 0.060) was observed in patients with TA when the pathology type was adenocarcinoma.




Figure 4 | Forest plot depicting subgroup analysis of the OS between the TA and non-ablation groups after PSM. SCC, squamous cell carcinoma; ADC, adenocarcinoma; LCC, large cell carcinoma; OS, overall survival; TA, thermal ablation; PSM, propensity score matching.






Figure 5 | Forest plot depicting subgroup analysis of the CSS between the TA and non-ablation groups after PSM. SCC, squamous cell carcinoma; ADC, adenocarcinoma; LCC, large cell carcinoma; CSS, cancer-specific survival; TA, thermal ablation; PSM, propensity score matching.






Discussion

Data on 57,959 stage II-III NSCLC patients who were unsuitable for surgical resection were extracted from the SEER database. The findings revealed that TA improved the OS and CSS of stage II-III NSCLC patients who did not undergo surgical resection, particularly for those ≥70 years of age, with tumor size ≤3.0 cm, or who did not receive radiotherapy.

TA is considered a safe treatment for primary lung cancer (7, 20, 21). As an alternative therapy to surgical resection, TA causes irreversible damage to tumor cells using thermal energy (14, 31, 32). While previous studies have shown that TA is beneficial for stage I NSCLC patients (7, 18, 33), however, there is minimal data on the use of TA in stage II-III NSCLC patients. The current study found that TA could significantly improve the OS and CSS of stage II-III NSCLC patients without surgical resection. However, the effect of differences in clinicopathological features, such as age, race, tumor site, pathological type, tumor size, lymph node staging, and chemotherapy, cannot be overlooked. After PSM, baseline characteristics were similar between the TA and non-ablation groups in the adjusted cohorts and patients with TA still had longer OS and CSS than those without. This finding is consistent with results from a study by Heon et al. (34) which retrospectively evaluated the efficacy of CT-guided RFA in 77 NSCLC patients. Among stage I-II NSCLC patients, the median OS for those receiving RFA alone was 28.2 months, which was similar to patients receiving surgery alone (p >0.05). For stage III-IV NSCLC patients who received chemotherapy, the median OS of those receiving RFA was longer than the OS of those with no ablation (42 months versus 29 months, p = 0.03).

Multivariate Cox regression analysis showed that age, sex, tumor site, pathological type, tumor size, radiotherapy, chemotherapy, and thermal ablation were independently associated with the OS and CSS of stage II-III NSCLC patients without surgical resection. Subgroup analysis stratified by age showed that TA improved the OS and CSS of individuals ≥70 years of age with stage II-III NSCLC. When age was <70 years, no significant difference in OS or CSS was observed between the TA and non-ablation groups. These results were similar to a study on stage I NSCLC patients (35). Zeng et al. compared the efficacy of TA and wedge resection and found that the OS and CSS of stage I NSCLC patients who received TA and wedge resection were comparable for individuals >75 years of age (p >0.05). However, the OS and CSS were significantly shorter for patients who received TA than those who received wedge resection among individuals ≤75 years of age (p <0.05). This may be because older patients have more medical comorbidities and poorer performance status. As a minimally invasive treatment technique, TA benefits elderly patients by significantly decreasing the likelihood of complications (36, 37).

There was a statistically significant difference in the OS and CSS of patients receiving TA and those without when tumor size was ≤3.0 cm. However, when tumor size was >3.0 cm, no significant differences in OS and CSS were observed between the groups. Xu et al. retrospectively evaluated the efficacy of MWA in 234 NSCLC patients (38). The median OS was 35 months for patients with tumor size <3.0 cm and only 16 months for patients with tumor size ≥3.0 cm (p <0.001). This may be because of the limited amount of tumor necrosis caused by TA. The occurrence of incomplete ablation for patients with large tumors may increase the risk of leaving tumor remnants and disease recurrence.

Cox proportional hazard analyses were performed to distinguish between several groups that benefitted more from TA. TA improved the OS and CSS of patients who were white or had right laterality, lung lobes, N0 staging, non-radiotherapy, and non-chemotherapy (p <0.05). Steber et al. reported the long-term outcomes from a prospective single-arm, phase 2 study of 13 inoperable NSCLC patients receiving combined RFA and external beam radiotherapy (EBRT) (39). The median progression-free survival of patients with combined RFA and EBRT was 37.8 months, similar to the survival of patients who received EBRT alone. Thus, RFA combined with EBRT was not recommended for patients with NSCLC.

No statistically significant differences were observed in the OS and CSS of patients receiving TA or no ablation among those receiving chemotherapy. The advantage of TA was more pronounced in patients without chemotherapy (p <0.05). Wei et al. (40) reported that the median OS of Stage III-IV lung adenocarcinoma patients was not significantly different between groups receiving MWA combined with chemotherapy or chemotherapy alone (23.9 months versus 17.3 months, p = 0.140). A study of 49 NSCLC patients by Li et al. (41) also showed no statistical difference in 3‐year OS between those receiving MWA and chemotherapy or chemotherapy alone (21.057 months versus 17.843 months, p >0.05). In contrast, a study of 256 NSCLC patients by Xu et al. showed that the median OS was longer for patients with CT-guided RFA in combination with systemic chemotherapy than for those receiving chemotherapy alone (17.5 months versus 13.4 months, p <0.05) (42). Another retrospective study of 66 NSCLC patients reported by Feng et al. showed that patients who received MWA in combination with systemic chemotherapy had a longer median OS than those who received systemic chemotherapy alone (289.0 days versus 190.0 days, p = 0.018) (43). Overall, the effects of TA in combination with chemotherapy on OS and CSS remain unclear. Additional prospective multicenter randomized controlled trials are needed to explore the efficacy of TA in combination with chemotherapy in NSCLC patients.

Several factors may contribute to the survival benefits of TA among stage II-III NSCLC patients. First, TA can cause direct thermal injuries to targeted tissues. Temperatures exceeding 60°C can cause cellular membrane lysis, protein denaturation, and enzyme inactivation, which lead to rapid coagulative necrosis (15, 44). Second, in the tumor periphery beyond the border of immediate tissue coagulation, TA can cause indirect thermal injuries, including vascular injury, ischemia-reperfusion, release of lysosomal contents (16, 45, 46). Finally, TA may result in the release of abundant immunogenic intracellular substrates, which can initiate and upregulate steps in the cancer immunity cycle required to elicit an anti-cancer immune response (47, 48).

The current study has several limitations. First, there was a lack of detail in the SEER database on targeted therapy, immunotherapy, and the results of genetic testing. Targeted therapies can inhibit the protein products of aberrant genes. Currently, oncogenic aberrations in eight genes (EGFR, ALK, ROS1, BRAF, KRAS, NTRK, MET, and RET) are approved therapies for NSCLC (49). Immunotherapies have also proven efficacious in NSCLC patients (50). However, the status of targeted therapy or immunotherapy and the results of genetic testing were not evaluated as variables in this study so the effects of these factors on prognosis could not be explored. Second, the type of TA modality may impact the prognosis. However, the SEER database was unable to differentiate between TA modalities (e.g., RFA, MWA, and ultrasound ablation), so this information could not be included. Third, a large proportion of cases in the SEER database had no detailed information on tumor extension, such as the description of various organ invasions, so factors regarding the sith TNM stage could not be accurately transformed into the eighth TNM stage (subgroup, IIa, IIb, IIIa, IIIb, and IIIc) in stage II-III patients. Thus, stage II-III patients were not further stratified by stage, which may further bias the results. Finally, this study was retrospective so the strength of the results is weaker than it is for randomized controlled trials or prospective studies. Selection bias may be present because only patients with complete information were included.



Conclusion

In summary, TA could be an effective alternative treatment for stage II-III NSCLC patients unsuitable for surgical resection, particularly those ≥70 years of age, with tumor size ≤3.0 cm, or who did not receive radiotherapy.
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Objectives

This study aimed to investigate the technical methods and safety of artificial pneumothorax and artificial hydrothorax in the treatment of lung cancer adjacent to vital organs by CT-guided microwave ablation.



Subjects and Methods

Three of the six patients were men and three were women, with a mean age of 66.0 years (range 47–78 years). There patients had primary pulmonary adenocarcinoma, one had lung metastasis from liver cancer, one had lung metastasis from colon cancer, and one had lung metastasis from bladder cancer. There were four patients with a single lesion, one with two lesions, and one with three lesions. The nine lesions had a mean diameter of 1.1 cm (range 0.4–1.9). In three patients, the lung cancer was adjacent to the heart, and in the remaining three, it was close to the superior mediastinum. Six patients were diagnosed with lung cancers or lung metastases and received radical treatment with microwave ablation (MWA) assisted by artificial pneumothorax and artificial hydrothorax in our hospital. Postoperative complications were observed and recorded; follow-up was followed to evaluate the therapeutic effect.



Results

The artificial pneumothorax and artificial hydrothorax were successfully created in all six patients. A suitable path for ablation needle insertion was also successfully established, and microwave ablation therapy was carried out. 2 patients developed pneumothorax after operation; no serious complications such as operation-related death, hemothorax, air embolism and infection occurred.Moreover, 4–6 weeks later, an enhanced CT re-examination revealed no local recurrence or metastasis, and the rate of complete ablation was 100%.



Conclusions

Microwave ablation, assisted by artificial pneumothorax, artificial hydrothorax, is a safe and effective minimally invasive method for treating lung cancer adjacent to the vital organs, and optimizing the path of the ablation needle and broadening the indications of the ablation therapy





Keywords: lung cancer, artificial pneumothorax, artificial hydrothorax, microwave ablation, x-ray computed tomography



Introduction

Lung cancer was the most common cancer in men, accounting for about 24.6% (549,800) of all new cancers in China;and was the second common cancer in women. And lung cancer was the most common cause of cancer death both for both sexes in China (1).Surgical resection remains the reference standard for the treatment of localized non-small cell lung cancer. However, only 20% of all diagnosed lung cancers are surgically resectable (2). Microwave ablation (MWA) has been proved to be safe and effective in the treatment of primary and metastatic lung tumor (3–5). MWA can be an alternative treatment

modality for early-stage NSCLC patients who are ineligible for surgery (6–10). When the lung lesions were adjacent to the vital organs (including the esophagus, trachea, heart, great vessels, diaphragm, and mediastinum), it was difficult to clearly show the effective puncture path and perform the ablation using a conventional CT scan. Alternatively, due to an insufficient safety margin, conventional percutaneous ablation is likely to cause thermal damage to the vital organs, resulting in serious complications. To address this technical issue, microwave ablation therapy with artificial pneumothorax, artificial hydrothorax, and body position adjustment was used for lung cancer adjacent to the vital organs, with satisfactory effects. The report is as follows.



Materials and methods


Clinical data

From November 2020 to March 2022, six patients were diagnosed with lung cancer adjacent to the vital organs (including the esophagus, trachea, heart, great vessels, diaphragm, and mediastinum) and received radical treatment with microwave ablation (MWA) assisted by artificial pneumothorax and artificial hydrothorax in our hospital. Three of the six patients were men and three were women, with a mean age of 66.0 years (range 47–78 years). There patients had primary pulmonary adenocarcinoma, one had lung metastasis from liver cancer, one had lung metastasis from colon cancer, and one had lung metastasis from bladder cancer. There were four patients with a single lesion, one with two lesions, and one with three lesions. The nine lesions had a mean diameter of 1.1 cm (range 0.4–1.9). In three patients, the lung cancer was adjacent to the heart, and in the remaining three, it was close to the superior mediastinum. Inclusion criteria were as follows: ① patients with primary or metastatic lung cancer confirmed by puncture histological biopsy or imaging examination; ② patients who could not tolerate surgical resection due to poor cardiopulmonary function or old age; ③ patients who refused surgical resection; ④ patients who had a new or residual lesion after surgical resection and were unable to tolerate or refused re-surgery; ⑤ patients with multiple ground-glass nodules (GGNs) (ablation of the primary lesion first before considering the ablation of the other lesions according to the progression); ⑥ patients with lesions adjacent to the vital organs, with a distance ≤ 0.5 cm, and were more likely to suffer thermal damage to the vital organs; and ⑦ patients with a total number of unilateral lung metastases ≤3, total number of bilateral lung metastases ≤5, and maximum tumor diameter ≤3 cm. Exclusion criteria were as follows: ① patients suffering from severe cardiac, hepatic, pulmonary, or renal failure, ② patients with platelet count <50×109/L, ③ patients with severe bleeding proclivity and coagulation dysfunction that could not be corrected in a timely manner, and ④ patients with severe pulmonary fibrosis and pulmonary hypertension. Table 1 shows the general conditions of the patients.


Table 1 | Clinical data of 6 patients with lung cancer and the results of microwave ablation therapy assisted by artificial pneumothorax and artificial hydrothorax.





Instruments and equipment

①64 fit multi-slice spiral computed tomography (CT) scanner (Siemens SOMATOM definition AS, Germany). ②MTC-3C MWA system (Vision-China Medical Devices R&D Center/KY-2450B MWA system (Nanjing Great Wall Institute for Application of Microwave Energy), the microwave emission frequency is (2450 ± 50) MHz, and the output power is 0–100 W. ③Water-cooled MWA antenna (effective length is 100–180 mm, outer diameter is 15–18 G, and emission length of the end microwave is 15 mm). ④Catheter (8F-20cm, Guangdong Baihe Medical Technology Co.,Ltd)



Preoperative preparation

The size, location, and adjacent important organs and blood vessels of the lesions were detected by conventional CT plain scans and enhanced examinations within 2 weeks before the operation (Figure 1). Blood routine examinations and coagulation time were evaluated to exclude hemorrhagic diseases. The patients fasted for 4 h before the operation, and the venous channels were opened.The patients underwent breath−holding training according to the preoperative imaging data.




Figure 1 | Preoperative scan: Preoperative CT showed a nodule in the right upper lobe. Invasive adenocarcinoma of the right upper lobe of a 78-year-old man.





Operating procedures


Artificial pneumothorax

The patient was positioned supine, the examination couch was adjusted to the level of the diaphragm dome on the puncture side, and a positioning fence was taped to the body surface where the needle was to be inserted. The laser positioning light was activated, and the needle insertion site was determined while keeping the heart in mind. Before the puncture, routine disinfection and placement of surgical drape were performed, as well as layer-by-layer infiltration anesthesia with 2% lidocaine. When the bevel tip of the 5-ml syringe needle reached the pleura, the syringe would be removed, a transparent rubber tube would be connected, and a little sterile saline would be injected into the tube to form a water column (Figure 2); when the needle tip broke through the parietal pleura and the water column was drawn into the pleural cavity containing certain negative pressure, the rubber tube would be removed, a three-way tube and a 50-ml syringe would be connected, and an appropriate amount of air (100–300 ml) would be injected into the pleural cavity (Figure 3). Following that, the patient was evaluated for chest tightness, shortness of breath, and other uncomfortable symptoms. The three-way tube was closed after the artificial pneumothorax was created.




Figure 2 | The artificial pneumothorax was created: Intraoperative scan was acquired with the patient in the supine position. the examination couch was adjusted to the level of the diaphragm dome on the puncture side. When the bevel tip of the 5-ml syringe needle reached the pleura, the syringe would be removed, a transparent rubber tube would be connected, and a little sterile saline would be injected into the tube to form a water column.






Figure 3 | When the needle tip broke through the parietal pleura and the water column was drawn into the pleural cavity containing certain negative pressure, and an appropriate amount of air (100 ml) would be injected into the pleural cavity.





Artificial hydrothorax

Following the establishment of the artificial pneumothorax, a positioning fence is attached to the proposed tube placement site on the body surface, and the laser positioning light is activated to determine the needle entry point. Before the puncture, routine disinfection and placement of surgical drape were performed, as well as layer-by-layer infiltration anesthesia with 2% lidocaine. The guide wire was inserted after the puncture needle gradually reached the pleural cavity containing the artificial pneumothorax, and an 8F central venous catheter was indwelled along the guide wire (Figure 4). To isolate the lesion and the adjacent vital organs, an appropriate amount of normal saline (200–500 ml) was injected into the catheter to form an isolation belt (Figure 5). The injection process should be done slowly in order to see if the patient develops chest tightness, shortness of breath and other symptoms. It was decided to make an artificial hydrothorax.




Figure 4 | The artificial hydrothorax was created: Following the establishment of the artificial pneumothorax, the guide wire was inserted after the puncture needle gradually reached the pleural cavity containing the artificial pneumothorax, and an 8F central venous catheter was indwelled along the guide wire.






Figure 5 | To isolate the lesion and the adjacent vital organs, an appropriate amount of normal saline (500 ml) was injected into the catheter to form an isolation belt.






Microwave ablation therapy

Following the establishment of the artificial pneumothorax and artificial hydrothorax, the size, location, blood flow, and other characteristics of the tumor were reconfirmed using the preoperative CT of the patient, and the patient’s body position  was adjusted to the optimal puncture position (Figure 6). Next, guided by CT, the needle was gradually inserted through the microwave antenna to the bottom of the lesion for ablation (Figures 7–9). The appropriate microwave output power and ablation time were chosen based on the tumor size and shape. The preset microwave ablation power was set to 50–80 W, and the ablation time was limited to 20 min (Figure 10).




Figure 6 | Intraoperative scan: the patient’s body position was adjusted to isolate the lesion and the adjacent vital organs, and the appropriate amount of normal saline was to form an isolation belt.






Figure 7 | Guided by CT, the needle was gradually inserted through the microwave antenna to the bottom of the lesion for ablation.






Figure 8 | Intraoperative scan: the Reconstructed CT image.






Figure 9 | Intraoperative scan: the Reconstructed CT image.






Figure 10 | Post-ablation scan: The lesion was achieved complete ablationthe: post-ablation ground-glass opacity around the post-ablation target zone should be at least 5 mm greater than the boundary of the gross tumor region.





Immediate efficacy evaluation and follow-up

Evaluation of immediate efficacy (11) was as follows: ① preliminary evaluation of the success of the operating technique and ② observation of the ablation boundary. Recommendation: For complete ablation, the post-ablation ground-glass opacity around the post-ablation target zone should be at least 5 mm greater than the boundary of the gross tumor region (GTR); ③ Complications should be observed.

Local therapeutic efficacy evaluation (12, 13): The lesion on the enhanced chest CT re-examination 4–6 weeks after surgery served as the baseline for judging efficacy. ① Complete ablation (presence of any of the following manifestations): disappearance of the lesion, complete formation of the cavity, fibrosis of the lesion (scar), reduction, no change or enlargement of the solid nodule (no signs of abnormal enhancement of the contrast agent on the CT scan), atelectasis (absence of any signs of abnormal enhancement of the contrast agent on the CT scan of the lesion in the atelectasis) (Figures 11, 12). ② Incomplete ablation (presence of any of the following manifestations): (a) On the cavity formation and fibrosis edges of the lesion, there were still typical imaging manifestations of GGN; (b) there was fibrosis in part of the lesion, but there were still some solid components, and the solid part showed enhancement on the CT scan and/or the tumor showed metabolic activity on the positron emission tomography-computed tomography (PET-CT) scan; (c) the solid nodule did not change in size or enlargement, but it did show signs of abnormal contrast enhancement on CT scan and/or abnormal metabolic activity on PET-CT scan.




Figure 11 | Cross-sectional image:Follow-up after 1 month found that the lesions were completely ablated, and no tumor lesions remained or recurred.






Figure 12 | Coronal image:Follow-up after 1 month found that the lesions were completely ablated, and no tumor lesions remained or recurred.





Statistical methods

Data were analyzed using IBM SPSS Statistics for Windows, version 22.0 (IBM Corp., New York). Measurement data were expressed as means ± standard deviation, whereas counting data were expressed as percentages and were compared by Chi-square tests. P <0.05 was considered a statistically significant difference.




Results


Ablation results

After injections with a mean amount of gas of 200.0 ml (range 100–300) and a mean amount of normal saline of 383.3 ml (range 200–500), the artificial pneumothorax and artificial hydrothorax were successfully created in all six patients. A suitable path for ablation needle insertion was also successfully established, and microwave ablation therapy was carried out. For the creation of the artificial pneumothorax and artificial hydrothorax, the surgery time increased by an average of 21.5min (range 16.5–39.6), and the number of local scans increased by an average of 8 times (range 5–12). The conventional CT scan performed 3 days after ablation confirmed that all lesions had been completely abated. Moreover, 4–6 weeks later, an enhanced CT re-examination revealed no local recurrence or metastasis, and the rate of complete ablation was 100%.



Complication

All patients tolerated the surgery. two patients developed pneumothorax after operation, which improved after intubation and drainage; no serious complications such as operation-related death, hemothorax, air embolism and infection occurred.




Discussion

As a precise and minimally invasive technique, local microwave ablation has grown in popularity in recent years. It has been used to treat lung cancer, especially early-stage lung cancer, with remarkable therapeutic results (3–10, 14). MWA operates under the action of a microwave electromagnetic field: the polar molecules in the tumor tissue, such as water molecules and protein molecules, vibrate at an extremely high speed, causing the collision and friction between molecules, producing a high temperature of up to 60°C–150°C in a short period of time, and resulting in coagulative necrosis of cells. Concentrated in a certain range by the radiator, the microwave energy can be effectively radiated to the desired target zone. Thermal microwave radiation causes more convection and less thermal precipitation in the lung (12, 13, 15). Therefore, this technique has a minimal invasion, definite curative effect, high safety, strong repeatability, and suitability for a wide range of people.

The artificial pneumothorax or artificial hydrothorax is a useful adjunct in the clinical treatment of various diseases. Professor Lin Zhengyu and his team successfully performed puncture biopsy in 11 patients with mediastinal lesions, using artificial pneumothorax and body position adjustment, with no pneumothorax or bleeding complications (16). Moreover, artificial pneumothorax is a safe and effective method for pain relief during MWA of subpleural lung tumors (17, 18). In addition, artificial pneumothorax or hydrothorax has been used with significant success in thermal ablation of tumors adjacent to lung tissue in the lower lobe or near the diaphragm dome (19–21). In this study, because the lung lesions were adjacent to the vital organs, it was difficult to clearly show the effective puncture path and perform the ablation using a conventional CT scan. Alternatively, due to an insufficient safety margin, conventional percutaneous ablation is likely to cause thermal damage to the vital organs, resulting in serious complications. The introduction of artificial pneumothorax and artificial hydrothorax not only solves this problem but also broadens the scope of microwave ablation therapy. It is easy to create an artificial pneumothorax, and it is also simple to separate lesions from adjacent structures using an artificial pneumothorax and body position adjustment. However, after the artificial pneumothorax was established, the isolated local visceral pleura becomes significantly more elastic, and the local pulmonary motion increases, making the pulmonary nodules more likely to displace during the puncture with ablation needle. And because such displacement makes puncturing the pulmonary nodules more difficult, it is often difficult to puncture into the center of the lesion for ablation. When compared to artificial pneumothorax, isolation with artificial hydrothorax has less impact on the elasticity of the local visceral pleura and local pulmonary motion, making it easier to puncture the pulmonary nodules, allowing for puncture into the center of the lesion for ablation and improving the efficacy of ablation. Because creating artificial hydrothorax under CT guidance is relatively difficult, artificial pneumothorax is often created before artificial hydrothorax; if complicated with pleural hemorrhage, artificial hydrothorax may affect judgment of hemothorax. Therefore, artificial pneumothorax was used in combination with artificial hydrothorax in this study to successfully assist in the microwave ablation of lung cancer in six patients. This combination therapy not only provided a good puncture path for ablation, but it also protected the adjacent vital organs from thermal damage during thermal ablation, resulting in remarkable results. Excessive gas or liquid in the pleural cavity will impair respiratory functions and may cause chest tightness, shortness of breath, dyspnea, and chest pain, especially in patients with poor lung function. In this study, the amount of injected gas and liquid was reduced by adjusting the body position of patients. There was no death or other special disease associated with surgery following ablation therapy, and there was no serious cardiopulmonary disease caused by the large amount of gas and liquid injected. These findings are sufficient to demonstrate the high safety of ablation therapy, which is assisted by artificial pneumothorax, artificial hydrothorax, and body position adjustment.

