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Objectives

This study aimed to explore the predictive CT features of spread through air spaces (STAS) in patients with small-sized lung adenocarcinoma.



Methods

From January 2017 to May 2019, patients with confirmed pathology of small-sized lung adenocarcinoma (less than or equal to 2 cm) and who underwent surgery were retrospectively analyzed. The clinical, pathological, and surgical information and CT features were analyzed.



Results

A total of 47 patients with STAS (males, 61.7%; mean age, 56 ± 8years) and 143 patients without STAS (males, 58%; mean age, 53 ± 11 years) were included. Pathologically, papillary, micropapillary, solid predominant subtypes, and vascular and pleural invasion were most commonly observed features in the STAS group. Radiologically, higher consolidation tumor ratio (CTR), presence of spiculation, satellites, ground glass ribbon sign, pleural attachment, and unclear tumor–lung interface were more commonly observed features in the STAS group. CTR, presence of ground glass ribbons and pleural connection, and absence of cystic airspaces were considered as stable predictors of STAS in multivariate logistic models. The receiver operating characteristic curve (ROC) analysis for predicting STAS demonstrated higher area under the curve (AUC) in the model that used CTR (0.760, 95% confidence interval, 0.69–0.83) for predicting STAS than in the model that used long diameter of entire lesion (0.640).



Conclusions

CTR is the best CT sign for predicting STAS in small-sized lung adenocarcinoma. The ground glass ribbon is a newly found indicator and has the potential for predicting STAS.
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Highlights

	Higher consolidation tumor ratio, presence of ground glass ribbons, satellites, pleural connection, and unclear tumor–lung interface are predictive CT features of STAS in small-sized adenocarcinoma.

	During the follow-up of lung nodules, the ground glass ribbon sign is regarded as a new feature, although there is no increase in the entire size or solid component, arising suspicion for cancer with STAS.

	In small-sized STAS-positive adenocarcinomas that are present near the interlobular fissure, the disseminated foci can spread along the congenital defect of the interlobar fissure towards the adjacent lung lobe.





Introduction

The concept of spread through air spaces (STAS) is regarded as an additional pattern of invasion of lung cancer proposed by the World Health Organization classification of lung tumors in 2015. It consists of micropapillary clusters, solid nests, or single cells beyond the edge of the tumor invading into the air spaces surrounding the lung parenchyma (1). Validation studies on STAS considered it as a significant prognostic factor for distant and locoregional recurrence in patients undergoing limited resection, which decreased the overall survival in patients with lung cancers (2–5). STAS is an insidious invasive pattern that is not visible to pathologists on gross examination and to surgeons on external examination of tumor specimen at the time of surgery. So far, it remained unknown as to which imaging methods can be used for preoperative detection of it. For small-sized lung adenocarcinoma (less than or equal to 2 cm), limited resection can be usually performed, and its precise preoperative prediction of STAS on computed tomography (CT) before surgery remains crucial and challenging. This enables chest surgeons to change the treatment strategy from wedge resection to lobectomy, thereby reducing the recurrence rate. We hypothesize that some CT morphological predictors can predict STAS of small-sized lung adenocarcinoma before surgery, so as to avoid inappropriate sublobectomy of those patients. We performed comprehensive imaging and pathological statistical analysis to determine the imaging predictors predicting STAS in small-sized lung adenocarcinoma.



Materials and Methods

This study has been approved by the institutional review board of Huadong Hospital, and patients’ informed consent was waived off due to retrospective nature of the study design.


Study Population

From January 2017 to May 2019, all consecutive patients at our institution were recruited, who underwent curative surgical resection and pathologically diagnosed with small-sized primary lung adenocarcinoma, which were staged T1–2 compliant with the eighth edition of the tumor, node, and metastasis (TNM) classification (6). A total of 257 patients with pathologically confirmed small-sized adenocarcinoma (equal or less than 2 cm in diameter) were included. The exclusion criteria were as follows: (1) patients who underwent preoperative neoadjuvant chemotherapy (n = 15); (2) with a time interval more than 3 months between the last CT examination and surgical resection, or who did not undergo CT examination in our hospital (n = 45); and (3) with serious breathing artifacts on CT image (n = 7). The flowchart of patients’ selection was shown in Figure 1.




Figure 1 | Flowchart of patient selection procedure. STAS, spread through air spaces; CT, computed tomography.