In this study, the rate of complete ablation was 100%, only two patients developed pneumothorax, and there were no serious complications such as ablation-related bleeding or infection after surgery, confirming that artificial pneumothorax combined with artificial hydrothorax and body position adjustment is extremely safe and effective. Artificial pneumothorax combined with MWA has the limitation that patients with pleural adhesions occurring after pulmonary surgery or lung cancer radiotherapy are not suitable for this therapy (18).Pleural adhesions can prevent sufficient lung tissue from being compressed and can also cause pleural tearing and bleeding. However, because the preoperative plain scan cannot always detect pleural adhesions, the degree and location of adhesions can only be determined after a certain amount of gas is injected and the lung tissue retracts.



Limitations

First, this is a single-center retrospective study with a small sample size and no statistical significance; the long-term efficacy and corresponding influencing factors should be investigated further in a controlled study with a large sample size. Second, in this study, the use of artificial pneumothorax and artificial hydrothorax increased surgery time and the number of local scans, which was time−consuming and increased the ionizing radiation received by patients. In addition, the follow−up of some patients was not regular



Conclusion

To summarize, microwave ablation, assisted by artificial pneumothorax, artificial hydrothorax, and body position adjustment, is a safe and effective minimally invasive method for treating lung cancer adjacent to the vital organs.
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Purpose

Immunotherapy has become widely applied in non-small cell lung cancer (NSCLC) patients. However, the relatively low response rate of immunotherapy monotherapy restricts its application. Combination therapy improves the response rate and prolongs patient survival; however, adverse events (AEs) associated with immunotherapies increase with combination therapy. Therefore, exploring combination regimens with equal efficacy and fewer AEs is urgently required. The aim of this study was to evaluate the efficacy and safety of microwave ablation (MWA) plus camrelizumab monotherapy or combination therapy in NSCLC.



Materials and methods

Patients with pathologically confirmed, epidermal growth factor receptor/anaplastic lymphoma kinase-wild-type NSCLC were retrospectively enrolled in this study. Patients underwent MWA to the pulmonary lesions first, followed by camrelizumab monotherapy or combination therapy 5–7 days later. Camrelizumab was administered with the dose of 200 mg every 2 to 3 weeks. Treatment was continued until disease progression or intolerable toxicities. The technical success and technique efficacy of ablation, objective response rate (ORR), progression-free survival (PFS), overall survival (OS), complications of ablation, and AEs were recorded.



Results

From January 1, 2019 to December 31, 2021, a total of 77 patients underwent MWA and camrelizumab monotherapy or combination therapy. Technical success was achieved in all patients (100%), and the technique efficacy was 97.4%. The ORR was 29.9%. The PFS and OS were 11.8 months (95% confidence interval, 9.5–14.1) and not reached, respectively. Smoking history and response to camrelizumab were correlated with PFS, and response to camrelizumab was correlated with OS in both the univariate and multivariate analyses. No periprocedural deaths due to ablation were observed. Complications were observed in 33 patients (42.9%). Major complications included pneumothorax (18.2%), pleural effusion (11.7%), pneumonia (5.2%), bronchopleural fistula (2.6%), and hemoptysis (1.3%). Grade 3 or higher AEs of camrelizumab, including reactive capillary endothelial proliferation, fatigue, pneumonia, edema, and fever, were observed in 10.4%, 6.5%, 5.2%, 2.6%, and 2.6% of patients, respectively.



Conclusion

MWA combined with camrelizumab monotherapy or combination therapy is effective and safe for the treatment of NSCLC.





Keywords: microwave ablation, camrelizumab, lung cancer, progression-free survival, overall survival, objective response rate



1 Introduction

Lung cancer is the leading cause of cancer-related mortality and morbidity in China and the second leading cause of cancer-related mortality worldwide (1, 2). Approximately 85% of lung cancers are non-small cell lung cancers (NSCLCs), of which adenocarcinoma and squamous cell carcinoma are the most common histological types (3). Most patients with lung cancer are diagnosed at an advanced stage, thus losing the opportunity for curative surgery. For these patients, the prognosis is quite poor, with a 5-year survival rate of only 0–10% (4).

The treatments for advanced NSCLC range from routine chemotherapy to novel targeted therapy and immunotherapy (5, 6). Compared with targeted therapy, which requires specific sensitive genetic mutations, immunotherapy targeting programmed death-1 (PD-1) or programmed death ligand-1(PD-L1) is more widely applied in NSCLC patients (7–9). However, the relatively low response rate of PD-1/PD-L1 antibody monotherapy restricts its application (7–9). The combination of PD-1/PD-L1 antibodies with other treatments including chemotherapy; anti-vascular endothelial growth factor receptor therapy plus chemotherapy; or another immunotherapy, mainly anti-cytotoxic lymphocyte antigen-4 antibody alone or in combination with chemotherapy, improves the response rate and prolongs survival (10–14). However, the adverse events (AEs) associated with immunotherapies increase with combination therapy (10–14). Therefore, exploring combination regimens with equal efficacy and fewer AEs is urgently required.

Accumulating evidence shows that microwave ablation (MWA) is an alternative treatment method for early-stage NSCLC patients with contraindications to surgery, such as cardiopulmonary insufficiency (15–17). Moreover, previous studies have verified that MWA plus chemotherapy or targeted therapy has a survival advantage over chemotherapy or targeted therapy alone (18–20). Our previous study showed that, for advanced NSCLC patients, the combination of MWA and camrelizumab (a PD-1 antibody designed by Hengrui Pharm, Jiangsu Province, China) improved the objective response rate (ORR) to 33.3%, which was higher than in previous reports where the ORR was around 20%. However, only 21 patients were included in the study, which limits the credibility of the results (21). Therefore, we conducted this retrospective study with a larger sample size to verify the efficacy and safety of MWA and camrelizumab monotherapy or combination therapy in advanced NSCLC.



2 Materials and methods


2.1 Patients

Patients meeting the following criteria were retrospectively enrolled: 1) pathologically or cytologically confirmed NSCLC; 2) advanced tumor stage, including stages III (unfit for radical surgery or irradiation) and IV, or recurrence post-local radical therapy (e.g., surgery, irradiation, or thermal ablation); 3) Eastern Cooperative Oncology Group performance status of 0 to 2; 4) one or more measurable lesions other than those for which MWA was performed; 5) tumors located in the peripheral lung; 6) wild-type epidermal growth factor receptor and anaplastic lymphoma kinase based on genetic test results; and 7) sufficient hepatic, renal, and cardiac function for MWA and anti-PD-1 treatment.

The exclusion criteria were as follows: 1) small cell lung cancer or neuroendocrine tumor in combination with NSCLC; 2) other malignant tumors during the previous 5 years; 3) active autoimmune disease requiring intervention; and 4) long-term administrations of hormones or anti-infective treatments within 2 weeks of MWA.

This study was conducted in accordance with the Declaration of Helsinki. The ethics committees of the First Affiliated Hospital of Shandong First Medical University and Shandong Provincial Hospital affiliated to Shandong First Medical University (SWYX: No.2019-004) approved this study. Written informed consent was obtained from all patients.



2.2 MWA procedure

All patients underwent preoperative analgesia. Local anesthesia was induced with 100 mg of lidocaine and 75 mg of bupivacaine. Sedation was induced with 10 mg of diazepam. The MWA procedure for lung tumors has been described in detail in our previous report (18). The operator briefly used computed tomography (CT) to locate the tumor before ablation, after which the antenna was inserted into the tumor step-by-step. CT was performed immediately after ablation to identify complications, such as pneumothorax and pleural effusion, and intervene if necessary. CT was also used to monitor the ablative response and range. The number of antennas was determined by the maximum transverse diameter of the tumor. When the tumor was 3 cm or larger, two antennas were used; otherwise, one antenna was used. The ablative zone was nearly 3.5 cm × 3 cm for MWA with the output was 60–80W/6–8 min. When the ground-glass opacity surpassed the tumor lesions by 5–10 mm, the ablation was terminated.



2.3 Camrelizumab administration

Anti-PD-1 treatment was administered 5–7 days after ablation. Camrelizumab was administered as a 30-minute intravenous infusion at a dose of 200 mg every 2 or 3 weeks until disease progression or unacceptable toxicity. For patients who received MWA plus camrelizumab as first-line treatment, camrelizumab was administered combined with chemotherapy, targeted therapy, or both. For those receiving this treatment as second- or later-line treatment, camrelizumab monotherapy was recommended. Chemotherapy regimens on a 21-day cycle, including pemetrexed (one dose of 500 mg/m2), nab-paclitaxel (one dose of 260 mg/m2), docetaxel (one dose of 75 mg/m2), and nedaplatin (80 mg/m2 over 2 days), were administered based on the physician’s preference. For targeted therapy, apatinib (250 mg once daily) or anlotinib (12 mg once daily) for 2 weeks on a 21-day cycle was administered continuously. Bevacizumab (7.5–15 mg/m2) was also administered once every 3 weeks to some patients.



2.4 Efficacy of MWA and camrelizumab

CT was conducted every 2 months during camrelizumab treatment and every 3 months thereafter.

Technical success and technique efficacy are commonly used to evaluate response to MWA. Technical success is a measure of whether the tumor was treated according to the protocol and covered completely by the ablation zone and was assessed during the procedure. Technique efficacy refers to a result of “complete ablation” of macroscopic tumors, as evidenced by follow-up imaging, at a prospectively defined time point (generally 1 month or later) (22).

The response to camrelizumab monotherapy or combination therapy was evaluated using the Response Evaluation Criteria in Solid Tumors version 1.1, which categorized responses as complete response (CR), partial response (PR), stable disease, or progressive disease (PD) (23). The ORR was defined as the proportion of patients who achieved CR and PR. The disease control rate was defined as the proportion of patients who did not show disease progression.



2.5 Safety of MWA and camrelizumab monotherapy or combination therapy


2.5.1 Complications of MWA

The complications of MWA were divided into major complications and minor complications according to the Society of Intervention Response criteria (24). Major complications were defined as events that led to substantial morbidity and disability, which increase the level of care or lengthen the hospital stay. A blood transfusion or interventional drainage procedure is generally required for these patients. All other complications were considered minor (22).



2.5.2 AEs of camrelizumab

The AEs of camrelizumab monotherapy or combination therapy were evaluated according to the Common Terminology Criteria of Adverse Events version 5.0 (25). Generally, when the severity of the AE reached or exceeded grade 3, camrelizumab treatment was paused, and intervention was conducted (22). Once the AEs were resolved, whether or not to resume camrelizumab treatment was decided on by the researchers. When disease progression occurred, patients could continue on camrelizumab until clinical symptom deterioration or PD confirmation in the imaging assessment.




2.6 Statistical analysis

SPSS software (version 17.0; SPSS Inc., Chicago, IL, USA) was used to perform the analyses. Numerical variables are described as means and standard deviations or medians and interquartile ranges according to distribution. Categorical variables are described as percentages. Progression-free survival (PFS) was defined as the time from MWA to the first documentation of PD or death. Overall survival (OS) was defined as the time from MWA to death. PFS and OS curves were estimated using the Kaplan–Meier method. The associations between PFS and OS and clinical characteristics were analyzed using univariate Cox regression and log-rank tests. Factors with P < 0.2 in the univariate analysis were included in the multivariate Cox proportional hazard model, which was applied to estimate hazard ratios and corresponding 95% confidence intervals. All statistical tests were two-sided, and statistical significance was defined as P < 0.05.




3 Results


3.1 Baseline characteristics


3.1.1 Patients

From January 1, 2019 to December 31, 2021, A total of 132 patients underwent camrelizumab treatment were screened. Among them, 40 patients failed underwent MWA, 8 patients with stage IB to IIB and 4 patients with other cancers during the past 5 years. A total of 77 patients were retrospectively enrolled, with a mean age of 67.1 years (range, 48–82 years). Patient characteristics are shown in Table 1. Most patients were men (59, 76.6%), 65 years old or older (53, 68.8%), and smokers (53, 68.8%). Seventy-one patients had an Eastern Cooperative Oncology Group performance status of 1 (92.2%), and 60 had clinical stage IV disease (77.9%). Adenocarcinoma was the most common histological type (50, 64.9%). Most patients underwent MWA and camrelizumab monotherapy (45, 58.4%). For those who underwent camrelizumab combination therapy, a combination with chemotherapy (19 patients, 59.4%) was the most common, followed by targeted therapy (8 patients, 25.0%) and targeted therapy plus chemotherapy (5 patients, 15.6%). Two representative cases are shown in Figures 1, 2.


Table 1 | Baseline characteristics of the enrolled patients.






Figure 1 | Chest CT findings of a 63-year-old male squamous cell lung cancer patient with a PD-L1 TPS of 1% who underwent MWA and camrelizumab monotherapy. (A–D) Baseline chest CT showing the primary tumor and lymph node metastases. (A) The primary tumor was located in the left lower lobe. (B) Bilateral supraclavicular lymph node metastases. (C, D) Mediastinal lymph node metastases in the 2R, 4R, 5, and 7 zones. (E–H) CT 2 months post-ablation and after four cycles of camrelizumab. (E). Complete ablation was achieved in the primary tumor. (F–H). Bilateral supraclavicular mediastinal lymph node metastases decreased dramatically. PD-L1, programmed death ligand-1; TPS, tumor proportion score; MWA, microwave ablation; CT, computed tomography.






Figure 2 | Chest CT findings of a 56-year-old female pulmonary adenocarcinoma patient with an unknown PD-L1 TPS who underwent MWA and camrelizumab monotherapy. (A–C) Baseline chest CT showing two metastases in the left lower lobe. (D, E) MWA was conducted for the tumor in the left lower lobe. (F) Two cycles of camrelizumab monotherapy were administered, after which the right metastasis enlarged. (G–I) Six months post-ablation, the left metastases achieved complete ablation and the right metastasis disappeared; complete response was achieved. (J–L) Nineteen months post-ablation, there was no indication of any pulmonary metastases. PD-L1, programmed death ligand-1; TPS, tumor proportion score; MWA, microwave ablation; CT, computed tomography.





3.1.2 Pulmonary tumors

All 77 pulmonary tumors were treated with MWA. The mean maximal transverse diameter was 3.3 centimeters, and 39 tumors (50.6%) had a diameter of 3.0 cm or larger. The right lung (40, 51.9%) and upper lobe (42, 54.5%) were the most common tumor sites. The output power of the antenna was generally fixed at 40 W, with a mean ablative time of 14.6 minutes. More information on tumor size and ablation is shown in Table 2.


Table 2 | Baseline characteristics of the tumors underwent MWA.






3.2 Treatment efficacy

Although technical success was achieved in all patients (100%), the technique efficacy was 97.4% because two patients with tumors larger than 5 cm failed to achieve CR.

All patients underwent at least 1 cycle of camrelizumab treatment, and the median was 5 cycles (range, 1–53) (Table 3). Thirty-two patients (41.6%) received camrelizumab combination therapy. CR, PR, stable disease, and PD were achieved in 3, 20, 23, and 31 patients, respectively. The ORR and disease control rate were 29.9% and 59.7%, respectively.


Table 3 | Camrelizumab treatments.





3.3 Survival analysis

Patients were followed through April 4, 2022, with a median follow-up period of 13.7 (4.3–36.2) months. Forty-eight patients (62.3%) had PD, and 26 patients (33.8%) died. The median PFS was 11.8 months (95% confidence interval, 9.5–14.1). However, the median OS was not reached. Sex, smoking history, stage, and response to camrelizumab were correlated with PFS in the univariate analysis. Age, smoking history, tumor size, and response to camrelizumab were correlated with PFS in the multivariate analysis (Table 4, Figures 3A–D). Smoking history and response to camrelizumab correlated with PFS in both the univariate and multivariate analyses (Table 4). Patients with smoking history and with CR or PR to camrelizumab had superior PFS compared to those without a smoking history (13.8 months vs. 6.3 months, P = 0.002) and those who failed to achieve CR or PR (25.4 months vs. 9.3 months, P = 0.003), respectively (Figures 3E, F).


Table 4 | The univariate and multivariate analyses of progression free survival.






Figure 3 | Correlation between PFS and (A) sex, (B) smoking history, (C) distant metastases, (D) stage, (E) ORR, and (F) DCR. PFS: progression-free survival; ORR, overall response rate; DCR, disease control rate.



The response to camrelizumab was the only independent prognostic factor for OS in both the univariate and multivariate analyses. Patients who achieved an objective response had superior OS compared to those who had stable disease or PD (not reached vs. 19.4 months, P = 0.007). Although sex showed a tendency for significance in the univariate analysis, no significant difference was observed in the multivariate analysis (Table 5; Figures 4).




Figure 4 | Correlation between OS and (A) ORR and (B) DCR. ORR, overall response rate; DCR, disease control rate.




Table 5 | The univariate and multivariate analyses of overall survival.





3.4 Safety of MWA plus camrelizumab

No peri-procedural death from ablation was observed. Complications were observed in 33 patients (42.9%). Major complications included pneumothorax (14, 18.2%), pleural effusion (9, 11.7%), pneumonia (4, 5.2%), bronchopleural fistula (2, 2.6%), and hemoptysis (1, 1.3%), which were all treated by chest tube insertion, anti-infection therapy, blood transfusion, or symptomatic treatment. Minor complications of pneumothorax, pleural effusion, and hemorrhage were identified in 10, 9, and 1 patient(s), respectively (Table 6).


Table 6 | The complications of microwave ablation.



AEs were identified in 40 patients (51.9%), and serious AEs were observed in 12 patients (15.6%). Common AEs of camrelizumab included reactive capillary endothelial proliferation (22, 28.6%), fatigue (9, 11.7%), pneumonia (7, 9.1%), edema (5, 6.5%), and fever (5, 6.5%). Grade 3 or higher AEs developed in a corresponding 10.4%, 6.5%, 5.2%, 2.6%, and 2.6% of patients, respectively. Two patients died of serious immune-associated pneumonia (Table 7).


Table 7 | The adverse events of camrelizumab.






4 Discussion

In this study, we explored the use of a combination of MWA and camrelizumab for NSCLC treatment. A total of 77 patients were enrolled. The technical success and technique efficacy were 100% and 97.4%, respectively. The ORR was 29.9%. The PFS and OS were 11.8 months and not reached, respectively. No ablation-associated deaths occurred. Complications were observed in 33 patients (42.9%), and grade 3 or higher AEs of camrelizumab were identified in 12 (15.6%) patients. MWA plus camrelizumab monotherapy or combination therapy in NSCLC is an effective and safe treatment regimen.

Camrelizumab was approved as the first-line treatment for advanced NSCLC based on the results of two multicenter, randomized phase III clinical trials (23, 24). CameL was the first phase III clinical trial of camrelizumab as a first-line regimen for advanced, non-squamous NSCLC. PFS was significantly prolonged with camrelizumab plus chemotherapy compared with chemotherapy alone (11.3 months vs. 8.3 months; hazard ratio 0.60; P = 0.0001) (26). The other phase III clinical trial, CameL-sq, compared the combination of camrelizumab and chemotherapy with placebo plus chemotherapy as first-line treatment for advanced squamous cell lung cancer. The camrelizumab plus chemotherapy arm achieved a PFS of 8.5 months, and the OS was not reached, whereas the PFS and OS of the placebo plus chemotherapy arm were 4.9 months and 14.5 months, respectively (27). Camrelizumab is usually combined with anti-vascular endothelial growth factor targeted therapy. In patients receiving camrelizumab in combination with apatinib as subsequent treatment, the median PFS is 5.7 months, and the OS is 15.5 months (28). Further, in patients receiving camrelizumab and anlotinib, the ORR is 28.4%, and the PFS and OS are 6.9 months and 14.5 months, respectively. These results verify that camrelizumab could be used for advanced NSCLC (29).

According to the National Comprehensive Cancer Network guidelines, thermal ablation, including MWA, could be an alternative treatment for patients with contraindications to radical surgery (30). Moreover, MWA could be a treatment option for NSCLC patients with oligometastases or oligoprogression (31, 32). Several studies have explored the application of MWA in advanced NSCLC and have verified that MWA can prolong survival and improve prognosis (18–20). Our previous study explored the combination of MWA plus camrelizumab in 21 patients; the ORR was 33.3%, and the median PFS was 5.1 months (21). In this large-sample, retrospective study, the ORR was similar to that in our previous report. The PFS was significantly prolonged by this treatment and was similar to that of combination camrelizumab and platinum-doublet chemotherapy, indicating that camrelizumab plus MWA may be an alternative combination regimen.

With regard to the efficacy of MWA, previous reports have shown a technique efficacy of nearly 100%; however, we achieved a technique efficacy of only 97.4%. This was because two patients with tumors ≥5 cm failed to achieve complete ablation. Several studies have shown that the rate of completed ablation decreases for tumors ≥3 cm (33, 34). According to previous reports, major complications of MWA include pneumothorax, pleural effusion, pneumonia, bronchopleural fistula, and hemoptysis, which is in accordance with our study results (35, 36). Pneumothorax and pleural effusion were the most common complications of MWA observed in this study. No ablation-associated deaths were observed, indicating that ablation is a safe treatment method.

Patients who underwent camrelizumab combination treatment also had AEs. The common AEs of combination camrelizumab and chemotherapy include decreased neutrophil count, decreased white blood cell count, anemia, and decreased platelet count (26, 27). For combination targeted therapy and camrelizumab, hypertension, palmar-plantar erythrodysesthesia syndrome, increased gamma-glutamyl transferase, transaminitis, and proteinuria are common AEs (28, 29). In this study, the most common AEs were reactive capillary endothelial proliferation, fatigue, pneumonia, edema, and fever. Moreover, grade 3 or higher AEs were observed in 15.6% of patients. These results proved that camrelizumab monotherapy or combination therapy is safe for advanced NSCLC.

The combination of MWA and immunotherapy had similar ORR with other combinations such as immunotherapy with chemotherapy and immunotherapy with targeted therapy. Meanwhile, we could identify that the ORR of MWA plus immunotherapy alone or combination therapy had a superior response compared to previous reports of immunotherapy alone. Several potential mechanisms may have led to this advantage, one was that MWA could have increased the probability of CD8+ tumor infiltrating lymphocytes (TIL) and Natural killer (NK) cells, and the other was that MWA could have increased the peripheral IL-2 and IFN-γ (37). Both CD8+ TIL and cell factors could have enhanced the immune effects, which may have exerted a synergic effect with immunotherapy. Moreover, PD-1 blockade boosts radiofrequency ablation-elicited adaptive immune responses by update PD-L1 expression in colorectal liver metastases (38). PD-L1 expression predicts the superior response to immunotherapy (38). Integrating locoregional therapies such as radiofrequency ablation into anti-PD-1/PD-L1 agent regimens may help release tumor-associated antigens and mediate T-cell immune enhancement and, in the long run, improve the ongoing efficacy of checkpoint inhibitors (39).

Compared with our previous study, the median PFS was prolonged in this study. Three major factors led to the differences. First, 41.6% of patients received immunotherapy combination treatment in this study, whereas all the patients underwent only immunotherapy in the previous study. Second, the median follow-up period reached 13.7 months in this study, but the median follow-up period then was just 6 months. Third, 77 patients were enrolled in this study, but only 21 patients were enrolled in the previous study.

This study had two major limitations. First, patients treated with either camrelizumab monotherapy or combination therapy were included in the study, and it is likely that combination therapy had an effect on the ORR or survival. Second, for patients who received camrelizumab combination therapy, the regimens included chemotherapy, targeted therapy, and chemotherapy plus targeted therapy.

In conclusion, MWA plus camrelizumab monotherapy or combination therapy is an effective and safe treatment regimen for advanced NSCLC. Further prospective, randomized, controlled studies are warranted.
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Purpose

To retrospectively evaluate the cost and effectiveness in consecutive patients with ground-glass nodules (GGNs) treated with video-assisted thoracoscopic surgery (VATS; i.e., wedge resection or segmentectomy) or microwave ablation (MWA).



Materials and methods

From May 2017 to April 2019, 204 patients who met our study inclusion criteria were treated with VATS (n = 103) and MWA (n = 101). We calculated the rate of 3-year overall survival (OS), local progression-free survival (LPFS), and cancer−specific survival (CSS), as well as the cost during hospitalization and the length of hospital stay.



Results

The rates of 3-year OS, LPFS, and CSS were 100%, 98.9%, and 100%, respectively, in the VATS group and 100%, 100% (p = 0.423), and 100%, respectively, in the MWA group. The median cost of VATS vs. MWA was RMB 54,314.36 vs. RMB 21,464.98 (p < 0.001). The length of hospital stay in the VATS vs. MWA group was 10.0 vs. 6.0 d (p < 0.001).



Conclusions

MWA had similar rates of 3-year OS, LPFS, and CSS for patients with GGNs and a dramatically lower cost and shorter hospital stay compared with VATS. Based on efficacy and cost, MWA provides an alternative treatment option for patients with GGNs.





Keywords: lung adenocarcinoma, microwave ablation, video-assisted thoracoscopic surgery, ground-glass nodule, cost effectiveness



Introduction

Although the incidence of lung cancer is the second-highest of all cancers globally (1), it is the leading cause of cancer deaths in both China and the USA. By 2022, China and the USA are expected to have approximately 870,982 and 238,032 new lung cancer cases and 766,898 and 144,913 lung cancer deaths, respectively (2). Early detection, early diagnosis, and early treatment are critical for mortality reduction. In 2011, the National Lung Screening Trial was the first to report that lung cancer mortality in high-risk populations could be reduced by 20% by screening with low-dose computed tomography (LDCT) instead of standard chest X-ray (3). The widespread application of LDCT has increased the detection rate of asymptomatic pulmonary nodules, and it is estimated that pulmonary nodules are detected in 20%–80% of patients screened in China (4–7). A pulmonary nodule (ground-glass nodule, GGN) is often considered a predictor of a precancerous lesion or early-stage lung cancer. However, more than 97% of GGNs identified by LDCT are benign, with only 0.7%–2.3% of GGNs diagnosed as lung cancer (8–10). GGN lung adenocarcinoma is characterized by indolent development with few distant metastases and has a favorable prognosis, with a 5-year survival rate of 100% after surgery (11–16). Thus, GGN lung adenocarcinoma is deemed a special subtype of lung cancer that differs from traditional early-stage lung cancer.

The primary therapy for cases of GGN lung adenocarcinoma is surgical resection (video-assisted thoracoscopic surgery, VATS) with curative intent. However, there are several limitations to the application of VATS (10, 17). First, premature surgical intervention for GGNs, particularly precancerous lesions, leads to early and unnecessary organ damage and loss of lung function. Moreover, early surgery does significantly improve the overall survival (OS) of patients when compared with those who choose follow-up and elective surgery as interventions. Second, there are no clear selection criteria for surgical intervention of multiple pulmonary nodules and no principles for the follow-up management of residual nodules. Third, because the preoperative diagnosis of pulmonary nodules is based on imaging results and not pathological evidence, surgical resection of pulmonary nodules may be unnecessary and cause needless postoperative complications if the lesions are benign. Fourth, as the population ages, an increasing number of patients aged >75 years are being diagnosed with early-stage lung cancer, and surgery is almost impossible in these cases. Therefore, many novel local treatment approaches have been developed, including image-guided thermal ablation therapy. This precise and minimally invasive technique has been used to treat early-stage lung cancer and includes radiofrequency ablation, microwave ablation (MWA), cryoablation, and laser ablation. MWA was first applied to lung tumors in 2002 (18), and its use has increased over the years (19).

MWA has been proved one of the effective methods to treat GGN lung adenocarcinoma (20–24). Although cost-effectiveness analysis is a proven analytic technique to assess the relative benefit of a given treatment strategy, the cost-effectiveness analysis of MWA in GGN lung adenocarcinoma patients has remained unexplored. Therefore, we performed a cost-effectiveness analysis comparing VATS and MWA for patients with GGN lung adenocarcinoma and analyzed 3-year OS, local progression-free survival (LPFS), and cancer−specific survival (CSS), as well as the length of hospital stay and cost during hospitalization.



Materials and methods


Patient inclusion and exclusion criteria

This retrospective study was approved by the Ethics Committee of Shandong Provincial Hospital, affiliated with Shandong First Medical University. The study complied with the ethical principles of the World Medical Association’s Declaration of Helsinki. Written informed consent was obtained from all participants.

From May 2017 to April 2019, 204 consecutive patients with GGNs confirmed by contrast-enhanced computed tomography (CT) and pathology were treated in our institute. Of them, 103 underwent VATS (VATS group) and 101 underwent CT-guided MWA (MWA group). The treatment decisions for each patient were made by a multidisciplinary tumor board that included medical oncologists, thoracic surgeons, respiratory physicians, radiologists, and pathologists who reviewed the medical history, physical examination results, and recent imaging studies. For those patients undergoing MWA, contrast-enhanced chest CT (within 2 weeks before MWA) was considered a key imaging assessment in revealing the tumor size, location, and the relationship with neighboring vital organs, blood vessels, the trachea, or bronchi.

The study inclusion criteria were as follows: (1) Eastern Cooperative Oncology Group performance status 0–2; (2) patients aged ≥18 years and nonpregnant females; (3) a solitary pure GGN or mixed ground-glass opacities (mGGOs; lesions with a ratio of consolidation diameter to tumor diameter of <0.25 at a slice thickness ≤ 1 mm) demonstrated by CT, with a diameter ≤30 mm and without lymph node involvement or distant metastasis; (4) histological diagnosis of adenocarcinoma in situ, minimally invasive adenocarcinoma or invasive adenocarcinoma (25) through percutaneous coaxial needle biopsy (26–28) or using a postoperative specimen; (5) an expected lifespan of ≥12 months; and (6) no chemotherapy or radiotherapy performed after the procedure. The exclusion criteria were as follows: (1) the presence of regional lymph node metastasis or distant metastasis verified by enhanced CT, positron emission tomography-CT, and enhanced magnetic resonance imaging; (2) GGNs accompanied by other malignant tumors; and (3) untreatable coagulopathies and/or platelet count < 50 × 109/L. The histological diagnoses were either confirmed by conventional paraffin sections in separate procedures or by frozen sections and postprocedural paraffin sections in the same procedure.



Instrument and MWA procedure

CT (GE Lightspeed 64 VCT, General Electric, or NeuViz 64, Neusoft Medical Systems) was used to guide MWA, which was performed with an MTC-3C MWA system (Vison-China Medical Devices R&D Center), ECO-100A1 MWA system (ECO Medical Instrument Co., Ltd.), or KY-2450B MWA system (CANYOU Medical Inc.) at a frequency of 2450 ± 50 MHz. The adjustable continuous wave output power ranged from 0 to 100 W. For the microwave antenna, the effective length was 100–180 mm, and the outside diameter was 14–19 G (19 G antenna has the advantages of high puncture accuracy and few complications), with a 1.5 cm radiating tip (tapered end). The surface temperature of the antennae was cooled with a water circulation cooling system.

We performed our standard MWA procedure as per our previous descriptions (29–31). A treatment plan was designed immediately following pre-procedural CT and was based on the tumor location and size, as well as adjacent structures. The appropriate body placement, puncture site on the body surface, optimal puncture trajectory, and antenna number were confirmed. All percutaneous MWA procedures were performed using a sterile technique under local anesthesia, with the patients under moderate sedation. After achieving satisfactory anesthesia, the procedure was performed by positioning the antenna into the initially planned site. After using CT to ascertain that the antennae were properly positioned, we performed MWA at the predetermined power and time. The range of the ablation zone was monitored in real-time on CT, and when it was 5–10 mm beyond the lesion boundary, the ablation procedure was terminated, the antennae were immediately withdrawn from the lesion, and the puncture wound was disinfected and bandaged. At the end of the procedure, a repeat whole-lung CT scan was performed to assess technical success and immediate complications. The procedure was defined as a technical success when the tumor was treated according to protocol and completely covered (i.e., the ablation zone completely overlapped or encompassed the target tumor plus an ablative margin). The patient’s electrocardiographic tracing, heart rate, respiratory rate, oxygen saturation, and blood pressure were continuously monitored throughout the MWA session and for an additional 6 h after their safe return to the ward (Figure 1).




Figure 1 | A 72 year-old man with a history of COPD and a FEV1 value of 51.2% underwent CT guided microwave ablation after pathological diagnosis of adenocarcinoma in situ. (A) Pathology verified adenocarcinoma in situ. (B) A ground glass nodule with a diameter of 1.7 cm located in the left upper lobe. (C) MWA was conducted with the power of 65 W for a total of 4.5 min. (D) The immediate CT scan showed the nodule was surpassed by the exudative change. (E) A CT scan showed moderate pneumothorax 24 hours post-ablation. (F) Pneumothorax was resolved 72 hours post-ablation. (G) The ablative zone shrank and increased in density one month post-ablation. (H) The CT ablative zone further reduced one year post-ablation.





Equipment and VATS procedure

The VATS procedure was performed using an IMAGE1 HD video system (Karl Storz, Inc., Germany), a Harmonic ultrasonic scalpel (Ethicon Endo-Surgery, LLC, Puerto Rico, USA), and an Endo GIA Ultra Universal Stapler (Covetingly, MA, USA).

The VATS procedure was performed under general anesthesia with single-lung ventilation, which was accomplished with either dual-lumen endotracheal tubes or single-lumen tubes and bronchial blockers. The patient was placed in a left-sided lateral position with the right hemithorax slightly overextended so that the intercostal spaces could be expanded to facilitate the operation. A single incision approximately 4 cm long was made along the fifth intercostal space just anterior to the midaxillary line. Hilar dissection was performed through the anterior incision. Dissection of the pulmonary vessels and bronchi was performed in the same manner as in open surgery. Endoscopic linear staplers were used for individual vessel and bronchial ligation. Parenchymal resection margin ≥ 2 cm should be achieved. The lobe was placed in a specimen bag for retrieval after complete resection. Mediastinal lymph nodes were not dissected or only sampled. After the operation, a 28 F chest tube was placed at the apex of the thorax, and an 18 F soft tube was left in the part of the thorax most dependent on drainage. No extra incision was made for drainage. Both chest tubes were connected to a water seal drainage system without suction. The 28 F tube was removed 48 h after surgery when there was no air leak and the lung showed good expansion. The 18 F tube was kept until discharge, when the drainage was <150 mL/d (32–34) (Figure 2).




Figure 2 | A 52 year-old woman with multiple GGNs underwent resection of apical posterior segment of left upper lobe and lymph node sampling. (A) A ground glass nodule with a diameter of 1.5cm located in the left upper lobe. (B) Postoperative pathology showed minimal invasive adenocarcinoma with no lymph node metastasis. (C) Soft tissue-density mass and linear stapler can be seen in the operation area on the CT image one month after surgery. (D) The soft tissue density mass in the operation area shrank 7 months after surgery. (E) The operation area formed fibrous scar 14 months after surgery.





Follow-up and outcome assessment

Contrast-enhanced chest CT was performed monthly for the first 3 months post-MWA and -VATS and then every 3 months for the first year. Thereafter, the follow-up intervals were extended to 6 months. For those patients who underwent MWA, we assessed the local ablation effect by signs and dynamic changes in the lesion on a series of repeated contrast-enhanced CT scans and used the lesion at 4–6 weeks post-MWA as the baseline for comparisons. The local effect of the ablative response included complete ablation, incomplete ablation, and local progression (35, 36). For the patients who underwent VATS, we applied the Response Evaluation Criteria in Solid Tumors version 1.1 to assess responses (37). We used the follow−up results to assess the 3-year LPFS, CSS, and OS. LPFS was defined as the time interval from the initial MWA or VATS to the first radiologic evidence of local progression. CSS was defined as the time interval from the initial MWA or VATS to 3 years or cancer−related death. The OS was defined as the time interval from the initial MWA or VATS to death from any cause. We also recorded the length of the hospital stay. The during of hospital stay including both the periods before and after ablation



Cost

We identified the direct and indirect costs of MWA and VATS but only included the direct costs during hospitalization in this study. The direct costs included the cost of MWA or VATS treatment during hospitalization, mainly comprising the fees for medicine, laboratory tests, examination, anesthesia, ICU, operation, medical supplies, blood transfusion, etc. (38–41). The cost of hospitalization was determined by reviewing the billing details of hospitalization expenses.



Complication assessment

Complications were assessed based on the number of ablation procedures. The severity of injuries to patients was classified as major or minor according to the Cirse Quality Assurance Document and Standards for Classification of Complications: The Cirse Classification System (42, 43). Major complications were defined as events that led to substantial morbidity and disability (e.g., unexpected loss of an organ), an increased level of care, hospital admission, or a substantially prolonged hospital stay (classifications 3–5). This also included any case where a blood transfusion or an interventional drainage procedure were required. Any patient’s death within 30 d after image-guided tumor ablation was addressed (classification 6). All other events were considered minor complications (classifications 1–2). VATS complications were classified according to surgical complications (44).



Statistical analysis

All statistical analyses were performed using SPSS 17.0 software (SPSS, Chicago, IL, USA). Categorical variables were presented as numbers and percentages. Continuous data were presented as means and standard deviations. We compared local and control rates using the chi-square test and length of hospital stay and cost using an independent t-test. Survival curves were constructed using the Kaplan–Meier method and compared by the log-rank test. A p value < 0.05 was considered statistically significant.




Results

As of April 1, 2022, no patients were lost follow−up, and the median follow-up time was 40.1 and 42.6 months in the VATS and MWA groups, respectively. All patients are under clinical observation and have not received any antitumor treatments, such as stereotactic radiation therapy, chemotherapy, targeted therapy, and immunotherapy.

Compared with the VATS group, those in the MWA group were older (66.40 vs. 56.70 years), predominantly male (54.5% vs. 40.8%), and had higher comorbidity of cardiovascular (28.7% vs. 9.7%) and pulmonary disease (33.7% vs. 12.6%). Other characteristics were comparable between the two groups (Table 1).


Table 1 | Baseline characteristics of enrolled patients.




Survival

In the VATS group, 1 (1.0%) patient showed local tumor progression 36.4 months after VATS and was subsequently treated with radiation therapy. At the 3−year follow−up, 103 of 104 VATS tumors were controlled. The 3−year LPFS, CSS, and OS rates were 98.9%, 100%, and 100%, respectively. No mediastinal lymph node and distant metastases were observed in any patients in the VATS or MWA groups.

In the MWA group, 4 (4.0%) patients showed local tumor progression. These patients underwent a second MWA, and complete ablation was achieved. At the 3−year follow−up, all ablated tumors (105 sessions) were under control. The 3−year LPFS, CSS, and OS rates were all 100%. There was no significant difference in 3-year LPFS (p = 0.423), OS(p=1.000), and CSS(p=1.000) between the VATS and MWA groups.



Cost and length of hospital stay

The mean length of hospital stay for the MWA group was significantly lower compared with the VATS group 6.0 vs. 10.0 d(p<0.001). Furthermore, the median cost, medicine fee, and medical supplies fee for the MWA group was lower than the VATS group (RMB 21,464.98 vs. RMB 54,314.36, RMB 2,516.23 vs. RMB 8,970.04, and RMB 7,568.14 vs. RMB 27,167.25, respectively; p < 0.001 for all). However, the laboratory and examination fees were similar between the two groups (5,252.70 vs. 6,103.50, p = 0.191). Other fees, including the operation, anesthesia, ICU, and blood transfusion fees, were only observed in the VATS group (Table 2).


Table 2 | The comparation of cost between the two groups.





Complications

The MWA and VATS procedures were successfully performed in all patients. Perioperative complications are listed in Table 3. Infection occurred in two patients in the VATS group. No respiratory failure was observed in either group. There were 51 (50.5%) and 7 (6.8%) patients in the MWA and VATS groups, respectively, who suffered slight pneumothorax after the procedure (p < 0.001). Only 10 patients (19.6) underwent classification 3 pneumothorax and chest tube drainage was conducted in the MWA group. No one underwent respiratory failure was observed in both groups.


Table 3 | The complications of enrolled patients.



Forced expiratory volume in the first second and forced vital capacity was similar between pre-ablation and one-month post-ablation. There were no significant differences in the incidence of mortality, pleural effusion, coronary/cerebral vascular events, and bleeding requiring reoperation between the two groups.




Discussion

During the past 2 decades, VATS has been established as the gold-standard surgical approach for lobectomy in patients with early-stage non-small-cell lung carcinoma (including GGN lung adenocarcinoma). VATS shows various advantages over open surgery, such as decreased blood loss, less pain, shorter hospital stay, more rapid recovery, preserved postoperative pulmonary function, and decreased inflammatory response. Furthermore, the early and late outcomes of VATS are comparable to or even superior to those of open thoracotomy (45–50). At present, many clinical studies have reported the efficacy and safety of percutaneous CT-guided MWA to treat GGN lesions (20–22, 51, 52). However, few studies have compared the differences in clinical outcomes, cost, and complications between MWA and VATS for GGN lung adenocarcinoma.

The follow−up results of this study showed a 3-year OS, LPFS, and CSS rate of 100% vs. 100%, 98.9% vs. 100%, and 100% vs. 100% in the VATS vs. MWA groups, respectively. No significant differences were observed in log-rank analysis between the groups (p = 0.171). Our findings suggest that MWA has similar efficacy to VATS in patients with GGN lung adenocarcinoma. Wang et al. reported a similar finding (52). For both MWA and VATS in the treatment of GGOs, the 3 year-OS and CSS were both 100%, local disease progression was only observed in 5 patients, which was significantly superior to those with solid tumors.

Our results demonstrate that MWA is less costly and results in a better quality of life (fewer complications) compared with VATS for patients with GGN lung adenocarcinoma (Table 3). The primary cost differences were associated with expenses related to the anesthesia, ICU, medical supplies, blood transfusion, and medicine fees. This suggests the superiority of the MWA approach compared with VATS and should consequently, from an economic standpoint, not discourage physicians or thoracic surgeons from implementing MWA in their practice. The length of hospital stay in the MWA group was shorter than in the VATS group because MWA for patients with GGN lung adenocarcinoma does not require general anesthesia or a stay in ICU. Additionally, there is less trauma and faster recovery. Furthermore, there are few serious complications post-MWA, which is one of the reasons for the shorter hospital stay.

For patients with multiple GGOs, ENB-guided microwave ablation combined with uniportal VATS is a treatment regimen. However, compared with CT guidance, the bronchoscopy guidance means the longer treatment interval and more cost. For those lesions located in the peripheral of the lung, CT guided MWA was superior to bronchoscopy guided MWA. However, for the GGOs located in the middle of the lung, the bronchoscopy guided MWA had the advantage (53). For patients with GGOs and contradiction to surgery, cryoablation was a treatment regimen. Compared with radical surgery, the cryoablation procedures are associated with less trauma, high efficacy rates, and fast recovery and is therefore applicable across a wide range of patient populations (54, 55).

Although compared with VATS, MWA had more pneumothorax, those with classification 3 pneumothorax was few. The pneumothorax did not affect the respiratory function and no respiratory failure was observed. So, the MWA in the treatment of GGN was safe.

There were some limitations to this study. First, it was a retrospective single-institution study. Second, there was a relatively small number of cases and a relatively short follow-up period. Third, we used the direct cost of medical treatment in a single hospital and did not calculate the indirect costs. Additionally, the cost of hospital readmission for serious complications related to MWA and VATS treatment after discharge and the cost of outpatient treatment during follow-up were not calculated. Fourth, due to the unbalanced development of MWA and VATS technology in different regions in China, the study population is not representative of the other regions of China. Therefore, a prospective, multicenter, randomized controlled study is necessary to evaluate cost and effectiveness in patients with early-stage GGN lung adenocarcinoma treated with MWA vs. VATS.

In conclusion, this study suggests MWA as an effective and safe option to treat early-stage GGN lung adenocarcinoma, with efficacy similar to VATS, a lower cost, and a shorter hospital stay. Despite being a newly incorporated technology, MWA provides an alternative treatment for this disease. In the future, a prospective, multicenter, randomized controlled study is necessary to evaluate the cost and efficacy of MWA in the treatment of early-stage GGN lung adenocarcinoma.
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Objective

To compare single ultrasound-guided thoracic paravertebral block (TPVB) using a large volume of anesthetic with local anesthesia (LA) in computed tomography (CT)-guided pulmonary microwave ablation.