The information regarding the following parameters were collected from the database: (1) patient characteristics (such as age, gender, smoking status, tumor markers); (2) surgical methods (pneumonectomy, lobectomy, segmentectomy, or wedge resection); (3) pathological findings (composition, lymph node metastasis, pleural/vessel invasion, STAS); (4) epidermal growth factor receptor (EGFR) mutations; and (5) CT characteristics.



Pathological Analysis

Pathological diagnosis and categorization of adenocarcinoma were done based on the 2011 edition of pulmonary adenocarcinoma classification (7). Surgically resected specimens were fixed in 10% formalin, placed in paraffin to block, sectioned into thin sections, and then stained with hematoxylin and eosin. Pathological analysis was performed by a pathologist with 32 years of experience (Li Xiao). STAS was considered to exist when the micropapillary clusters, solid nests, or single cells spread within the air spaces beyond the edge of the main tumor according to the 2015 WHO classification (8). Tumor cells that spread through the mucus were distinguished from STAS, and the edge of the adenocarcinoma with mucinous characteristics was defined as alveolar space filled with mucin. EGFR mutation was evaluated in all participants.



CT Acquisition and Analysis

Chest CT scans were obtained with 64-slice Discovery CT750 HD (GE Healthcare) and 64-slice GE Light speed VCT using similar protocols, which were as follows: 1.25-mm slice thickness with a 1.25-mm reconstruction interval; pitch of 0.984; tube voltage, 120 kVp; tube current, 250 mAs; and bone reconstruction kernel. All images were reviewed and measured with a standard lung window (window width, 1,500 HU; window level, −500 HU) and a mediastinal window (window width, 350 HU; window level, 50 HU). All lesions were measured on the maximum plane of axial images.

The size of the entire lesion was defined as the average of long and short axial diameters, and all the measurements were rounded to the nearest millimeter according to the 2017 guidelines for management of incidental pulmonary nodules from the Fleischner Society (9). All lesions with long axial diameters were measured on the maximum transverse reconstructed images. For mixed ground-glass nodules (mGGNs), the size of the solid components was measured using the same method as that of a mediastinal window. The maximum long diameter was used to define the TNM stage. The consolidation tumor ratio (CTR) was defined as the proportion of maximum consolidation diameter divided by the maximum tumor diameter.

The morphological characteristics of the nodules such as nodule density (solid, part solid, or pure ground glass), location, shape (round or oval, irregular), vascular change (normal, convergent or dilated), and cystic air spaces were included. Air spaces were defined as containing congenital cysts, emphysematous bullae, and bronchiectasis airways, which in turn were comprised of bubble-like lucencies and air bronchogram simultaneously.

The edge features of the lesions were as follows: (1) ground glass ribbon sign is a CT finding with a band-shaped ground glass opacity and blurred edge, which was emitted from the edge of the nodule and extended to the adjacent lung. If the lesion was present close to the visceral pleura, then it reaches the adjacent visceral pleura, without pleura thickening, pulling, or indentation; (2) tumor–lung interface: clear or unclear; (3) lobulation: is defined as a wavy or scalloped configuration of the edge of the nodule; and (4) spiculation sign: is defined as the presence of strands with soft tissue density that extends from the margin of the nodule into the lung.

Nodule-pleural types: (1) no connection, (2) attachment, with or without indentation, and (3) closeness through ground glass ribbon or spiculation, with or without traction. Morphological analysis was performed by two radiologists with nine and 15 years of experience in chest radiologic diagnosis (Lin Qi and Ming Li), and were blinded to the results of the pathological results. Any disagreements between them were resolved by reaching a consensus.



Statistical Analysis

Statistical analysis was carried out by SPSS 22.0 software and GraphPad Prism. The values were described as means ± standard deviation (SD) or sample rate. The normality of variables was tested using Shapiro–Wilk test. For categorical variables, the data between the two groups were compared by Pearson’s chi-squared test and Fisher’s exact test. For continuous variables, the data were compared by unpaired t test or Mann–Whitney U test. Binary logistic analysis for multivariate regression analysis was performed to identify independent predictors of adenocarcinoma with STAS. Variables with p values less than 0.1 by pairwise comparison were included in multivariate analysis. ROC analysis and Youden index were used to determine the cutoff value of CTR for predicting adenocarcinomas with STAS. For binary logistic analysis and ROC analysis, the nodular density of the lesions was divided into two types: solid nodules and subsolid nodules; the satellite lesions into present and absent types; and nodule-pleural relationships were divided into connection and non-connection types. The AUCs of the predictive CT features were compared by DeLong test. A p value of less than 0.05 was considered to be significant.