Subjects and methods

Eighty patients who underwent CT-guided microwave ablation of pulmonary tumors were randomly divided into the TPVB group and the LA group. Patients of the TPVB group were anesthetized with a single injection of a large volume (40 ml) of 0.375% ropivacaine injection at T4, and those of the LA group had local infiltration by the surgeon at the puncture site, and emergency rescue with propofol injection was administered when the patient could not tolerate pain in either group. The following variables were recorded in both groups: general conditions; volume of propofol injection for emergency rescue during ablation; visual analog scale (VAS) scores during ablation and at 0, 2, 12, and 24 h after ablation; the need to use analgesics for rescue within 24 h after ablation; number of ablations; number of punctures performed by the surgeon; patient’s movements during puncturing; and puncturing-associated complications.



Results

Compared with the TPVB group, the amount of emergency use of propofol injection was significantly more in the LA group (P < 0.05). There were no significant differences in the VAS scores recorded intraoperatively and at 0, 2, 12, and 24 h after ablation between the two groups (P > 0.05). There was a significant difference in the patient’s movements upon puncturing between the two groups (P < 0.05), but there were no significant differences in the numbers of punctures and ablations between the two groups (P > 0.05). The number of patients using analgesics within 24 h after the operation was also more in the LA group than in the TPVB group, and the difference between the two groups was statistically significant (P < 0.05).



Conclusion

Single ultrasound-guided TPVB with a large volume of anesthetic offers effective analgesia for microwave ablation of lung tumors, helping the patient cooperate with the operating surgeon to reduce injury from multiple lung punctures. Further studies are recommended to validate these findings.
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1. Introduction

Microwave ablation (MWA) is the application of electromagnetic waves with frequencies ≥9.2 × 108 Hz to treat solid tumors. By causing oscillation of polar water molecules, microwaves produce frictional heating and ultimately induce cellular death via coagulation necrosis. In recent years, MWA has become the preferred thermal ablation method (1), and MWA of lung tumors has shown good efficacy in lung metastases from colorectal cancer (2, 3) and thyroid cancer (4), in percutaneous pulmonary ablation for multiple pulmonary nodules (5), and in non-small cell lung cancer (6, 7) (Figure 1). However, MWA of lung tumors causes pain and discomfort during and after ablation; thus, the selection of an anesthetic modality is important. For MWA of lung tumors, the common anesthetic modalities include general anesthesia, local infiltration anesthesia, and nerve block. General anesthesia is an effective analgesic but also has some disadvantages. For instance, under general anesthesia, the patient cannot cooperate with the surgeon, which causes inconvenience to the surgeon.




Figure 1 | CT-guided microwave ablations of lung tumor.



Since Hara et al. reported ultrasound-guided thoracic paravertebral nerve block (TPVB) in 2007 (8), it has been widely used in thoracic surgery such as in thoracoscopic lung surgery (9), breast surgery (10), rib surgery, and mediastinal surgery and thoracotomies. TPVB has a good analgesic effect in these surgeries. In 2018, Ruscio et al. (11) reported the use of TPVB in computed tomography (CT)-guided percutaneous radiofrequency ablation of lung metastases, with the anesthesiologist performing CT-guided TPVB using 20 ml of 0.375% ropivacaine injection and 2.7 μg/ml of iodixanol. It was concluded that CT-guided TPVB was an effective, low-risk strategy that provided high-quality analgesia. However, CT-guided thoracic paravertebral block is not convenient and only used for analgesia in this study, and patients still need to complete the operation under general anesthesia, which makes patients still unable to cooperate with the surgeon during the operation.

Therefore, we hypothesized that TPVB alone could potentially keep the patient awake to cooperate with the surgeon and also achieve analgesia in MWA of lung tumors. Based on this hypothesis, the current study aimed to compare the intra- and postoperative pain in patients under ultrasound-guided TPVB using a single injection of 40 ml of local anesthetic administered at the T4 level with that of local infiltration anesthesia. This would provide a basis for TPVB alone to be used in MWAs of lung tumors and provide an effective and convenient anesthetic modality for the surgeon and patient.



2. Methods


2.1 Study design, settings, and participants

In accordance with the Declaration of Helsinki (National Health Council Resolution 196/96), written informed consent was obtained from all patients prior to participation in this randomized, parallel-group, clinical trial, and the trial was approved by the Ethics Committee of the Second Affiliated Hospital of Suzhou University (Ethics Committee JD-LK-2022-042-01). A total of 80 patients who underwent CT-guided MWA of lung tumor [age 29–88 years, body mass index (BMI) 16.61–29.38 kg/m2, American Society of Anesthesiologists (ASA) class I–III] were enrolled in the Interventional Department of the Second Affiliated Hospital of Suzhou University.

The inclusion criteria were as follows: 1) patients intended to undergo CT-guided MWA of lung tumor nodules or tumors, 2) age ≥18 years, and 3) ASA class I–III. The exclusion criteria include the following: 1) allergy to anesthetics, 2) long-term opioid use, 3) puncture site infection, 4) difficulty in communication, and 5) allergy to iodinated contrast media. The elimination criteria were 1) subjects who failed to comply with the established study protocol and 2) subjects with incomplete study data.



2.2 Sample size justification

The sample size for this study was determined according to the results of a pilot study. This study was a randomized, double-blind, controlled parallel-group trial. The intervention group was the TPVB group, while the control group was the LA group. The primary outcome was the volume of propofol injection used for emergency rescue during ablation. Based on the results of the pilot study, the volume of propofol injection used was 96 ± 35.777 ml in the LA group and 50 ± 70.711 ml in the TPVB group. The following statistics were adopted: α = 0.05 (bilateral), power = 0.90, and N1 = N2. The sample size was calculated by using PASS 15 software to be N1 = N2 = 33. Assuming a rate of loss to follow-up of 10%, a sample size of N1′= N2′= 33 ÷ 0.9 = 37 was required. A total of 80 patients were finally enrolled in the two groups.



2.3 Randomization

A patient was assigned to the TPVB group or the LA group by using a computerized random-number generator. Opaque envelopes containing a set of materials for either group were prepared prior to subject enrollment, which were sealed and numbered sequentially. After a participant agreed to participate in the trial, the next envelope in the sequence was opened by the coordinator who was not involved in the patient intervention.



2.4 Blinding

To control for possible measurement bias and high placebo effect due to active treatment in this study, the following measures were taken: 1) patients discussed their relevant treatment strategies with their treating doctor only, but not with the investigator; 2) two licensed anesthesiologists managed the anesthetic process for the patient; 3) two independent assessors instructed the patient on and administered VAS scoring in the trial; 4) two independent assessors tested the levels of skin hypoesthesia in patients who were intervened; and 5) two investigators who did not participate in the patient assessment were responsible for the blinding and randomization processes.



2.5 Interventions


2.5.1 Ultrasound-guided TPVB localization and puncturing

The patient was placed in the prone position. Ribs 1 to 4 were identified from top to bottom by using a low-frequency ultrasound probe (Vinno Technology, Suzhou, China) placed next to the spine, and the fourth rib was marked with a marker pen.



2.5.2 Puncturing

At the fourth rib, the low-frequency ultrasound probe was paralleled to the short axis of the body, and the transverse process and pleura were located and identified in this plane. Using the planar technique, the needle was inserted from the lateral side to the medial side and advanced until it entered the triangle formed by the parietal pleura (anterior), the intercostal membrane, and the intercostal innermost muscle (posterior) Figure 2. The needle tip and puncture path were clearly displayed during the puncturing process. The puncture needle was advanced to the vicinity of the pleura. The water separation technique was used to observe the pressure beneath the pleura, and the syringe plunger was withdrawn if pressure was present beneath the pleura. If no air or blood was drawn, 40 ml of 0.375% ropivacaine was injected. If there was no pressure beneath the pleura, the puncture needle was adjusted until pressure beneath the pleura was observed; the remaining steps were then performed Figure 3.




Figure 2 | Ultrasound-guided paravertebral puncturing.






Figure 3 | Echocardiography of ultrasound-guided TPVB (TP, transverse process).



To ensure the consistency of the puncturing procedure throughout the trial, ultrasound-guided TPVB was performed by one anesthesiologist experienced in nerve block.




2.6 Supplementary analgesic use

Rescue with propofol injection for anesthesia and analgesic use for pain relief were allowed after ablation in all patients. Analgesics were used in the following order: non-steroidal anti-inflammatory analgesics, weak opioids, and strong opioids. The use of any analgesics within 24 h after ablation was recorded.



2.7 Instruments and assessments

The visual analog scale (VAS) employed in this study has been widely used clinically. Two independent assessors trained the patient on VAS scoring. Two other independent assessors were trained in testing the plane of skin hypoesthesia after ultrasound-guided TPVB.



2.8 Outcomes


2.8.1 Primary outcomes

The volume of propofol injection is required for emergency intraoperative intravenous rescue. Propofol injection at a dose of 1–2 mg/kg was given intraoperatively when the VAS score was ≥4 points to keep the patient unconscious until the end of ablation.



2.8.2 Secondary outcomes

Pain intensity was measured by using a 10-cm VAS. The VAS score ranges from no pain (0) to worst pain (10). The VAS scores were recorded intraoperatively and at 0, 2, 12, and 24 h postoperatively. Intraoperative VAS scoring helped determine the intensity of pain and whether emergency intravenous rescue was required. The VAS scores at 0, 2, 12, and 24 h postoperatively revealed the intensity and duration of pain following ablation and helped analyze the intensity and influencing factors of postoperative pain.



2.8.3 The patient’s reactions to intraoperative puncturing through the pleura

The surgeon required the patient to remain immobile during ablation to reduce lung injury from punctures. The disappearance of this reaction may reduce the number of punctures and indirectly reduce lung injury.



2.8.4 Puncturing-associated complications

These included pneumothorax, bleeding, and local anesthetic poisoning.




2.9 Statistical analysis

Statistical analyses were performed by using SPSS 25.0. Data of normal distribution are expressed as mean ± standard deviation. Measurement data were compared by t-test. Paired t-tests were performed for intragroup comparison. Chi-square tests were conducted to compare enumeration data. Rank-sum tests were performed to compare measurement data of non-normal distribution and ranked data. A P-value <0.05 was deemed statistically significant.




3. Results


3.1 General data

Eighty patients with lung tumors were enrolled and randomized into two groups. Demographic data (age and sex), BMI, and ASA classification are presented in Table 1.


Table 1 | Age, sex, BMI, and ASA classification of the patients.





3.2 Primary outcomes

All 40 patients in the LA group received an emergency rescue with propofol injection (1–2 mg/kg) for intolerable intraoperative pain due to ablation, while only 7 patients in the TPVB group received emergency sedation with propofol injection (Table 2).


Table 2 | Comparison of propofol volume, VAS scores, and use of analgesics within 24 h after ablation between the two groups.



Intraoperative VAS scoring indicated severe pain in 9 patients, moderate pain in 8 patients, and mild or no pain in 23 patients in the LA group and severe pain in 5 patients, moderate pain in 10 patients, and mild or no pain in 25 patients in the TPVB group. VAS scoring immediately after ablation indicated severe pain in 1 patient, moderate pain in 2 patients, and mild or no pain in 37 patients in the LA group and severe pain in 3 patients, moderate pain in 6 patients, and mild or no pain in 31 patients in the TPVB group. VAS scoring at 2 h after ablation indicated severe pain in 1 patient, moderate pain in 1 patient, and mild or no pain in 38 patients in the LA group and severe pain in 0 patients, moderate pain in 2 patients, and mild or no pain in 38 patients in the TPVB group. VAS scoring at 12 h after ablation indicated severe pain in 1 patient, moderate pain in 3 patients, and mild or no pain in 36 patients in the LA group and severe pain in 3 patients, moderate pain in 0 patients, and mild or no pain in 37 patients in the TPVB group. VAS scoring at 24 h after ablation indicated severe pain in 0 patients, moderate pain in 2 patients, and mild or no pain in 38 patients in the LA group and severe pain in 2 patients, moderate pain in 0 patients, and mild or no pain in 38 patients in the TPVB group. There were no significant differences in the VAS scores recorded intraoperatively and at 0, 2, 12, and 24 h after ablation between the two groups (P > 0.05) (Table 2).

Thirty-two patients in the LA group and 6 patients in the TPVB group received analgesic rescue within 24 h after ablation, and there was a significant difference between the two groups (P < 0.05) (Table 2).

Upon puncturing through the pleura, movement was recorded in all 40 patients in the LA group but in only 2 patients in the TPVB group, and this difference between the two groups was significant (P < 0.05) (Table 3).


Table 3 | Comparison of patient’s movements, number of nodules ablated, and number of punctures between the two groups.



The number of nodules ablated per patient differed insignificantly between the LA group and the TPVB group [1 (1) vs. 1 (1)] (P > 0.05) (Table 3).

There were no significant differences in the number of punctures between the LA group and the TPVB group [9 (9) vs. 8 (6)] (P > 0.05) (Table 3).

In the LA group, there were 63 puncture sites across C7 to T9, and 1 patient had an ablation site close to the diaphragm. In the TPVB group, there were 57 puncture sites, and 2 patients had an ablation site close to the pleura (Table 4).


Table 4 | Puncture sites and ablation sites close to the pleura or diaphragm.



There was skin hypoesthesia in a minimum of 1 segment and a maximum of 10 segments (an average of 4.625 segments) following ultrasound-guided TPVB (Figure 4).




Figure 4 | Skin hypoesthesia in 40 patients following ultrasound-guided TPVB.



No puncturing-associated complications occurred in 40 patients following ultrasound-guided TPVB.




4. Discussion

Pain during MWA of lung tumors predominantly stems from 1) local skin puncture (12); 2) heat transferred to the surrounding tissues during ablation (7); 3) intercostal neuralgia caused by ablation near the pleura, especially near the intercostal nerve (7); and 4) phrenic nerve injury from ablation near the mediastinum or phrenic nerve or referred pain of the shoulder caused by hampered conduction of the phrenic nerve (13). Determining the underlying causes of pain in MWA of lung tumors helps with the selection of appropriate anesthetic modalities and facilitates both intra- and postoperative analgesia. The puncture sites for MWA of lung tumors spanned widely from C7 to T9, and one patient even had more than two MWAs of lung tumor sites; hence, a large volume of ropivacaine (40 ml) was injected at a single site.

There is evidence of some experiences with anesthesia for pulmonary MWA. Kashima et al. used 0.5%–1% lidocaine hydrochloride injection for local infiltration anesthesia in combination with 0.1–0.2 mg of fentanyl for analgesia (14). Hoffman et al. compared general anesthesia with conscious sedation and found that general anesthesia was better for anxious, restless patients and for those unable to hold their breath during needle positioning (15). Ruscio et al. reported the use of ultrasound-guided TPVB in CT-guided pulmonary percutaneous radiofrequency ablations and found that ultrasound-guided TPVB was an effective, low-risk, high-quality modality of analgesia (11). García et al. further demonstrated the advantages of ultrasound-guided TPVB in a case report of pulmonary radiofrequency ablation, suggesting that a single ultrasound-guided TPVB was an effective and safe technique that led to high patient satisfaction and low complication rates. TPVB enables better cooperation between the patient and surgeon while providing good analgesia, which minimizes the risk of pneumothorax by maintaining spontaneous ventilation and has a low failure rate (estimated at 1.98%) (6). In the current study, the volume of intraoperative propofol injection required for emergency rescue was significantly smaller in the TPVB group compared with that in the LA group, which directly indicated that more patients in the TPVB group remained awake during ablation and were better able to cooperate with the surgeon to hold their breath during puncturing (15). Furthermore, compared with the LA group, significantly fewer patients in the TPVB group received emergency analgesic rescue within 24 h after ablation. There were no differences in the VAS scores recorded intraoperatively and at 0, 2, 12, and 24 h after ablation, which were mainly related to the emergency rescue with propofol injection if the intraoperative VAS scores were 4 or more points and to the postoperative analgesic rescue with analgesics. The primary objective of both rescues was to relieve the patient’s pain.

In the present study, no puncturing-associated complications occurred in the 40 patients receiving ultrasound-guided TPVB, which may relate to the skillfulness of the operator and may also relate to the small number of cases. This requires verification by studies with larger sample sizes.

This study does have some limitations. Firstly, a large volume (40 ml) of ropivacaine was injected at a single site on the T4 level. Surgeons select the puncture site according to the location of the patient’s tumor, several sites of the same patient can be punctured at the same time, and different body positions will affect the selection of the ultrasound-guided thoracic paravertebral puncture site. Improvements will be made in future studies to adjust the puncture site for TPVB based on the surgical site and to observe the effect of the surgeon’s puncture site and the puncture site for ultrasound-guided TPVB on the control of ablation-induced pain. Secondly, when lung ablation was in the vicinity of the diaphragm, the pain could not be completely controlled. This is because phrenic nerve block has a certain probability of diaphragm inhibition, and phrenic nerve inhibition will affect the patient’s respiration to some extent. Thirdly, no sedatives were routinely administered in this study. In future studies, consideration will be given to how the use of sedatives can ensure that the patient can cooperate with the surgeon during the procedure.



5. Conclusion

Single ultrasound-guided TPVB with a large volume of anesthetic can provide effective analgesia for most MWAs of lung tumors, and patients can better cooperate with the surgeon to reduce injury from multiple lung punctures. Multicenter clinical studies with larger sample sizes are required in the future to validate the findings of the current study.
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Background

Interventional embolization is a common treatment for hemoptysis, one of the complications of lung cancer. However, there are no official guidelines for the use of this method in antitumor therapy.



Case Description

Herein, we describe a case of a patient who was pathologically diagnosed as central squamous cell lung cancer. The patient received chemotherapy, interventional embolization and radiotherapy successively. The tumor regressed rapidly within 48 hours of receipt of interventional embolization. Furthermore, the tumor decreased by more than 50% in size within 7 days during radiotherapy. Unfortunately, the patient has since developed lymph node metastases and remains under treatment.



Conclusions

Thus, finding the suitable blood vessel embolized may be a suitable option to reduce the local tumor load and can be considered as antitumor therapy in combination with other treatments. The patient’s theoretical hypoxia state after interventional therapy still produced a good tumor regression after radiotherapy. However, so far, no related studies have reported the changes of tumor immune microenvironment in human body after intervention and radiotherapy.





Keywords: lung cancer, hemoptysis, interventional embolization, combined treatment, case report



Introduction

Interventional embolization is a minimally invasive treatment that aims at blocking blood flow by placing embolic materials to achieve the purpose of treatment. It is often used to treat patients with hemoptysis (1, 2) but is rarely used as an antitumor therapy. However, based on its mechanism of action, bronchial arterial embolization (BAE) as an auxiliary means of local antitumor therapy may be capable of providing a good response (3–8). Here, we report a case of tumor remission achieved through this intervention when used in combination with other treatments. Although it is not a conventional clinical treatment, considerable therapeutic effect was seen in this case. We present the following case in accordance with the CARE reporting checklist.



Case presentation

A 57-year-old Chinese man was admitted to the respiratory department at a regional hospital owing to hemoptysis and cough, no obvious cause was identified, and the patient denied having chest pain, fever, shiver, and other concomitant symptoms. The patient’s social history was as follows: 60-pack years and 30 years of significant alcohol intake; however, he had been sober for 10 years. There was no other relevant medical history of note, and the patient revealed no genetic, congenital, or developmental abnormalities. Unfortunately, the family genetic history was not provided. The patient had not received any prior treatment for these symptoms. Physical examination revealed that the superficial lymph nodes of the whole body were not palpable or enlarged. The breathing sounds of both lungs were clear, and no coarse or fine crackles were heard. Computed tomography (CT) scan revealed an irregular large soft tissue mass in the right hilar region, invading the right main bronchus, narrowing, and truncating with atelectasis. The tumor diameter was 52.85 mm (mediastinal window images were uniformly used for measurement and comparison) with atelectasis (Figure 1A). Histological examination of a transbronchial specimen confirmed that the tumor was a squamous cell carcinoma (SCC). No lymph node metastases or distant organ metastases were identified. Based on the 8th Edition Lung Cancer Stage Classification, it was diagnosed as right central lung SCC with right upper lobe atelectasis (stage cT3N0M0, IIB) (9).




Figure 1 | Comparison of mediastinal window CT images in four different periods: (A) Before treatment initiation (2020-10-12); (B). After two cycles of chemotherapy (2020-11-25); (C) At the end of the 5th fractionation of radiotherapy (2020-12-9); (D) At the end of the 10th fractionation of radiotherapy (2020-12-16). CT, computed tomography.



As the tumor was close to the carina, a multidisciplinary team (MDT) consultation was undertaken; the team consisted of a medical oncologist, a thoracic surgeon, a radiologist, and a pathologist. As the MDT concluded that the risks associated with the surgical resection of the tumor were very high, it was not considered at the time. A treatment plan was developed for induction chemotherapy with sequential thoracic radiotherapy since the large diameter of the tumor and vascular invasion. Paclitaxel (albumin-bound) 400 mg D1 combined with carboplatin 500 mg D1 on a 21-day cycle was used for induction chemotherapy. The first treatment cycle began on October 16, 2020, and the two-cycle efficacy was evaluated as stable disease (Figure 1B).

At the end of the first round of chemotherapy, the patient again presented with cough with hemoptysis in the early morning of the 3rd day; the blood was dark red and of approximately 10-15 ml. Routine blood test revealed that the bleeding was not caused by thrombocytopenia, a common adverse reaction to chemotherapy. Bronchial artery embolization was performed twice during chemotherapy to address the symptoms. The first embolization was performed on October 19, 2020. The interventional doctor injected the contrast medium into the thickened artery— the trunk of the right middle and lower lobe bronchial artery; this helped to clearly stain the tumor, and the staining disappeared after poly vinyl alcohol (PVA) microspheres measuring 300–500 mm in diameter was injected into the arteries. However, the results were unsatisfactory, and the patient’s hemoptysis did not reduce in intensity following the procedure. A second embolization was performed 6 weeks later (December 2, 2020). The PVA microspheres with a diameter of 100-300mm and two coils with diameter 2cm/crimp diameter 2cm (2-2) were injected into the right upper lobe bronchial artery; and four coils with diameter 2cm/crimp diameter 2cm (2-2) were injected into the right middle lobe bronchial artery. The patient’s hemoptysis disappeared; no chemotherapeutic drugs were used in either procedure. The patient tolerated the intervention, and there were no adverse reactions, such as fever, headache, nausea, or vomiting. On the second day after embolization, intensity-modulated radiation therapy (IMRT) was initiated at a dose of 60 Gy for 30 fractions. On December 9, 2020, enhanced CT performed during radiotherapy to reposition the patient revealed that the tumor had significantly reduced in size to 21.16 mm (Figure 1C). On December 16, 2020, after the 10th radiotherapy fractionation, an enhanced CT scan revealed that the tumor had reduced to 18.11 mm in size. It remained this size for 4 months (Figure 1D). Unfortunately, the patient has since developed lymph node metastases (occurred 3 months after radiotherapy) and remains under treatment. The patient provided informed consent for publication of this case report.



Discussion

In this case, the SCC of the lung markedly reduced after interventional therapy. Albumin-bound paclitaxel-carboplatin combination is a standard chemotherapy regimen for SCC of the lung. The patient first received two cycles of this regimen as induction chemotherapy, with resultant stabilization of disease (10). The hemoptysis symptoms worsened during chemotherapy, indicating that the tumor was not satisfactorily controlled; two BAEs were therefore performed. Different blood vessels were used in both embolization processes. The first embolization was performed on the right lower lobe bronchial artery. Although the interventional doctor identified the responsible vessels on injection of contrast media before and after embolization, the hemoptysis was not completely relieved. Angiography of the tumor and its vasculature was repeated; it was noted that the tumor was located at the junction of the upper and middle lobes of the right lung (Figure 2). Therefore, the small right upper lobe bronchial artery was embolized the second time, and the embolization of the middle lobe bronchial artery was improved. On the second day after the surgery, the patient expectorated soft, grayish-red tissue (December 4, 2020). This was pathologically confirmed as SCC, and it was reported as being necrotic and friable. This suggests that the rapid reduction of the tumor likely occurred within 48 hours after the interventions discussed in this case study. Successive imaging during radiotherapy also confirmed this.




Figure 2 | Imaging of tumor under contrast medium perfusion. Right bronchial artery angiography showed that the tumor at the right hilum was mainly supplied by two blood vessels (A). They are (1) the right upper lobe bronchial artery; (2) the right middle lobe bronchial artery; (3) the right bronchial artery flowing through part of the middle lobe and lower lobe; (4) the right inferior lobe bronchial artery; and (5) the trunk of the right middle and lower lobe bronchial artery. The red dot represented the general location of the first embolization; and the green dot represented the location of the second one. (B) The bronchial artery was embolized by injection of microspheres and coils until the vascular enhancement image disappeared.



The maximum diameter of the tumor decreased by more than half (from 44.27 mm to 21.16 mm) on day 7 after therapeutic intervention following the administration of only 5 fractions of radiation (cumulative dose: 10 Gy), considerably less than the current, effective antitumor dose recommended (11). Therefore, we hypothesize that the short-term effect on the tumor is related to bronchial artery embolization. Vascular occlusions are caused by placing embolic material upstream of the target blood vessels to occlude it and prevent hemoptysis. In fact, interrupting the blood supply can block the supply of nutrients necessary for tumor growth and enable necrosis. However, it is difficult to block the blood supply entirely in the clinical setting. Thus, embolization is typically used as a treatment for hemoptysis, and it is rarely used in local antitumor therapy.

Tumors can develop new vascular branches when the primary blood supply is blocked. These new branches are often very small and difficult to observe with the current imaging techniques. Even if a blood vessel is identified, its small lumen diameter makes the surgical procedure challenging. In a study by Fujita et al. (7), bleeding did not stop immediately in 18% patients with hemoptysis who received BAE. This was due to the incomplete embolization of the contributory vessels. Some large tumors invade the mediastinum and the thoracic wall, precluding complete embolization of the contributory arteries (7).

Furthermore, it is challenging to choose the appropriate embolus. Arteries are elastic, and if the embolization procedure is not secure, blood may flow through, resulting in embolization failure. Many types of embolic agents are clinically used, each with distinct properties. Because of its small diameter, ethiodized oil injection can cause complications, such as spinal cord injury and cerebral embolism. There is also the disadvantage of incomplete embolization. Gelatin sponge particles have good flexibility, excellent transport ability, and better fusion with the target vessels; thus, embolization is thorough. However, due to their biodegradability, blood flow is easily restored (12, 13), necessitating multiple interventional therapies to be performed (14, 15).

In China, some physicians perform palliative treatment through interventional therapy combined with chemoembolization by administering chemotherapeutic drugs directly into the tumor-feeding artery. This can significantly increase the local drug concentration in the tumor and reduce systemic adverse reactions (16). Zhao RF et al. (17) studied 50 patients with lung carcinoma who were administered chemotherapeutic drugs with Embosphere® Microspheres (Merit Medical, Utah, USA) into target vessels. The efficacy of the intervention was evaluated one month after the third treatment. An overall effective rate of 88% was observed—9 patients (18%) had complete responses, 35 (70%) had partial responses, and 6 (12%) had no change. A prospective study also achieved good responses. Liu S et al. (18) used CalliSpheres drug- eluting beads-bronchial artery chemoembolization embolization (DEB-BACE) to treat 21 refractory non-small cell lung cancer (NSCLC). After treatment the quality of life was significantly improved, and no serious adverse events such as spinal cord injury and cerebral embolism during the perioperative period. However, in the current case, the patient was significantly relieved only by simple embolization, which suggests that finding specific target vessels is of vital importance for killing tumors. Combined chemotherapy can achieve the effect of icing on the cake.

In addition, the patient received IMRT on day 2 following the intervention, and the tumor continued to regress during radiotherapy. After the 10th radiotherapy session, the maximum diameter of the tumor was 20 mm. Theoretically, tumor cell hypoxia is exacerbated by embolization, which could promote the development of dormant carcinoma stem cells, sustain their potential for proliferation and differentiation, and reduce tumor sensitivity to radiotherapy. Further research is required to explore the process of continuous tumor regression in patients undergoing radiotherapy and how embolization alters the tumor microenvironment (19).

Although BAE is not a routine treatment per the National Comprehensive Cancer Network Guidelines for non-small cell lung cancer, its anticancer effect could be underestimated. Local interventional embolization combined with systemic therapy could be an excellent strategy to control the overall tumor load. The selection of suitable blood vessels is imperative. The timing of embolization and the mode of combination of constituents are topics for further research.
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VAS score 12 h after ablation 0(1) 0(1) 0.287
VAS score 24 h after ablation 0(1) 0(1) 0.333
Use of analgesics within 24 h after 32/8 6/34 <0.001
ablation (Y/N)
Patient’s movements during puncturing 0/40 38/2 <0.001

(N/Y)

Values outside the parenthesis: median; values in parenthesis: interquartile spacing.
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Variable

Age (years)
BMI (kg/m?)
ASA (I/TI/TIT)
Sex (F/M)

LA group

57.33 + 13.96
2247 +3.45
12/24/4
17/23

TPVB group

57.13 £ 14.69
22.64 +£3.09
19/16/5
22/18

P-value

0.732
0.310
0.193
0.263
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Characteristic

Value

Age

Average age (years)
Gender

Male

Female

Pathological diagnosis
Adenocarcinoma
Lung metastasis
Number of lesions
Single leison

Two leisons

Location

Left lung

Right lung

Lesion size (cm)
Operation time (min)
Ablation power (W)
Ablation duration (min)
Follow-up period (m)

56.86 + 13.05 (23-73)

9 (40.91%)
13 (59.09%)

10 (45.45%)
12 (54.55%)

21
1

6 (27.27%)
16 (72.73%)
1.26 +0.65 (0.50-2.58)
71.77 + 25.71 (36-158)
81.32 + 7.31 (60-90)
557 + 1.71 (3.0-9.0)
12.89 + 4.33 (2.0-19.6)
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N=77 Percent(%)

Tumor size (cm)

Mean(+SD) 3.3+22
<3 38 494
>3 39 50.6
Location of tumors
Left lung 37 48.1
Right lung 40 51.9
Location of tumors
Upper lobe 42 54.5
Middle and lower lobe 35 45.5

Location of tumors

Upper right lobe 19 246
Middle right lobe 9 11.7
Lower right lobe 11 14.3
Upper left lobe 23 29.9
Lower left lobe 15 19.5

Number of antennas

1 31 40.3
2 43 55.8
3 3 39
Power
30W 14 18.2
40W 30 39.0
50W 18 234
60W 15 19.5

Ablation Duration (minutes)

Mean+SD 14.69.1

SD, standard deviation; W, watt.
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Variables

Response

CR

PR

SD

PD

DCR (%)
Status

Survival

Death
6-month PFS rate (%)
12-month PFS rate (%)
6-month OS rate (%)
12-month OS rate (%)

Overall (n = 77)

/
9(11.7%)
38 (49.4%)
30 (39.0%)
61.0 (47/77)

27 (35.1%)
50 (64.9%)
416 (32/77)
15.6 (12/77)
66.2 (51/77)
24.7 (19/77)

Group A (n = 28)

/
5 (17.9%)
19 (67.9%)
4(14.3%)

85.7 (24/28)

12 (42.9%)
16 (57.1%)
75.0 (21/28)
17.9 (5/28)
78.6 (22/28)
28.6 (8/28)

Group B (n = 49)

/
4(8.2%)
19 (38.8%)
26 (53.1%)
46.9 (23/49)

15 (30.6%)
34 (69.4%)
22.4 (11/49)
14.3 (7/49)
59.2 (29/49)
22.4 (11/49)

P-value

0.002

0.002
0.279

<0.001
0678
0.084
0.549

ASTRI-NSCLC, advanced standard treatment-refractory/ineligible non-small cell lung cancer; MWA, microwave ablation; DEB-BACE, drug-eluting bead bronchial artery
chemoembolization; CR, complete response; PR, partial response; SD, stable disease; PD, progression disease; DCR, disease control rate; PFS, progression-free survival; OS,

overall survival.
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N=77 Percent (%)

Camrelizumab therapy

Combination 32 41.6

Monotherapy 45 584
Treatment Regimen

First line 29 37:7:

Subsequent line 48 623
Combination regimens(N=32)

Targeted therapy 8 25.0

Chemotherapy 19 59.4

Targeted and chemotherapy 5 15.6
Treatment interval

Two weeks 45 58.4

Three weeks 32 41.6

Treatment interruption

Yes 13 16.9

No 64 83.1
Response

CR 3 39

PR 20 259

SD 23 29.9

PD 31 40.3
ORR

CR+PR 23 299

SD+PD 54 70.1
DCR

CR+PR+SD 46 59.7

PD 31 40.3

Disease progression
Yes 48 62.3
No 29 37.7

CR, complete response; ORR, objective response rate; DCR, disease control rate; PD,
progression disease; PR, partial response; SD, stable disease; MW A, microwave ablation.
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Variables Univariate analysis

Median OS (95% CI)

Tumor stage
n 12.0 (8.863-15.137)
\% 6.0 (1.067-10.933)
Previous radiotherapy
Yes 3.0 (0.000-7.132)
No 11.0 (9.189-12.811)

Tumor number
1 11.0(7.273-14.727)

>2 3.0 (0.000-9.365)
DEB-BACE/BAI cycles

1 3.0 (0.795-5.205)

>2 13.0 (8.443-17.557)
Postoperative immunotherapy

Yes 27.0 (0.335-53.665)

No 8.0 (3.626-12.374)

*Log-rank test was used.
**Cox proportional hazards regression analysis was used.

P-value*

0.030

0.048

0.026

<0.001

<0.001

Multivariate analysis

HR (95% CI) P-value*
0.001
1
0.363(0.202-0.655)
0.002

0.219 (0.085-0.561)
1

OS, overall survival; ASTRI-NSCLC, advanced standard treatment-refractory/ineligible non-small cell lung cancer; DEB-BACE, drug-eluting bead bronchial artery chemoembolization; Cl,

confidence interval: HR, hazard ratio; BAI, bronchial artery infusion chemotherapy.
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Gender
Male
Female
Age
<65
265
Smoking history
Non-smokers
Smokers
Histology
ADC
Non-ADC
Histology
sCC
Non-SCC
Stage
it
v
Distant metastases
No
Yes
Tumor size
<3 cm
=3 cm
Camrelizumab treatment
Monotherapy
Combination
Treatment interval
3 weeks
2 weeks
Response to camrelizumab
SD+PD
CR+PR
Response to camrelizumab

CR+PR+SD
PD

Median PFS (95% CI)

12.60 (8.784-16.41)
6.300 (0.000-12.56)

8.733 (1.032-16.43)
13.63 (9.292-17.97)

6.300 (0.323-12.27)
13.80 (5.362-22.30)

11.86 (7.937-15.80)
10.50 (8.280-12.72)

10.50 (8.369-12.63)
11.86 (7.919-15.82)

28.60 (13.68-25.70)
10.20 (6.899-13.43)

28.60 (13.84-25.05)
10.20 (6.975-13.36)

14.67 (10.19-19.14)
9.133 (6.945-11.32)

10.50 (6.930-14.10)
11.87 (6.623-17.11)

1043 (6.442-14.42)
1220 (9.084-15.32)

9.100 (4.903-12.56)
25.40 (8.347-42.45)

22.00 (19.95-14.13) 4.000 (1.227-6.839)

Univariate analyses

Multivariate analyses

HR (95% CI) Pvalue B SE. Wald
2.220 (1.045-4.715) 0.008 -0272  0.430  0.400
1.680 (0.927-3.044) 0.087 0.717 0.353  4.119
2.406 (1.227-4.718) 0.002 1228 0429 8176
1.276 (0.690-2.360) 0.437

1.081 (0.569-2.055) 0.811

0.447 (0.238-0.842) 0.040 0331 0.473 0491
0.446 (0.242-0.823) 0.030

1.644 (0.916, 2.950) 0.096 0.880 0.349 6349
1.007 (0.560, 1.812) 0.980

1.291 (0.720, 2.315) 0.391

0.355 (0.200-0.628) 0.002 1318 0418  9.960
6.141 (3.079-12.25)  <0.0001

df HR (95% CI)

1 0762 (0.328, 1.771)

1 2.047 (1.025, 4.090)

1 3.414 (1471, 7.920)

1 1393 (0.551, 3.519)

1 2411 (1.216, 4.779)

1 3.735 (1.648, 8.465)

P value

0.527

0.042

0.004

0.483

0.012

0.002

ADC, Adenocarcimona; CR, complete response; ECOG, Eastern Cooperation of Oncology Group; Non-ADC, non-adenocarcinoma; Non-SCC, non-squamous lung cancers PD,
progression disease; PR, partial response; SCC, squamous cell lung cancer; SD, stable disease.
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N=77 Percent (%)

Gender

Male 59 76.6

Female 18 234
Age

Mean+SD(years old) 67.1+7.6

<65 years old 24 312

265 years old 53 68.8
Smoking history

Smokers 53 68.8

Non-smokers 24 312
ECOG

0 4 52

1 71 92.2

2 2 26
Pathology

Adenocarcinoma 50 64.9

Non-adenocarcinoma 27 35.1
Pathology

Squamous cell lung cancer 22 286

Non-Squamous cell lung cancer 55 714
Stage

11 17 22.1

v 60 77.9

Lymph nodes metastases
No 23 299
Yes 54 70.1
Distant metastases
No 19 247
Yes 58 75.3
EGFR mutations

Positive 9 11.7
Negative 26 33.8
Unknown 42 54.5

ALK mutations

Positive 0 0.0
Negative 35 45.5
Unknown 42 54.5

PD-L1 expression

Positive 11 14.3
Negative 4 52
Unknown 62 80.5

PD-L1 positive (TPS)
1%-49% 5 6.5
250% 6 78

ALK, anaplastic lymphoma kinase; ECOG, Eastern Cooperation of Oncology Group;
EGFR, epidermal growth factor receptor; N, number; PD-L1, programmed death-ligand-
1; SD, standard deviation; TPS, total proportion score.
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Number Gender

1 ‘woman
2 man
3 ‘woman
4 ‘woman
5 man
6 man

Age
(year)

55
68

47
78

Primary tumor
and pathological

classification

pulmonary
adenocarcinoma

colon cancer
bladder cancer

pulmonary
adenocarcinoma

liver cancer

pulmonary
adenocarcinoma

tumor Number maximum
stage of tumors tumor
(pcs) diameter
(cm)
1 2 17
v 1 1.0
v 1 13
1 1 19
IIb 3 1.0
1 1 15

Artificial

pneumothorax pleural effusion

volume (ml

200

200
200
200

300
100

Artificial

volume (ml)

400

200
400
300

500
500

complication

none

pneumothorax
none

none

pneumothorax

none
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ASTRI-NSCLC patients treated with DEB-BACE (n=109)

Excluded (n=32):

The combination therapy of MWA and BAI (n=14)
Incomplete data (n=7)

Concomitant radioactive seeds implantation during MWA (n=3)

Period between MWA and DEB-BACE longer than 1.5 months (n=3)
Lost to follow-up (n=5)

Included in study (n=77)

Combination therapy group (group A; n=28) DEB-BACE alone group (group B; n=49)
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Variables

Major complications
Pneumothorax
Pleural effusion
Bronchopleural fistula
Pneumonia

Minor complications
Pneumothorax
Pneumonia

Side effects
Chest pain
Pleural effusion
Post-ablation syndrome

MWA, microwave ablation.

Number

S oo =

Percentage (%)

17.9
3.6
0.0
0.0

143
3.6

17.9
3.6
214
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Variables Overall (n = 77) Group A (n=28) Group B (n =49) P-value

Mild adverse event

Chest congestion or pain 8 (10.4%) 3(10.7%) 5(10.2%) >0.999

Fever 5 (6.5%) 2 (7.1%) 3(6.1%) >0.999

Vomit 1(1.3%) 1(3.6%) 0 0.364
Moderate adverse event

Chest congestion or pain 4 (6.2%) 1(3.6%) 3(6.1%) >0.999

Fever 5 (6.5%) 1(3.6%) 4 (8.2%) 0.760

Myelosuppression 3(3.9%) 1 (3.6%) 2 (4.1%) >0.999
Severe adverse event / / / /
Life-threatening or disabling event / 7} / /
Patient death or unexpected pregnancy abortion / / / /

DEB-BACE, drug-eluting bead bronchial artery chemoembolization.
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Characteristics Number of Number of

cases lesions
N =62 N =284
Gender, No. (%)
Male 41 (66.13%) -
Female 21 (33.87%) -
Age (years), mean + SD 59.76 + 13.94 -
Tumor size(mm)*, median 19.00(16.00-25.00)
(IQR)
Primary tumor site, No. (%)
Lung
Squamous 7 (11.29%) 8 (9.52%)
Adenocarcinoma 21 (33.87)% 23 (38.10%)
Colorectal 24 (38.71%) 36 (42.86%)
Breast 5 (8.06%) 8 (9.52%)
Live 5 (8.06%) 9 (10.71%)
Treatment
RFA 44 (70.97%) 58 (69.05%)
MWA 10 (16.13%) 14 (16.67%)
Argon-helium knife 8 (12.90%) 12 (14.29%)

“Multiple lesions in the lung were treated by ablation one by one, and the largest diameter
of each lesion was counted here.RFA, radiofrequency ablation; MWA, microwave
ablation.
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Follow-up Complete ablation Incomplete ablation
Number of cases Number of lesions Number of cases Number of lesions

12-month ablation rate 87.10% 82.1% 12.90% 17.86%
Treatment

RFA 38/44 49/58 6/44 9/58
MWA 9/10 11/14 1/10 3/14
Argon-helium knife 718 9/12 1/8 3/12
Treatment after progression

Systemic chemotherapy * 2

Systemic chemotherapy + radiotherapy % 6

Condition assessment

Stable condition 47 2

Disease progression 7 4

Death 0 2

*Since complete ablation was achieved, no other treatments were performed during the follow-up period.
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Variables Overall (n = 77) Group A (n = 28) Group B (n = 49) P-value

Age (years) 67.6 +9.8 66.9+89 68.0 + 10.4 0.637
Gender 0219
Men 57 (74.0%) 23 (82.1%) 34 (69.4%)
Women 20 (26.0%) 5(17.9%) 15 (30.6%)
Comorbidity
Hypertension 26 (33.8%) 5(17.9%) 21 (42.9%) 0.026
Diabetes 11 (14.3%) 3(10.7%) 8 (16.3%) 0.735
Cardiocerebrovascular diseases 17 (22.1%) 6 (21.4%) 11 (22.4%) 0917
Pulmonary diseases 6 (7.8%) 2(7.1%) 4 (8.2%) >0.999
Tumor subtypes 0.995
Adenocarcinoma 28 (36.4%) 10 (35.7%) 18 (36.7%)
Squamous cell carcinoma 41 (53.2%) 15 (63.6%) 26 (53.1%)
Others 8 (10.4%) 3(10.7%) 5 (10.2%)
Tumor stage 0.760
i 45 (58.4%) 17 (60.7%) 28 (57.1%)
v 32 (41.6%) 11 (39.3%) 21 (42.9%)
Treatment history
Previous surgery 5 (6.5%) 2(7.1%) 3(6.1%) >0.999
Previous chemotherapy 24 (31.2%) 5(17.9%) 19 (38.8%) 0.057
Previous radiotherapy 10 (13.0%) 3(10.7%) 7 (14.3%) 0.654
Previous TKls 15 (19.5%) 3(10.7%) 12 (24.5%) 0.242
Radiological features
Tumor diameter (cm) 6.3+2.6 62+24 6.4 +2.8 0.737
Location 0.208
Lower or middle lobe 34 (44.2%) 15 (63.6%) 19 (38.8%)
Upper lobe 43 (55.8%) 13 (46.4%) 30 (61.2%)
Emphysema 20 (26.0%) 10 (35.7%) 10 (20.4%) 0.141
Extrapulmonary metastases 20 (26.0%) 6 (21.4%) 14 (28.6%) 0.492
Tumor number 0.285
1 65 (84.4%) 22 (78.6%) 43 (87.8%)
>2 12 (15.6%) 6(21.4%) 6 (12.2%)
Laboratory examinations
WBC (109/L) 78+26 82+28 76+25 0.294
Hb (g/L) 121.4 £ 18.4 1259+ 17.5 118.8 + 18.5 0.107
PLT (10°1) 265.2 + 89.8 279.0 + 89.1 257.4 +90.1 0311
PT(s) 11716 15+22 1.8+1.1 0377
Postoperative treatments
TKIs 21 (27.3%) 5 (17.9%) 16 (32.7%) 0.161
Immunotherapy 21 (27.3%) 10 (35.7%) 11 (22.4%) 0.209
MWA-related factors
Number of MWA antennas / 14+06 / i/
Maximum power (W) / 51.8+ 133 / 7
Ablation time (min) / 126+7.0 / 74
Number of pleural punctures / 18+0.8 / /
Diameter of instruments
15G / 5 (63.6%) / /
17G / 13 (46.4%)
DEB-BACE-related factors
Diameter of microsphere (um) >0.999
100-300 13 (16.9%) 5(17.9%) 8 (16.3%)
300-500 62 (80.5%) 22 (78.6%) 40 (81.6%)
500-700 2 (2.6%) 1(3.6%) 1(2.0%)
Loaded drug >0.999
Gemitabine 69 (89.6%) 25 (89.3%) 44 (89.8%)
Pirarubicin 8 (10.4%) 3(10.7%) 5 (10.2%)
BAI drugs
Gemitabine 34 (44.29%) 13 (46.4%) 1 (42.9%) 0.761
Platinum 52 (67.5%) 19 (67.9%) 3 (67.3%) 0.963
Endostatin 44 (57.1%) 20 (71.4%) 24 (49.0%) 0.056
Paclitaxel 21 (27.3%) 11 (39.3%) 0(20.4%) 0.074
Embolized arteries 0.055
Bronchial artery 67 (87.0%) 27 (96.4%) 40 (81.6%)
NBSA 6 (7.8%) 1(3.6%) 5 (10.2%)
Bronchial artery+NBSA 4 (5.2%) 0 4 (8.2%)
Number 1.1+£04 11+£03 12+04 0.137
DEB-BACE/BAI cycles 20+£13 19«11 2014 0.722
Cycles of combination therapy / 1104 / %
Period between MWA and DEB-BACE (days) / 16.56+14.7 / /

Frequencies and percentages are reported for categorical variables, and mean + SD are reported for continuous variables.

ASTRI-NSCLC, advanced standard treatment-refractory/ineligible non-small cell lung cancer; MWA, microwave ablation; DEB-BACE, drug-eluting bead bronchial artery
chemoembolization; WBC, white blood cell; Hb, hemoglobin; PLT, platelet; PT, prothrombin time; TKis, tyrosine kinase inhibitors; MWA, microwave ablation; BAI, bronchial artery
infusion chemotherapy; NBSA, non-bronchial systemic artery.
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Characteristics

Total
Treatment
REA
MWA

Argon-helium
knife

Primary tumor site
Lung

Colorectal

Live

Breast

Postoperative
syndrome

2 (19.35%)

Pain
(Mid/moderate to
severe)

20 (17/3)

19(16/3)
0
1 (1/0)

10 (8/2)

9 (8/1)

1 (1/0)
0

Cough (Mild to
moderate/severe)

9 (6/3)

8 (6/2)
1(0/1)
0

5(3/2)
4(3/1)

Pneumothorax

34 (54.8%)

Pleural
effusion

26 (41.9%)

25

Bleeding

3 (21.0%)

Bronchopleural
fistula

3 (4.8%)

o o N





OPS/images/fonc.2022.957138/table3.jpg
Period Group
Pre-operation LPA
NLPA
Intra-operation LPA
NLPA
Post-operation LPA
NLPA

Number

53
35
53
35
53
35

Mean

0.83
1.06
236
3.86
121
151

Std. Deviation

0.753
0.906
1.039
1.574
0.906
0.818

LPA, local pleural anesthesia; NLPA, non-local pleural anesthesia; VAS, visual analog scale.

Median

Mann-Whitney U

804.000
430.500

691.000

P-value

0.260

0.000

0.031
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Group LPA  Group NLPA P-value

(n=53) (n=35)
Days of hospitalization 6.00+1.373 6.60+1.594 0.51
Technical success
Yes 53 35
No 0 0
Technique Efficacy
Yes 52 33
No 1 2
Intra-operative analgesics 0.036
Yes 8 12
No 45 23
Post-operative analgesics 0.082
Yes 5 8
No 48 27

Post-procedure VAS score  1.21+0.906 (0-4) 1.51+0.818 (0-3) 0.031
(range)

Follow-up duration 12.1943.157 13.43+3.509 0.104
(months) (range)

Recurrences
Yes 1 2
No 52 33

Complications

Pleurodynia 0 1
Pneumothorax 8 9
Pleural effusion 2 3
Pulmonary hemorrhage 1 1
Pneumonia 0

Others 0 0

LPA, local pleural anesthesia; NLPA, non-local pleural anesthesia; VAS, visual analog scale.
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Characteristics

Age (years)

<70

>70

Sex

Male

Female

Race

White

Black

Others

Laterality

Left

Right

Tumor site

Lung lobe

Main bronchus
Overlapping lesion of lung
Histological grade
/11

/v

Unknown
Pathological type
Squamous cell carcinoma
Adenocarcinoma
Large cell lung cancer
Others

Tumor size
<3.0cm

3.1-5.0 cm
5.1-7.0 cm

>7.0 cm

Lymph node staging
NO

N1

N2

N3

Radiotherapy

Yes

No
Chemotherapy
Yes

No

Marital status
Married

Not married
Thermal ablation
Yes

No

Univariable

HR (95% CI)

1.00
1.43 (1.26-1.63)

1.00
0.73 (0.63-0.83)

1.00
091 (0.74-1.11)
0.63 (0.39-1.00)

1.00
1.02 (0.89-1.17)

1.00
0.96 (0.79-1.16)
545 (2.25-13.22)

1.00
0.82 (0.69-0.98)
0.96 (0.82-1.12)

1.00
0.81 (0.70-0.93)
0.82 (0.52-1.32)
1.01 (0.65-1.56)

1.00
0.90 (0.75-1.06)
1.02 (0.85-1.23)
1.29 (1.06-1.57)

1.00
1.04 (0.83-1.31)
1.02 (0.88-1.19)
1.15 (0.90-1.46)

1.00
1.61 (1.41-1.84)

1.00

1.71 (1.50-1.95)

0.92 (0.80-1.04)

1.00
1.16 (1.00-1.35)

p Value

<0.001

<0.001

0.346
0.049

0.779

0.664
<0.001

0.030
0.606

0.004
0.419
0.956

0.202
0.796
0.012

0.743
0.754
0.257

<0.001

<0.001

0.187

0.052

0S, overall survival; PSM, propensity score matching; HR, hazard ratio; CI, confidence interval.

Multivariable

HR (95% CI)

1.00
1.21 (1.04-1.41)

1.00
0.77 (0.67-0.89)

1.00
0.89 (0.72-1.10)
0.68 (0.43-1.09)

1.00
1.16 (0.95-1.43)
291 (1.18-7.16)

0.97 (0.81-1.17)
0.96 (0.81-1.13)

0.81 (0.69-0.95)
1.10 (0.68-1.77)
1.00 (0.64-1.56)

1.12 (0.94-1.33)
131 (1.07-1.60)
191 (1.52-2.40)

1.49 (1.26-1.78)

1.57 (1.31-1.89)

1.25 (1.07-1.46)

p Value

0.014

<0.001

0.285
0.112

0.150
0.020

0.761
0.603

0.009
0.703
0.997

0.203
0.009
<0.001

<0.001

<0.001

0.005
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Characteristics

Age (years)

<70

>70

Sex

Male

Female

Race

White

Black

Others

Laterality

Left

Right

Tumor site

Lung lobe

Main bronchus
Overlapping lesion of lung
Histological grade
/11

/v

Unknown
Pathological type
Squamous cell carcinoma
Adenocarcinoma
Large cell lung cancer
Others

Tumor size
<3.0cm

3.1-5.0 cm
5.1-7.0 cm

>7.0 cm

Lymph node staging
NO

N1

N2

N3

Radiotherapy

Yes

No
Chemotherapy
Yes

No

Marital status
Married

Not married
Thermal ablation
Yes

No

CSS, cancer-specific survival; PSM, propensity score matching; HR, hazard ratio; CI, confidence interval.

Univariable

HR (95% CI)

1.00
1.30 (1.12-1.51)

1.00
0.71 (0.61-0.83)

1.00
0.92 (0.73-1.16)
0.69 (0.42-1.14)

1.00
1.01 (0.87-1.17)

1.00
1.06 (0.87-131)
6.76 (2.78-16.41)

1.00
0.92 (0.75-1.12)
1.02 (0.86-1.23)

1.00
0.75 (0.64-0.89)
0.73 (0.42-1.26)
0.88 (0.53-1.47)

1.00
1.07 (0.89-1.29)
1.27 (1.03-1.56)
1.63 (1.31-2.02)

1.00
1.06 (0.81-137)
1.18 (1.00-1.40)
1.32 (1.01-1.71)

1.00
1.46 (1.26-1.70)

1.00
1.47 (1.27-1.70)

1.00
0.95 (0.82-1.10)

1.00
1.21 (1.02-143)

p Value

<0.001

<0.001

0.473
0.145

0.902

0.555
<0.001

0.409
0.793

0.001
0.260
0.626

0.473
0.023
<0.001

0.692
0.046
0.041

<0.001

<0.001

0.487

0.003

Multivariable

HR (95% CI) p Value
1.00
124 (1.05-1.46) 0013
1.00
0.78 (0.66-0.92) 0.002
1.00
1.15 (0.92-1.44) 0216
3.08 (1.25-7.63) 0015
1.00
0.78 (0.66-0.93) 0.006
1.03 (0.59-1.79) 0924
1.00 (0.59-1.70) 0.985
1.00
1.34 (1.10-1.63) 0.004
161 (1.29-2.01) <0.001
222 (1.73-2.84) <0.001
1.00
1.24 (0.95-1.63) 0.111
1.54 (1.28-1.86) <0001
1.69 (1.28-2.22) <0.001
1.00
1.62 (1.33-1.96) <0.001
1.00
160 (1.30-1.97) <0.001
1.00
1.23 (1.03-1.46) 0.020





OPS/images/fonc.2022.981789/crossmark.jpg
©

2

i

|





OPS/images/fonc.2022.981789/fonc-12-981789-g001.jpg





OPS/images/fonc.2022.984932/fonc-12-984932-g003.jpg
O

Overall survival

Overall survival
°
3

o
~
>

Cancers pecific survival
2

1.00

)
o

0.00¢

3
S

°
&

o
=
2

°
3
3

1.00:

o
>

z

°
-
5

0.00

P=0.001

P=0718

P=0920

50

= Ihermal sdiation

= Non-ablstion

100
Months

= Thermal sblation

= Non-ablstion

5
Months

= Thermal sblation

= Non-ablstion

Monthes

100

B = | hermal adistion
= Non-sblation
100
K]
2
2075
F]
o
2
Bos
S0
a
=
g
20254
]
o
P=0.002
a0
[] B3 100 150
Menths
E = Thermal ablstion
= Non-sblation
1.00
—ors
3
<
3
5
Do
=
s
>
Oozs
P=08
a0
] 0 100 150 200
Months
H = Thermasl ablstion
= Non-sblation
1.00
]
2
2074
El
o
2
E
S050
o
(o}
Bozs
@
o
P=0884
a0
0 25 @0 75 100

C = Thermal aCiation

= Non-ablaticn
100

o
o

Overall survival
°
13

028
P=0.803
000
[ ) B0 120 3
Months
F = Thermal abistion
= Non-ablaticn
100
K]
=
2o
=
Ll
2
€
Sos0
a
=
g
Sozs
&
o
P=0.721
000
[ ) 100 13 200
Months





OPS/images/fonc.2022.984932/fonc-12-984932-g004.jpg
Age (years)
<70

270

Sex

Male

Female

Race

White

Black

Others
Laterality

Left

Right

Tumor site
Lung lobe
Main bronchus
Histological grade
I/

/v
Unknown
Pathological type
SCC

ADC

LCC

Others
Tumor size
<3.0cm
3.1-5.0cm
5.1-7.0cm
>7.0cm
Nodal staging

Radiotherapy
Yes

No
Chemotherapy
Yes

No

Marital status
Married

Not married

Pvalue

0.705
0.001

0.153
0.200

0.037
0.926
0.863

0.628
0.037

0.047
0.806

0.378
0.100
0.458

0.466
0.046
0.624
0.599

0.001
0.811
0.683
0.904

0.009
0.641
0.645
0.565

0.845
<0.001

0.985
0.001

0.245
0.100

Hazard ratio

1.043(0.840-1.295)
0.693(0.560-0.857)

0.871(0.720-1.053)
0.849(0.660-1.091)

0.841(0.715-0.989)
0.978(0.613-1.561)
1.098(0.380-3.170)

0.942(0.738-1.201)
0.813(0.670-0.987)

0.845(0.716-0.998)
0.953(0.651-1.397)

0.877(0.654-1.175)
0.786(0.590-1.048)
0.918(0.733-1.151)

0.934(0.776-1.123)
0.743(0.555-0.994)
0.783(0.294-2.086)
0.774(0.298-2.011)

0.647(0.501-0.834)
0.966(0.727-1.284)
1.074(0.762-1.515)
1.024(0.700-1.497)

0.708(0.547-0.916)
0.895(0.561-1.427)

0.948(0.756-1.189)
1.154(0.709-1.879)

1.020(0.835-1.246)
0.642(0.508-0.812)

0.998(0.797-1.250)
0.704(0.573-0.864)

0.883(0.715-1.090)
0.833(0.669-1.036)
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Age (years)
<70

>70

Sex

Male

Female

Race

White

Black

Others
Laterality

Left

Right

Tumor site
Lung lobe
Main bronchus
Histological grade
i1

/v
Unknown
Pathological type
SCC

ADC

LCC

Others
Tumor size
<3.0cm
3.1-5.0 cm
5.1-7.0 cm
>7.0cm
Nodal staging

Radiotherapy
Yes

No
Chemotherapy
Yes

No

Marital status
Married

Not married

Pvalue

0.752
0.001

0.130
0.136

0.037
0.636
0.913

0.385
0.047

0.040
0.474

0.224
0.075
0.444

0.355
0.060
0.639
0.278

0.002
0.722
0.731
0.902

0.002
0.819
0.641
0.442

0.945
0.001

0.591
0.005

0.141
0.112

Hazard ratio

1.039(0.820-1.317)
0.646(0.504-0.827)

0.849(0.686-1.049)
0.804(0.603-1.071)

0.823(0.686-0.988)
0.878(0.514-1.502)
0.938(0.294-2.993)

0.885(0.673-1.166)
0.802(0.645-0.997)

0.821(0.681-0.991)
0.859(0.567-1.302)

0.809(0.574-1.139)
0.749(0.545-1.030)
0.906(0.705-1.166)

0.908(0.740-1.114)
0.724(0.518-1.013)
(0.2 )
(0.1 )

0.757(0.236-2.429
0.495(0.139-1.765
0.614
0.945
1.067
0.975

0.451-0.835)
0.690-1.293)
0.737-1.544)
0.649-1.465)

.~~~ o~

0.608
0.940
0.943
1.224

0.444-0.832)
0.556-1.591)
0.738-1.206)
0.731-2.051)

o~ o~ — o~

0.992(0.796-1.237)
0.616(0.470-0.808)
1.000(1.000-1.000)
0.935(0.730-1.196)
0.712(0.562-0.903)
1.000(1.000-1.000)
0.835(0.657-1.062)
0.822(0.644-1.047)
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Characteristics Betore PSM After PSM

Total Non-ablation Thermal ablation p Value Non-ablation Thermal ablation p Value

(N =57,698) (N=261) (N=732) (N=252)
Age (years) 0.003 0.582
<70 25216 25,079 (43.47) 137 (52.49) 360 (49.18) 129 (51.19)
(43.51)
=70 32,743 32,619 (56.53) 124 (47.51) 372 (50.82) 123 (48.81)
(56.49)
Sex 0.072 0.621
Male 33,008 32,845 (56.93) 163 (62.45) 463 (63.25) 155 (61.51)
(56.95)
Female 24,951 24,853 (43.07) 98 (37.55) 269 (36.75) 97 (38.49)
(43.05)
Race 0.013 0.704
White 46,533 46,306 (80.26) 227 (86.97) 629 (85.93) 219 (86.90)
(80.29)
Black 7,805 7,778 (13.48) 27 (10.34) 87 (11.89) 26 (10.32)
(13.47)
Others 3,621 3,614 (6.26) 7 (2.68) 16 (2.19) 7 (2.78)
(6.25)
Laterality 0.544 0.709
Left 23,719 23,617 (40.93) 102 (39.08) 275 (37.57) 98 (38.89)
(40.92)
Right 34,240 34,081 (59.07) 159 (60.92) 457 (62.43) 154 (61.11)
(59.08)
Tumor site <0.001 0.030
Lung lobe 54,424 54,217 (93.97) 207 (79.31) 639 (87.30) 207 (82.14)
(93.90)
Main bronchus 3,022 2,970 (5.15) 52(19.92) 88 (12.02) 45 (17.86)
(5.21)
Overlapping lesion of 513 (0.89) 511 (0.89) 2(0.77) 5(0.68) 0 (0.00)
lung
Histological grade 0.166 0.892
/1 12,809 12,740 (22.08) 69 (26.44) 196 (26.78) 66 (26.19)
(22.10)
/v 17,887 17,805 (30.86) 82 (31.42) 212 (28.96) 77 (30.56)
(30.86)
Unknown 27,263 27,153 (47.06) 110 (42.15) 324 (44.26) 109 (43.25)
(47.04)
Pathological type <0.001 0.390
Squamous cell 27,742 27,568 (47.78) 174 (66.67) 480 (65.57) 165 (65.48)
carcinoma (47.86)
Adenocarcinoma 26,197 26,125 (45.28) 72 (27.59) 226 (30.87) 72 (28.57)
(45.20)
Large cell lung cancer 1,812 1,805 (3.13) 7 (2.68) 11 (1.50) 7 (2.78)
(3.13)
Others 2,208 2,200 (3.81) 8(3.07) 15 (2.05) 8(3.17)
(3.81)
Tumor size 0.002 0.984
<3.0cm 14,297 14,206 (24.62) 91 (34.87) 259 (35.38) 90 (35.71)
(24.67)
3.1-5.0cm 18,950 18,871 (32.71) 79 (30.27) 218 (29.78) 74 (29.37)
(32.70)
5.1-7.0 cm 13,797 13,746 (23.82) 51 (19.54) 145 (19.81) 48 (19.05)
(23.80)
>7.0 cm 10915 10,875 (18.85) 40 (15.33) 110 (15.03) 40 (15.87)
(18.83)
Lymph node staging 0.022 0.992
NO 16,012 15,920 (27.59) 92 (35.25) 257 (35.11) 89 (35.32)
(27.63)
N1 5778 5,750 (9.97) 28 (10.73) 77 (10.52) 25(9.92)
(9.97)
N2 28,429 28,313 (49.07) 116 (44.44) 331 (45.22) 114 (45.24)
(49.05)
N3 7,740 7,715 (13.37) 25 (9.58) 67 (9.15) 24(9.52)
(13.35)
Radiotherapy 0.883 0.741
Yes 34,901 34,745 (60.22) 156 (59.77) 427 (58.33) 150 (59.52)
(60.22)
No 23,058 22,953 (39.78) 105 (40.23) 305 (41.67) 102 (40.48)
(39.78)
Chemotherapy 0.003 0.752
Yes 33,541 33,414 (57.91) 127 (48.66) 357 (48.77) 120 (47.62)
(57.87)
No 24418 24,284 (42.09) 134 (51.34) 375 (51.23) 132 (52.38)
(42.13)
Marital status 0.918 0.802
Married 29,572 29,438 (51.02) 134 (51.34) 368 (50.27) 129 (51.19)
(51.02)
Not married 28,387 28,260 (48.98) 127 (48.66) 364 (49.73) 123 (48.81)
(48.98)

NSCLC, non-small cell lung cancer; PSM, propensity score matching.
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GGO (CT) Peripheral hyperintense (T2) Peripheral isointense (T1) Thermal injury (pathology)

MD (RFA) 20.8 + 4.5 237 +54 23.5+62 249 +69
MD (MWA) 216 £ 6.5 242 +47 240+ 38 252+58

MD, maximum diameter; GGO, ground-glass opacity; T2W1, T2-weighted image; TIWI, T1-weighted image; REA, radiofrequency ablation; MW A, microwave ablation.
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Pre-ablation (CT) Central hypointense (T2) Central hyperintense (T1) Necrosis (pathology)

MD (RFA) 114 +3.2 13.6 £+ 4.5 138 +6.3 15.0 + 4.8
MD (MWA) 118 £29 142 +55 149 +33 152155

MD, maximum diameter; T2W1, T2-weighted imag

WI, T1-weighted image; RFA, radiofrequency ablation; MWA, microwave ablation.
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Central hypointense (T2) and central hyperintense (T1) Necrosis (pathology) p-Value

MD 145 +48 151 +2.8 0.07
Peripheral hyperintense (T2) and peripheral isointense (T1) Thermal injury (pathology)
MD 238 £3.8 252 +6.3 0.004

MD, maximum diameter.
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Age (years) (range)

Gender
Male
Female

Nodule size (mm) (range)

<10
10<d<20
20<d<30
Nidus location
Left upper lung lobe
Left lower lung lobe
Right upper lung lobe
Right middle lung lobe
Right lower lung lobe
Body position
Supine
Left lateral
Right lateral
Type of lesion
Solid
Sub-solid
Pathology
Squamous cell carcinoma
Adenocarcinoma
Pulmonary metastases
Unknown
Other

Preoperative VAS score

0-2
3-5
6-10

Distance from tumor
to pleura (mm)

0-4
5-10
Ablation parameters (range)

Power (W)

Duration (min)

Group LPA

66.04+10.427
(42-86)

29
24
18.50+5.625
(9-30)

4
35
21

14
20
18

18
24
18

45
15

4
25
2
6
3
0.83£0.753
(0-3)
52
1
0

2.92+2.999
(0-9)

45
15

30.7546.163
(20-40)
7.409+2.653
(3-16.5)

Group NLPA

67.00+10.350
(51-90)

2
13
16.43+5.928
(6-30)

7
21
9

N W oo ®

13
16

19
18

1.06:0.906
(0-3)
33
2
0

4.68+2.819
(0-9)
18
19

28.784+6.056
(20-40)
7.526%2.351
(4.33-14)

p-value

0.672

0.449

0.088

0.288

0.017

0.210

0.260

0.004

0.164

0.695

LPA, local pleural anesthesia, NLPA, non-local pleural anesthesia, VAS, visual analog scale.
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Group

Group LPA
n=60

Group NLPA
n=37

Characteristics

Pathology
Adenocarcinoma
Squamous cell carcinoma
Pulmonary metastases

Nodule size (mm)
0<d<10
10<d<20
20<d<30

Distance to pleura (mm)
0-4
5-10

Pathology
Adenocarcinoma
Squamous cell carcinoma
Pulmonary metastases

Nodule size (mm)
0<d<10
10<d<20
20<d<30

Distance to pleura (mm)
0-4
5-10

Patients

25

22

35

21

45
15

22

21

18
19

Technical success

25

22

35

21

45
15

22

LPFS, Local Progress Free Survival; LPA, local pleural anesthesia; NLPA, non-local pleural anesthesia.

Technique etficacy (LPFS)

23 Months

24
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34
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21
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19

26 Months
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Variables N (%) mOS (95% Cl) m p-value

Age (years) 65.9 + 10.4 (44-86)
<65 18 (40.9) 21.9(9.5-34.4) 0.159
>65 26 (59.1) 16.9 (8.6-25.2)

Gender
Male 34 (77.3) 16.9 (7.6-26.3) 0.123
Female 10 (22.7) 25.2 (11.0-39.4)

Smoking history
Smoking 31 (70.5) 12.23 (3.56-21.0) 0.035
Non-smoking 3(29.5) 31.1 (3.3-58.9)

ECOG PS score
0-1 27 (61.4) 24.1(14.1-34.1) 0.029
2 17 (38.6) 9.1(4.3-13.8)

Chronic comorbidities
Yes 23 (52.3) 19.3 (11.5-27.1) 0.901
No 21(47.7) 18.8 (8.4-29.1)

Pathology
ScC 16 (36.4) 18.6 (156.0-22.2) 0.792
Non-SCC 28 (63.6) 21.9(6.2-38.7)

Stage at treatment
IIA-lIB 20 (45.5) 21.9 (10.9-43.3) 0.16
lic-ve 24 (54.5) 12 (2.4-21.7)

Lesion size (cm) 6.1+1.5(4.1-11.5)
<5.5cm 23 (52.3) 31.1 (18.7-43.5) 0.032
>5.5cm 21(47.7) 12.2 (4.9-19.6)

EGFR status
Wild type 35 (79.5) 18.6 (10.5-26.8) 0.28
Mutant 9(20.5) 31.1 (13.8-48.4)

Prior antitumor therapy
No 28 (63.6) 21.9 (9.15-34.7) 0.174
Yes 16 (36.4) 11.9(9.1-14.7)

Prior systematic treatment
Yes 3(29.5) 11.9 (8.5-15.4) 0.058
No 31 (70.5) 25.2 (13.2-37.1)

Site of onset occurrence
Peripheral 27 (61.4) 21.9 (18.6-30.3) 0.283
Central 17 (38.6) 12.8 (4.3-21.3)

Closer to hilar large vessels
Yes 24 (54.5) 16.9 (9.0-24.9) 0.722
No 20 (45.5) 19.3 (18.3-25.3)

Involvement of pleura/chest wall
Yes 17 (38.6) 12.23.2-21.2) 0.139
No 27 (61.4) 25.2 (8.5-41.9)

Continuous data are presented as mean + SD (range). Numbers in the parentheses represent percentages or ranges.
OS, overall survival; Cl, confidence interval; ECOG PS, Eastern Cooperative Oncology Group performance status; SCC, squamous cell carcinoma; EGFR, epidermal growth factor

receptor.
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Variables N (%)

Power of MWA (W)

40 2 (4.5)
50 5(11.4)
60 34 (77.3)
65 3(6.8)
Number of antennae
2 69 (88.6)
3 3(6.8)
4 2 (4.5)
Ablation time (min) 26.82 + 7.03 (12-52)
Dosage of cisplatin (mg)
20 49.1)
30 2 (4.5)
40 27 (61.4)
50 123
60 9(20.5)
80 123
Pain 13 (29.5)
Postablation syndrome 11 (25.0)
Pneumothorax 23 (62.3)
Chest tube drainage 10 (22.7)
Pleural effusion 34 (77.3)
Chest tube drainage 5(11.4)
Subcutaneous emphysema 49.1)
Pulmonary hemorrhage/hemoptysis 9 (20.5)
Infection 3(6.8)
Bronchopleural fistula 1(2.3)

Continuous data are presented as mean + SD (range). Numbers in parentheses represent
percentages or ranges.
MWA, microwave ablation; ITC, intratumoral chemotherapy.
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Variables 1-year (%) 2-year (%) 3-year (%)

5-year (%)

LPFS 51.2 27.9 13.6
PFS 29.5 18.2 9.1
os 65.9 43.2 26.4

ND
ND
10.0

LPFS, local progression-free survival: PFS, progression-free survival; OS, overall survival: ND, no data.
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Characteristic

Mortality

Pain (post procedure)
Pneumothorax
Pleural effusion
Infection

All

MWA, microwave ablation; NA, not application; V.

MWA group
0 (0.0)
3 (3.0)

51 (50.5)

5 (54.5)

3(3.0)

3(72.3)

Video-Assisted Thoracoscopic Surgery.

VATS group

0(0.0)
5(4.9)
7 (6.8)
48 (46.6)
2(19)
2 (50.0)

NA
0.721
<0.001
0.262
0.681
0.001
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Hospital stay
Medicine fee

Laboratory and
examination fee

Operation fee
Anesthesia fee

ICU fee

Medical supplies fee
Blood transfusion fee
All

ICU, intense care unit; MWA, microwave ablation; VATS, Video-Assisted Thoracoscopic Surgery.

MWA group

6.00 (5.00,9.00)
2516.23 (1588.50,4293.94)
5252.70 (4647.95,11499.00)

7568.14 (6571.54,11469.71)

21464.98 (17373.77, 26576.84)

VATS group

11.00 (8.00,12.00)
8970.04 (6776.80,11659.47)
6103.50 (5095.40,7576.40)

5455.00 (4690.00,5455.00)
3383.05 (3200.05,3545.08)
0.00 (0.00,0.00)
27167.25 (21147.66,31708.96)
790.00 (150.00,950.00)
54314.36 (47673.58,62733.88)

<0.001
<0.001
0.191

<0.001

<0.001

<0.001
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Characteristics

Age (years, range)
Sex
Male
Female
ECOG
0-1
2
Comorbidity
Cardiovascular diseases
Pulmonary diseases
Diabetes
Smoking
No
Yes
Location of GGN
Right upper lobe
Right middle lobe
Right lower lobe
Left upper lobe
Left lower lobe
Size of GGN (mm)
Mean + SD (range)
Size of GGN (mm)
<10
>10,<20
> 20
CT finding (GGN type)
pGGN
mGGN
Histology of GGN
AIS
MIA
1A
T stage at diagnosis
Tla
Tib
Tlc

MWA group (%) N =101

66.40 + 11.35 (27,88)

55 (54.5)
46 (45.5)

101 (100.0)
0(0.0)

29 (28.7)
34 (33.7)
16 (15.8)

64 (63.4)
37 (36.6)

32 (317)
4(4.0)
18 (17.8)
27 (26.7)
20 (19.8)

16 (15.8)

16 (15.8)
51 (50.5)
34 (33.7)

35 (34.7)
66 (65.3)

28 (27.7)
13 (12.9)
60 (59.4)

8(13.3)
31 (51.7)
21 (35.0)

VATS group (%) N =103

56.70 + 9.01 (31,82)

42 (40.8)
61 (59.2)

103 (100.0)
0(0.0)

10 (9.7)
14 (13.6)
13 (126)

75 (72.8)
28 (27.2)

32 (31.1)
0(0.0)
25 (24.3)
35 (34.0)
11 (107)

28 (27.2)

28 (272)
65 (63.1)
10 (9.7)

49 (47.6)
54 (52.4)

32 (31.1)
44 (42.7)
27 (26.2)

2(74)
21 (77.8)
4(148)

<0.001
0.050

NA

0.001
0.001
0.510
0.148

0.068

<0.001

NA

0.061

<0.001

0.069

AAH, atypical adenomatous hyperplasia; AIS, adenocarcinoma in situ; CT, computed tomography; GGN, ground glass nodule; IA, invasive adenocarcinomas; mGGO, mixed ground glass
opacity; MIA, minimally invasive adenocarcinomas; MWA, microwave ablation; pGGN, pure ground glass nodule; SD, standard deviation; VATS, Video-Assisted Thoracoscopic Surgery.

NA, not application.
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Adverse events All  Percent =Grade3 Percent

(N) (%) (N) (%)
Total 40 51.9 12 15.6
Reactive capillar 22 28.6 8 10.4
hemangiomas
Fatigue 9 117 5 6.5
Pneumonia 7 9.1 4 52
Edema 5 6.5 2 26
Fever 5 6.5 2 26
Hemorrhagic tendency 3 39 0 0.0
Alanine transaminase 2 2.6 2 26
elavation
Acute myocardial 2 2.6 2 26
infarction
Autoallergic 2 2.6 1 13
Leukopenia i 1.3 1 13

Neutropenia 1 1.3 1 1.3
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Complications

Major complications
Pneumothorax
Pleural effusion
Pneumonia
Bronchopleural fistula
Hemorrhage

Minor complications
Pneumothorax
Pleural effusion

Hemorrhage

N=77

33

[T

10

Percent(%)

429

18.2
11.7
52
2.6
13

13.0
11.7
1.3
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Gender(Female vs. Male)
Male
Female
Age
<65
265
Smoking history
Non-smokers
Smokers
Histology
ADC
Non-ADC
Histology
sCC
Non-SCC
Stage
jits
v
Distant metastases
Yes
No
Tumor size
<3 cm
=3 cm
Camrelizumab treatment
Monotherapy
Combination
Treatment interval
3 weeks
2 weeks
Response to camrelizumab
CR+PR
SD+PD
Response to camrelizumab
CR+PR+SD
PD

Median OS (95% CI)

*26.54(22.61-30.47)
14.67(7.628-21.70)

*26.34(20.43-32.24)
*24.11(19.73-28.48)

21.00(13.91-28.01)
*24.88(20.96-28.80)

*24.01(19.57-28.45)
*25.94(20.76-31.13)

*25.49(19.76-31.21)
*24.44(20.21-28.68)

¥23.30(18.82-27.79)
*23.96(19.91-27.99)

*23.56(19.44-27.68)
*23.77(19.62-27.91)

*24.74(19.94-29.54)
*25.07(19.94-30.19)

* 24.93(20.20-29.66)
* 24.15(18.74-29.57)

*25.32(20.20-30.43)
*24.48(19.67-29.28)

*not reached

*19.40(11.17-27.63)

* not reached

*10.3(3.454-24.15)

Univariate analyses

HR(95% CI)

2.046(0.909, 4.604)

1.368(0.574, 3.260)

1.312(0.582, 2.956)

1.307(0.567, 3.012)

1.186(0.497, 2.826)

1.736(0.596, 5.057)

2.037(0.700, 5.928)

1.054(0.487, 2.285)

1.184(0.546, 2.565)

1.096(0.502, 2.389)

15.10(6.830, 33.38)

9.850(1.035, 93.78)

P value

0.084

0.480

0.512

0.530

0.701

0312

0.192

0.893

0.669

0818

0.0003

<0.0001

Multivariate analyses

B

0.275

0.392

2.651

S.E.

0.439

0.576

1.026

Wald df

0.394

0.465

6.674

1

1

1

HR(95% CI)

1.317(0.557, 3.112)

1.481(0.479, 4.577)

14.17(1.896, 105.8)

P value

0.530

0.495

0.010

“Mean overall survival. ADC, Adenocarcimona; CR, complete response; ECOG:Eastern Cooperation of Oncology Group;Non-ADC, Non-adenocarcinoma; Non-SCC: Non-squamous lung

cancer; PD, Progression disease; PR, Partial response; SCC: Squamous cell lung cancer; SD, Stable disease.
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OPS/images/fonc.2022.897329/table4.jpg
Characteristics Low risk (N=94) High risk (N=94) P value
No. of patients (%) No. of patients (%)
Age 0.134
<65 63 (67.0) 53 (56.4)
>65 31(33.0) 41 (43.6)
Mean + SD 59.6 + 9.76 62.8 + 8.53 0.017*
Sex 0.010*
Male 59 (62.8) 75 (79.8)
Female 35 (37.2) 9(20.2)
KPS 0.578
<80 8(8.5) 6(6.4)
>80 86 (91.5) 88 (93.6)
Smoking 0.001*
No 47 (50.0) 24 (25.5)
Yes 47 (50.0) 70 (74.5)
Histopathology 0.001*
Adenocarcinoma 76 (80.9) 54 (57.4
Non-adenocarcinoma (19.1) 40 (42.6)
N stage 0.029*
NO 30 (31.9) 17 (18.1)
N1-3 64 (68.9) 77 61
T stage <0.001*
T1-2 77 (81.9) 48 (51.1
T3-4 7 (19.1) 46 (48.9)
SM <0.001*
Yes 50 (53.2) 1 (41.1)
No 44 (46.8) 83 (8.9)
LT status to metastatic sites before PD 0.001*
All 41 (43.6) 19 (20.2)
Partly or no 53 (56.4) 75 (79.8)
Brain metastasis 21(22.9) 17 (18.1) 0.468
Bone metastasis 48 (51.1) 34 (36.2) 0.039*
Adrenal metastasis 4 (4.3 18 (19.1) 0.001*
Liver metastasis 1(1.1) 4(4.3 0.365
TRT 0.283
CFR 22 (23.4) 27 (28.7)
HFR (8.5) 7(7.4)
SBRT 23 (24.5) 14 (14.9)
Albumin (g/L) 42.5 +4.64 41.7 £ 3.67 0.165
Leukocyte (10%L) 74+274 78+213 0.304
PLR 163.1 + 63.81 180.5 + 114.12 0.200
NLR 32+245 3.0+ 1.57 0.507
Sl 838.4 + 570.29 937.6 + 766.49 0.316
TPSA (UL 91.7 + 144.8 136.8 + 257.35 0.140
SCC (ug/L) 1.8+7.19 3.2+ 6.61 0.165
Ca19-9 (U/mL) 30.8 + 61.31 49.5 + 99.15 0.122
CEA (ug/l) 39.6 + 106.26 73.9 + 18317 0.130
Cyfra211 (ug/l) 5.1+839 80964 0.027*
*P<0.05.

KPS, Karnofsky performance status; SM, sensitive mutation; LT, local treatment; PD, progress disease; TRT, thoracic radiotherapy; CFR, conventional fractionated radiotherapy; HFR,
hypo-fractionated radiotherapy; SBRT, stereotactic body radiotherapy; PLR, platelet to lymphocyte ratio; NLR, neutrophils to lymphocyte ratio; Sl, systemic inflammatory index; TPSA,

tissue polypeptide specific antigen; SCC, squamous cell carcinoma antigen; CEA, carcinoembryonic antigen.
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Characteristics Low risk (N=44) High risk (N=51) P value

No. of patients (%) No. of patients (%)
Age 0.085
<65 34 (77.3) 31 (60.8)
=65 10 (22.7) 20(39.2)
Mean + SD 58.5 + 7.47 61.3 +8.47 0.092
Sex 0.227
Male 24 (54.5) 34 (66.7)
Female 20 (45.5) 17 (33.3)
KPS 1.000
<80 49.1) 4(7.8)
>80 40 (90.9) 47 92.2)
Smoking 0.046*
No 28 (63.6) 22 (43.1)
Yes 16 (36.4) 29 (56.9)
Histopathology 0.051
Adenocarcinoma 37 (84.1) 34 (66.7)
Non-adenocarcinoma 7(15.9 17 (33.3)
N stage 0.054
NO 12 (27.9) 6(11.8)
N1-3 32(72.7) 45 (88.2)
T stage <0.001*
T1-2 36 (81.8) 21 (41.2)
T3-4 8(182) 30 (58.8)
SM <0.001*
Yes 31 (70.5) 8(15.7)
No 13 (29.5) 43 (84.3)
LT status to metastatic sites before PD 0.007*
Al 21 (47.7) 1121.6)
Partly or no 23 (62.3) 40 (78.4)
Brain metastasis 7(15.9) 6(11.8) 0.558
Bone metastasis 29 (65.9) 19 (37.3) 0.005*
Adrenal metastasis 1(2.3) 8(15.7) 0.061
Liver metastasis 1(2.3) 0(0.0) 0.941
TRT 0.227
CFR 11 (25.0) 12 (23.5)
HFR 4(9.1) 3(69)
SBRT 11(31.8) 5(0.8)
Albumin (g/L) 414 £375 40.8 + 4.00 0.454
Leukocyte (10%/L) 71+£208 76+ 191 0.234
PLR 159.1 + 70.64 170.7 + 74.81 0.440
NLR 29+218 35+ 3385 0.346
Sl 790.2 + 665.89 875.6 + 481.41 0.472
TPSA (U/L) 81.9 +98.81 172.3 £ 284.07 0.037*
SCC (ug/L) 13+1.79 35+927 0.109
Ca19-9 (U/mL) 29.0 +61.30 52.9 + 163.82 0.139
CEA (ug/L) 39.6 + 106.26 73.4 + 200.80 0.108
Cyfra211 (ug/L) 5.8 +9.64 156.8 + 29.46 0.025*

"P<0.05.

KPS, Karnofsky performance status; SM, sensitive mutation; LT, local treatment; PD, progress disease; TRT, thoracic radiotherapy; CFR, conventional fractionated radiotherapy; HFR,
hypo-fractionated radiotherapy; SBRT, stereotactic body radiotherapy; PLR, platelet to lymphocyte ratio; NLLR, neutrophils to lymphocyte ratio; Sli, systemic inflammatory index; TPSA,
tissue polypeptide specific antigen; SCC, squamous cell carcinoma antigen; CEA, carcinoembryonic antigen.
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Unmatched Stabilized IPTW
Level no-TRT (%) TRT (%) P no-TRT (%) TRT (%) P
Number 40 54 36.8 55
Age <65 33(82.5) 32 (59.3) 0.029 25.6 (69.6) 38.8 (70.5) 0.937
>=65 7(17.5) 2 (40.7) 11.2 (30.4) 16.2 (29.5)
Gender female 20 (50.0) 4(25.9 0.029 15.1 (41.1) 22.2 (40.3 0.952
male 20 (50.0) 40 (74.1) 21.7 (58.9) 32.8 (59.7)
KPS >=80 37(92.5) 49 (90.7) 1.000 34 8(94.5) 51 0(92.8) 0.723
<80 3(7.5) 5(3) .0 (5.5) 0(7.2)
Smoking no 21 (52.5) 5 (46.3) 0.699 18 0(48.8) 30 6 (55.7) 0.594
yes 19 (47.5) 9 (53.7) 18.8 (51.2) 24.4 (44.3)
Histopathology adenocarcinoma 36(90.0) 44 (81.5) 0.398 29.1 (79.0) 46.2 (84.0) 0.651
non-adenocarcinoma 4(10.0) 0(18.5) 7.7 (21.0 8.8 (16.0)
N stage NO 10(25.0) 3 (42.6) 0.122 11.8 (32.1) 18.3 (33.3) 0.921
N1-3 30(75.0) 31 (57.4) 25.0 (67.9) 36.6 (66.7)
T stage T1-2 34 (85.0) 47 (87.0) 1.000 32.9 (89.4) 48.8 (88.7) 0.910
T3-4 6(15.0) 7(13.0) 3.9 (10.6) 6.2(11.3)
Brain metastasis no 31(77.5) 39 (72.2) 0733 29.4 (79.8) 43.0(78.2) 0.869
yes 9(22.5) 15 (27.8) 7.4(20.2) 12,0 (21.8)
Bone metastasis no 18 (45.0) 30 (55.6) 0.422 17.4 (47.3) 26.1 (47.5) 0.993
yes 22(55.0) 24 (44.4) 19.4 (62.7) 28.9 (52.5)
Adrenal metastasis no 37(92.5) 52 (96.3) 0.729 35 1(95.4) 52 8 (96.1) 0.882
yes 3(7.5) 2@7) 7(4.6) 239
SM status SM+ 25(62.5) 28 (51.9) 04138 20 4 (65.6) 31 7 (67.7) 0.869
SM- 5(37.5) 26 (48.1) 16.4 (44.4) 23.3 (42.9)
LT to metastatic sites before PD all 3(32.5) 31 (57.4) 0.029 13.5 (36.6) 23.3 (42.4) 0.641
partly or no 7 (67.5) 23 (42.6) 23.3 (63.4) 31.7 (57.6)
Albumin high 8(20.0) 14 (25.9) 0.671 6.5 (17.6) 10.9 (19.8) 0.790
low 32(80.0) 40 (74.1) 30.3 (82.4) 44.1(80.2)
Leukocyte low 27 (67.5) 40 (74.1) 0.641 25.8 (70.0) 41.6 (75.7) 0.603
high 13(32.5) 14 (25.9) 11.1(30.0) 13.3 (24.3)
PLR low 8(20.0) 24 (44.4) 0.024 12.6 (34.2) 17.3 (31.4) 0.827
high 32(80.0) 30 (55.6) 24.2 (65.8) 37.7 (68.6)
NLR low 5(12.5) 12(22.2) 0.347 8.1(22.1) 95(17.2) 0.656
high 35(87.5) 42 (77.8) 28.7 (77.9) 45.5 (82.8)
sl low 6(15.0) 16 (29.6) 0.159 9.5(25.9) 13.4 (24.3) 0.901
high 34(85.0) 38 (70.4) 27.3(74.1) 41.6(75.7)
TPSA low 31(77.5) 46 (85.2) 0.493 31.4 (85.4) 47.1(85.7) 0.973
high 9(22.5) 8(14.8) 5.4 (14.6) 7.9 (14.3)
SCC low 38(95.0) 47 (87.0) 0.346 33.6 (91.4) 49.3 (89.8) 0.834
high 2(5.0) 7(13.0) 3.2(8.6) 5.6(10.2)
Ca199 low 1(27.5) 13 (24.1) 0.891 7.4(20.1) 10.1 (18.5) 0.846
high 29 (72.5) 41 (75.9) 29.4 (79.9) 44 8 (81.5)
CEA low 0(0.0) 4(7.4) 0214 0.0(0.0) 3(4.2) 0.135
high 40(100.0) 50 (92.6) 36.8 (100.0) 52 7(95.8)
Cyfra211 low 25 (62.5) 37 (68.5) 0.697 25.4 (69.1) 40.2 (73.1) 0.714
high 15(37.5) 7(31.5) 11.4 (30.9) 14.8 (26.9)
B
Unmatched Stabilized IPTW
Level no-TRT (%) TRT (%) P no-TRT (%) TRT (%) P
Number 47 47 30.4 47.2
Age <65 28 (59.6) 3 (48.9) 0.408 16.9 (65.5) 27.2 (57.6) 0.893
>=65 19 (40.4) 24 (51.1) 13.5 (44.5) 20.0 (42.4)
Gender female 14 (29.8) 6(12.8) 0078 7.4 (24.3) 34 (7.3 0.018
male 33(70.2) 41(87.2) 23.0(75.7) 437 (92.7)
KPS >=80 44(93.6) 44 (93.6) 1.000 28.2(92.7) 43.9(93.1) 0.949
<80 3(6.4) 3(6.4) 22(7.3) 32(6.9)
Smoking no 15(31.9) 10 (21.3) 0.350 8.5 (27.8) 6.1 (13.0) 0.092
yes 32(68.1) 37 (78.7) 21.9(72.2) 41.1(87.0)
Histopathology adenocarcinoma 30 (63.8) 0 (42.6) 0.063 19.7 (64.9) 27.9 (89.1) 0.697
non-adenocarcinoma 17 (36.2) 7 (67.4) 10.7 (35.1) 19.3 (40.9)
N stage NO 3(6.4) 1(23.4) 0.043 2.0 (6.4) 6.0 (12.6) 0.317
N1-3 44.(93.6) 36 (76.6) 28.5 (93.6) 41.2(87.4)
T stage T1-2 22 (46.8) 2 (46.8) 1.000 13.2 (43.5) 22.3(47.2) 0.820
T3-4 25(563.2) 5 (53.2) 17.2 (56.5) 24.9 (52.8)
Brain metastasis no 40 (85.1) 40 (85.1) 1.000 26.3 (86.5) 41.9 (88.9) 0.757
yes 7 (14.9) 7(14.9) 1(13.5) 53(11.1)
Bone metastasis no 29 (61.7) 29 (61.7) 1.000 16.9 (65.7) 18.1(38.3) 0.236
yes 18 (38.3) 18 (38.9) 13.5 (44.3) 29.1 (61.7)
Adrenal metastasis no 40 (85.1) 37 (78.7) 0592 26.0 (85.4) 402 (85.2) 0.987
yes 7(14.9) 10 (21.3) 45(14.6) 7.0(14.8)
Liver metastasis no 44.(93.6) 45 (95.7) 1.000 28.8 (94.5) 46.0 (97.5) 0.392
yes 3(6.4) 2(43) 1.7 (6.5) 1.2 (2.5)
SM status SM+ 7(14.9) 1(2.1) 0.065 3.5(11.5) 0.5 (1.1) 0.007
SM- 40 (85.1) 46 (97.9) 26.9 (88.5) 46.7 (98.9)
LT to metastatic sites before PD all 1(.1) 15 (31.9) 0.001 0.6 (1.9) 7.6 (16.0) 0.015
partly or no 46(97.9) 32 (68.1) 29.8 (98.1) 39.6 (84.0)
Albumin high 4(85) 4@85) 1.000 2.5(8.4) 25 (5.2) 0.533
low 43 (91.5) 43 (91.5) 27.9(91.6) 44.7 (94.8)
Leukocyte low 22 (46.8) 4 (51.1) 0.837 14.2 (46.8) 22.6 (47.9) 0.946
high 25 (53.2) 3 (48.9) 16.2 (53.2) 24.6 (52.1)
PLR low 6(12.8) 8(17.0 0.772 3.4 (11.2) 4.5(9.5) 0.774
high 41(87.2) 39 (83.0) 27.0 (88.8) 42.7 (90.5)
NLR low 1(2.1) 3(6.4) 0.609 0.8(2.6) 1.8(3.8) 0.744
high 46(97.9) 44 (93.6) 29.6 (97.4) 45.4(96.2)
sll low 0(0.0) 3(6.4) 0.241 0.0(0.0) 15(32) 0.260
high 47 (100.0) 44 (93.6) 30.4 (100.0) 45.7 (96.8)
TPSA low 26 (55.3) 8 (59.6) 0.835 17.4 (57.2) 27.3(57.8) 0.971
high 21 (44.7) 9 (40.4) 13.0 (42.8) 19.9 (42.2)
SCC low 1 (66.0) 9 (61.7) 0.830 20.7 (68.1) 32.7 (69.4) 0.925
high 6(34.0) 8(38.3) 9.7 (31.9) 14.4 (30.6)
Ca199 low 6(12.8) 13(27.7) 0.123 4.4 (14.5) 11.3 (24.0) 0.399
high 41(87.2) 34 (72.3) 26.0 (85.5) 35.9 (76.0)
CEA low 3(6.4) 3(27.7) 0014 2.1(7.0) 7.0 (14.9) 0.255
high 44 (93.6) 4 (72.3) 28.3(93.0) 40.2 (85.1)
Cyfra211 low 4(85) 4(29.8) 0018 4.4 (14.5) 8.3(17.6) 0.759
high 43(91.5) 3 (70.2) 26.0 (85.5) 38.9 (82.4)
c
Unmatched Stabilized IPTW
Level no-TRT (%) TRT (%) P no-TRT (%) TRT (%) P
Number 15 29 5.1 19.1
Age <65 14 (93.3) 21 (72.4) 0216 4.8(93.3) 13.8 (72.4) 0.111
>=65 1(6.7) 8 (27.6) 03(6.7) 5.3 (27.6)
Gender female 8(53.3) 13 (44.8) 0.828 2.7 (53.3) 8.6 (44.8) 0.599
male 7 (46.7) 6(55.2) 2.4 (46.7) 10.5 (55.2)
KPS >=80 13 (86.7) 27 (93.1) 0.880 4.4(86.7) 17.8 (93.1) 0.490
<80 2(13.3) 2(6.9) 0.7 (133) 1.3 (6.9)
Smoking no 10 (66.7) 9 (65.5) 1.000 3.4 (66.7) 12.5 (65.5) 0.940
yes 5(33.3) 0(34.5) 1.7 (33.3) 6.6 (34.5)
Histopathology adenocarcinoma 13(86.7) 25(86.2) 1.000 4 4 (86.7) 16.5 (86.2) 0.967
non-adenocarcinoma 2(13.3) 4 (13.8) 7 (13.3) 2.6(13.8)
N stage NO 2(13.3) 10 (34.5) 0.256 O 7 (18.3) 6.6 (34.5) 0.144
N1-3 13 (86.7) 19 (65.5) 4.4(86.7) 12.5 (65.5)
T stage T1-2 11(78.3) 25 (86.2) 0.524 3.8 (73.3) 16.5 (86.2) 0.304
13-4 4(26.7) 4(13.8) 1.4 (26.7) 2.6(13.8)
Brain metastasis no 1(73.3) 25 (86.2) 0.524 3.8(73.3) 16.5 (86.2) 0.304
yes 4(26.7) 4(13.8) 1.4 (26.7) 2.6 (13.8)
Bone metastasis no 4(26.7) 12 (41.4) 0528 1.4 (26.7) 7.9 (41.4) 0.346
yes 11(73.3) 17 (568.6) 3.8(73.9) 11.2 (58.6)
Adrenal metastasis no 15 (100.0) 28 (96.6) 1.000 1(100.0) 18.5 (96.6) 0.596
yes o 0.0) 1(3.4) 0.0 (0.0) 0.7 (3.4)
Liver metastasis no 4(93.3) 29 (100.0) 0734 4.8(93.3) 19.1 (100.0) 0.059
yes 1(6.7) 0.0 0.3(6.7) 0.0 (0.0)
SM status SM+ 4(93.3) 18 (62.1) 0.064 4.8(93.3) 11.9 (62.1) 0.031
SM- 1(6.7) 11@7.9 0.3(6.7) 7.3(37.9)
LT to metastatic sites before PD all 5(33.3 17 (68.6) 0.208 1.7 (33.3) 11.2 (68.6) 0.120
partly or no 10 (66.7) 12 (41.4) 3.4 (66.7) 7.9 (41.4)
Albumin high 0(0.0) 5(17.2) 0.227 0.0(0.0 33 (17.2) 0.182
low 15 (100.0) 24 (82.8) 1 (100.0) 15.8 (82.8)
Leukocyte low 12 (80.0) 20 (69.0) 0673 w (80.0) 13.2 (69.0) 0.445
high 3(20.0) 9(31.0) 0(20.0) 5.9(31.0)
PLR low 5(33.3 9(31.0 1.000 7 (33.3) 5.9 (31.0) 0.879
high 10 (66.7) 20 (69.0) 4 (66.7) 13.2 (69.0)
NLR low 3(20.0 6(20.7) 1.000 0 (20.0) 4.0 (20.7) 0.958
high 12(80.0) 23 (79.3) 1(80.0) 16.2 (79.3)
Sli low 3(20.0) 5(17.2) 1.000 0 (20.0) 33(17.2) 0.825
high 12(80.0) 24 (82.8) 1(80.0) 15.8 (82.8)
TPSA low 10 (66.7) 26 (89.7) 0.144 4(66.7) 17.1 (89.7) 0.069
high 5(33.3) 3(10.3) 7(33.3) 2.0(10.3)
SCC low 14 (93.3) 24 (82.8) 0613 8 (93.3) 15.8 (82.8) 0.342
high 1(6.7) 5(17.2) o 3(6.7) 33(17.2)
Ca199 low 4 (26.7) 10 (34.5) 0.852 1.4 (26.7) 6.6 (34.5) 0.604
high 11(73.3) 19 (65.5) 3.8(73.3) 12.5 (65.5)
CEA low 2(13.3 4(13.8) 1.000 0 7 (13.3) 2.6 (13.8) 0.967
high 3(86.7) 25 (86.2) 4 (86.7) 16.5 (86.2)
Cyfra211 low 4(26.7) 20 (69.0) 0.019 1 % (26.7) 13.2 (69.0) 0.011
high 11(78.3) 9(31.0) 3.8(73.3) 5.9(31.0)
D
Unmatched Stabilized IPTW
Level no-TRT (%) TRT (%) P no-TRT (%) TRT (%) P
Number 31 20 27.8 16.2
Age <65 18 (68.1) 12 (60.0) 1.000 14.1 (50.8) 7.1 (43.6) 0.665
>=65 13 (41.9) 8 (40.0) 13.7 (49.2) 9.1 (56.4)
Gender female 8 (25.8) 8 (40.0) 0.449 7.4 (26.5) 5.3 (32.4) 0.678
male 23(74.2) 12 (60.0) 20.4 (73.5) 11.0 (67.6)
KPS >=80 29 (93.5) 18 (90.0) 1.000 26 3(94.7) 15.3 (94.2) 0.937
<80 2(6.5) 2(10.0) 5(5.3) 09(5.8)
Smoking no 1(35.5) 10 (50.0) 0.461 10 0(36.2) 6.3(38.7) 0.871
yes 20 (64.5) 10 (50.0) 17.7 (63.8) 9.9(61.3)
Histopathology adenocarcinoma 23(74.2) 10 (50.0) 0.143 19.0 (68.5) 9.9 (60.9) 0.640
non-adenocarcinoma 8(25.8) 10 (50.0) 8.8 (31.5) 6.3 (39.1)
N stage NO 2(6.5) 4 (20.0) 0.307 1(14.6) 3.2(19.5) 0.739
N1-3 29 (93.5) 16 (80.0) 23.7 (85.4) 13.0 (80.5)
T stage Ti-2 15 (48.4) 6(30.0) 0312 13.6 (48.8) 6.4 (39.6) 0.598
13-4 16 (51.6) 14 (70.0) 14.2 (51.2) 9.8 (60.4)
Brain metastasis no 28(90.3) 18 (90.0) 1.000 25 6(92.3) 15.2 (94.0) 0.788
yes 30.7) 2(10.0) 1 (7.7) 1.0 (6.0)
Bone metastasis no 17 (54.8) 14 (70.0) 0.430 14 1(50.7) 9.6 (59.2) 0.622
yes 14 (45.2) 6 (30.0) 13.7 (49.3) 6.6 (40.8)
Adrenal metastasis no 25 (80.6) 18 (90.0) 0615 23.1(83.0) 13.2(81.7) 0.928
yes 6(19.4) 2(10.0) 4.7 (17.0) 3.0(18.3
SM status SM+ 5(16.1) 2(10.0) 0.838 1(18.2) 3.4(21.1) 0.854
SM- 26 (83.9) 18 (90.0) 22.7 (81.8) 12.8 (78.9)
LT to metastatic sites before PD all 2(6.5) 8 (40.0) 0.010 1.9 (6.8) 3.5(21.5) 0.124
partly or no 29 (93.5) 12 (60.0) 25.9(93.2) 12.7 (78.5)
Albumin high 5(16.1) 3(15.0) 1.000 5.0 (18.1) 3.7 (23.0) 0.750
low 26 (83.9) 17 (85.0) 22.7 (81.9) 12.5 (77.0)
Leukocyte low 17 (54.8) 9 (45.0) 0.690 16.3 (58.6) 8.2 (50.9) 0.642
high 14 (45.2) 11 (65.0) 11.5 (41.4) 8.0 (49.1)
PLR low 4(12.9) 2(10.0) 1.000 5.3(19.0) 35(21.6) 0.873
high 27 (87.1) 18 (90.0) 22.5(81.0) 12.7 (78.4)
NLR low 2(6.5) 1(5.0) 1.000 33(12.1) 1.8(11.2) 0.950
high 29 (93.5) 9(95.0) 24.4 (87.9) 14.4 (88.8)
Sl low 2(6.5) 1(6.0) 1.000 3.3 (12.1) 18(11.2) 0.950
high 29 (93.5) 9(95.0 24.4 (87.9) 14.4 (88.8)
TPSA low 14 (45.2) 12 (60.0) 0.454 12.3 (44.2) 7.8 (48.4) 0.806
high 17 (54.8) 8 (40.0) 15.5 (55.8) 8.4 (51.6)
SCC low 21(67.7) 14 (70.0) 1.000 20.4 (73.3) 11.5 (71.1) 0.888
high 10 (32.3) 6(30.0) 7.4(26.7) 47 (289)
Ca199 low 7 (22.6) 8(40.0) 0.309 75(27.2) 47(288) 0.912
high 24 (77.4) 12 (60.0) 20.2 (72.8) 11.5(71.2)
CEA low 4(12.9) 5(25.0) 0.465 4.8 (17.1) 25(15.6) 0.899
high 27 (87.1) 15 (75.0) 23.0 (82.9) 13.7 (84.4)
Cyfra211 low 6(19.4) 4(20.0) 1.000 4.9 (17.8) 2.4(15.1) 0.802
high 25(80.6) 16 (80.0) 22.8(82.2) 13.8 (84.9)

KPS, Karnofsky performance status; SM, sensitive mutation; LT, local treatment; PD, progress disease; TRT, thoracic radiotherapy; PLR, platelet to lymphocyte ratio; NLR, neutrophils to
lymphocyte ratio; SH, systemic inflammatory index; TPSA, tissue polypeptide specific antigen; SCC, squamous cell carcinoma antigen; CEA, carcinoembryonic antigen.
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Characteristics Training set (N=188) Validation set (N=95) P value
No. of patients (%) No. of patients (%)
Age 0.266
<65 116 (61.7) 65 (68.4)
265 72 (38.3) 30 (31.6)
Mean + SD 61.2 +£9.28 60.0 + 8.11 0.282
Sex 0.082
Male 134 (71.3) 58 (61.1)
Female 54 (28.7) 37 (389
KPS 0.773
<80 14 (7.4) 8(8.4)
>80 174 (92.6) 87 (91.6)
Smoking 0.017*
No 71(37.8) 50 (52.6)
Yes 117 (62.2) 45 (47.4)
Histopathology 0.328
Adenocarcinoma 130 (69.1) 71 (74.7
Non-adenocarcinoma 58 (30.9) 24 (25.9)
N stage 0.253
NO 47 (25.0) 18 (18.9)
N1-3 141 (75.0) 77 81.1)
T stage 0.282
T1-2 125 (66.5) 57 (60.0)
T3-4 63 (33.5) 38 (40.0)
SM 0.153
Yes 61 (32.4) 39 (41.1)
No 127 (67.6) 56 (8.9)
LT status to metastatic sites before PD 0.764
Al 60 (31.9) 32(33.7)
Partly or no 128 (68.1) 63 (66.3)
Brain metastasis 38 (20.2) 13 (13.7) 0177
Bone metastasis 82 (43.6) 48 (50.5) 0.271
Adrenal metastasis 22 (11.7) 9(9.5 0.571
Liver metastasis 5(2.7) 1(1.1) 0.653
TRT 0.968
CFR 49 (26.1) 23 (24.2)
HFR 15 (8.0 7(7.4)
SBRT 37(19.7) 19 (20.0)
Albumin (g/L) 421 £4.19 411 +£3.88 0.060
Leukocyte (10%/L) 7.6 +2.46 73+1.99 0.366
PLR 171.8 + 92.61 1656.3 £ 72.76 0.551
NLR 3.1+2.05 32+3.18 0.730
Sil 888.0 + 675.57 836.1 + 572.67 0.522
TPSA (U/L) 114.2 + 209.5 130.4 + 222.36 0.548
SCC (ug/L) 2.5+6.92 25+6.95 0.926
Ca19-9 (U/mL) 40.1 £ 82.74 52.9 + 153.82 0.366
CEA (ug/L) 39.6 + 106.26 73.9 + 183.17 0.094
Cyfra211 (ug/L) 6.6+9.13 11.2 +£23.00 0.064
*P<0.05.

KPS, Karnofsky performance status; SM, sensitive mutation; LT, local treatment; PD, progress disease; TRT, thoracic radiotherapy; CFR, conventional fractionated radiotherapy; HFR,
hypo-fractionated radiotherapy; SBRT, stereotactic body radiotherapy; PLR, platelet to lymphocyte ratio; NLR, neutrophils to lymphocyte ratio; Sii, systemic inflammatory index; TPSA,

tissue polypeptide specific antigen; SCC, squamous cell carcinoma antigen; CEA, carcinoembryonic antigen.
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Characteristics Cutoff Categories P value

Albumin 45.40 High (> 45.40) vs. Low (< 45.40) 0.014*
Leukocyte 7.82 High (> 7.82) vs. Low (< 7.82) 0.009*
PLR 112,24 High (112.24) vs. Low (<112.24) 0.096
NLR 1.63 High (> 1.63) vs. Low (< 1.63) 0.007*
Sil 366.36 High (> 366.36) vs. Low (< 366.36) 0.001*
TPSA 95.56 High (> 96.56) vs. Low (< 95.56) 0.001*
scc 1.60 High (> 1.60) vs. Low (< 1.60) <0.001*
Ca19-9 7.45 High (> 7.45) vs. Low (< 7.45) 0.197
CEA 2.00 High (> 2.00) vs. Low (< 2.00) 0.009*
Cyfra211 371 High (> 8.71) vs. Low (< 3.71) <0.001*
“P<0.05.

PLR, platelet to lymphocyte ratio; NLR, neutrophils to lymphocyte ratio; Sli, systemic inflammatory index; TPSA, tissue polypeptide specific antigen; SCC, squamous cell carcinoma
antigen; CEA, carcinoembryonic antigen.
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Characteristics Level Coefficient HR-value P value

Age 1=<65 0.3372 1 0.05597
2=265 1.4010

N stage 1=NO 0.3463 1 0.08476
2=N1-3 1.4138

T stage 1=T1-2 0.4127 1 0.02272*
2=T3-4 1.5109

Adrenal metastasis 1=no 0.4580 1 0.06697
2=yes 1.5810

Liver metastasis 1=no 1.0923 1 0.02658"
2=yes 2.9811

SM status 1=8M* 0.8548 1 9.09xe-06"
2=8SM" 2.3510

LT status to metastatic sites before PD 1=Al 0.5407 1 0.00505*

2 = Partly or no 1.7172

Sli 1=low 0.9098 1 0.00348*
2 = high 2.4838

CEA 1=low -0.6275 1 0.01300"
2 = high 0.5339

Cyfra211 1=low 0.8142 1 1.19xe-05*
2 = high 22574

*P<0.05.

SM, sensitive mutation; PD, progress disease; SlI, systemic inflammatory index; CEA, carcinoembryonic antigen.
Risk-Total = 1*HR-value (age) *HR-value (N stage) *HR-value (T stage) *HR-value (adrenal metastasis) *HR-value (lver metastasis) *HR-value (SM status) *HR-value (LT to metastatic sites
status before PD) *HR-value (Sll) *HR-value (CEA) *HR-value (Cyfra211).
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Sequence

Scan mode

TR

TE

FA

FOV

NEX

Slice thickness
Fat suppression
Gap

B value

Scan time

3D-VIBE-T1WI

Breath-free

5.1 ms

2.4 ms

14°

200 x 280 mm

10-12's

ES-TSE-T2WI

Diaphragm trigger
4,000 ms

80 ms

90°

200 x 210 mm
2

3 mm

Yes

0.6 mm

N/A

130-150 s

DWI

Diaphragm trigger
4,900 ms

91 ms

N/A

220 x 300 mm
2

3 mm

Yes

0.6 mm
50/800 mm?/s
120-160 s

TIWI, T1-weighted image; T2WI, T2-weighted image; DWT, diffusion-weighted imaging; TR, repetition time; TE, echo time; FA, fractional anisotropy; FOV, field of view. VIBE, volumetric
interpolated body examination; FS-TSE, fat saturation-turbo spin echo; NEX, number of excitation. N/A, not applicable.
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12 lung VX2 tumor-bearing rabbits
MRI manifestation before ablation

CT Guided RFA group(6 rabbits)

Immediately MRI evaluation after
thermal ablation
Execution of experiment rabbits
and pathological examination

CT Guided MWA group (6 rabbits)






OPS/images/fonc.2022.941752/fonc-12-941752-g002.jpg





OPS/images/fonc.2022.941752/fonc-12-941752-g003.jpg
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Variable
Number of lung metastases

Single

Multiple

Maximum tumor diameter (cm)
Mean + standard deviation
Range

<2 cm

>2 cm

Location of lung metastases
Left

Upper lobe

Lower lobe

Right

Upper lobe

Middle lobe

Lower lobe

Synchronous

Metachronous

Value

18(58.1)
13(41.9)

1.5+08
05-3.0
23 (74.2)
8 (25.8)

12 (26.7)
9 (20.0)

10 (22.2)
6 (13.3)
8 (17.8)

4(129)
27 (87.1)
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Complications
Major

Pneumothorax, requiring drainage
Hemorrhage

Infection, with longer hospital stay
Minor

Bloody sputum

Chest pain

Pneumothorax, asymptomatic
Infection, within mean hospital stay

N (%)

4 (11.11)
2 (5.55)
1(32)

10 (27.78)

21 (67.7)
9 (25.0)
1(32)
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Variable

Gender

Age

Maximum tumor diameter

Chemotherapy before lung MWA

Chemotherapy after lung MWA

Primary tumor from rectum

Liver metastases at the diagnosis of lung metastases
MWA procedure duration

Number of lung metastases

Disease-free interval

Interval between pulmonary metastases and MWA

*means P<0.05.

Hazard Ratio

1.148
1.011
4.701
0.169
1515
0.371
0.362
0.940
0.379
0.961
0.952

P Value

0.836
0.683
0.004*
0.051
0.467
0.134
0.143
0.381
0.172
0.131
0.031*
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Variable

Gender

Age

Maximum tumor diameter
Chemotherapy before lung MWA
Chemotherapy after lung MWA
Primary tumor from rectum
Liver metastases at the diagnosis of lung metastases
MWA procedure duration
Number of lung metastases
Progression-free survival
Disease-free interval

Interval between pulmonary metastases and MWA

*means P<0.05.

Hazard Ratio

0.211
0.933
0.183
10.933
0.667
26.493
5.254
1124
1.072
0.766
1.043
1121

P Value

0.153
0.134
0.155
0.171
0.626
0.009*
0.043*
0.499
0.954
0.006*
0.278
0.105
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Variable Value
Gender

Male 13 (41.9)
Female 18 (58.1)
Age (years)

Mean + standard deviation 57.3 £ 11.1
Range 38-78
<60 18 (58.1)
>60 13 (41.9)
Location of the primary tumor

Colon 11 (35.5)
Rectum 20 (64.5)
Chemotherapy before lung MWA

Yes 26 (83.9)
No 5(16.1)
Chemotherapy after lung MWA

Yes 18 (58.1)
No 13 (41.9)
MWA procedure duration(min)

Mean + standard deviation 120 +57
Range 4.0-28.0
Interval between pulmonary metastases and MWA (m)

Mean + standard deviation 85+ 127
Range 0-58
Disease-free Interval (m)

Mean + standard deviation 221+17.2
Range 0-64

Liver metastases at the diagnosis of lung metastases

Yes 7 (22.6)
No 24 (77.4)

Except where otherwise noted, data are in the form of numbers of participants or tumors,
with percentages in parentheses. MWA, microwave ablation.