Results


Demographics, Surgical, and Pathological Data

Demographics, surgical strategies, and pathological data were presented in Table 1. One hundred and ninety patients with small-sized lung adenocarcinoma were finally enrolled in our study, which included 47 patients with STAS and 143 patients without STAS. The mean age of the patients was 55 ± 14 years and included 112 males and 78 females. Fifty-six participants were heavy smokers (>30 packs/year and quit smoking within the past 15 years). Seventy-one (37.4%) participants underwent sublobar resection, and 119 (62.6%) accepted lobectomy or pneumonectomy. There were no significant differences between STAS and non-STAS groups with regard to age, sex, heavy smokers, and surgery strategy. Significant differences between the two groups were observed in predominant histologic subtypes, where acinar and lepidic are the most common predominant subtypes in the non-STAS group, while papillary, micropapillary, and solid subtypes were more commonly observed in the STAS group. There was no significant difference observed in cribriform subtype between the two groups. Vascular (p = 0.001) and pleural invasion (p < 0.0001) were the most commonly observed in adenocarcinomas with STAS patients. No significant difference was present in EGFR mutations.


Table 1 | Demographics, pathological analysis, and types of surgery of participants with pathologically T1a and T1b lung adenocarcinoma.





CT Characteristics of Two Groups

CT characteristics of all lesions in STAS and non-STAS groups were shown in Table 2. No significant differences were shown in the long axial diameter of entire tumor and solid component, but a statistically significant difference was observed in CTR between the STAS and non-STAS groups (0.9 ± 0.2 vs. 0.6 ± 0.4, p = 0.0001). Only one case (1/47, 2.1%) in the STAS group showed pure ground glass density (Figure 2), while 32 cases (32/143, 22.4%) in the non-STAS had pure ground glass nodules (pGGNs, p = 0.0007). The number of SNs in the STAS group was more than that in non-STAS group (61.7 vs. 28.7%, p < 0.0001). The number of mGGNs showed no significant differences between the two groups.


Table 2 | CT characteristics of small-sized adenocarcinoma in STAS+ and STAS- groups.






Figure 2 | (A) Axial CT image of pGGO performed STAS pathologically. A ground glass ribbon sign was observed on the margin of the lesion and extended to the adjacent costal parietal pleura (white arrow), which was defined as a CT finding of a band-shaped ground glass opacity with blurred edge that emits from the edge of the nodule and extends into the adjacent lung (B). Multi-plane reconstruction with ground glass ribbon sign as the long axis. The shape of ribbon sign was displayed more clearly after adjusting the window width and level.



There were no significant differences regarding lobe location, shape, lobulation, and vascular changes. Spiculation was more frequently observed in the STAS groups (72.3 vs. 40.6%, p = 0.0001). The ground glass ribbon sign and the unclear tumor–lung interface were more commonly observed in the STAS group than that in non-STAS group (68 vs. 5.6%, p < 0.0001; 31.9 vs. 16.1%, p = 0.019). In the STAS group, there were more GGNs and solid satellites around the tumor than those in the non-STAS group (19.4 vs. 0, p < 0.0001; 14.9 vs. 2.1%, p = 0.003). More STAS lesions had attachment to the visceral pleura than non-STAS lesions (31.9 vs. 9.1%, p = 0.0001) (Figure 3).




Figure 3 | Bar graph shows the comparison of predominant subtypes between STAS-positive and STAS-negative groups (A); there is statistically significant difference in CTR between the two groups (B); the number of SNs in STAS group is more than that in non-STAS group (C); presence of spiculation, satellites, and ground glass ribbon sign, pleural attachment, and unclear tumor–lung interface was more common in STAS group (D). *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001.





CT Characteristics for Predicting STAS

The imaging features of STAS were evaluated by conducting multivariate logistic analysis (Table 3) and receiver operating characteristic curve analysis. Variables with p values of less than 0.10 in univariate analysis were included in multivariate logistic analysis, which included CTR, shape, spiculation, cystic airspaces, ground glass ribbons, tumor–lung interface, nodule density, satellite lesions, and pleural connection (Figure 4). CTR and nodule density showed significant correlation, so CTR was separately listed by establishing two regression models. In model 1, the presence of cystic airspaces, ground glass ribbon sign, unclear tumor–lung interface, pleural connection, and CTR were considered as predictive factors in STAS patients (p < 0.05). In model 2 that included CTR and nodule density simultaneously, the predictive factors were similar to the results of model 1.


Table 3 | Multivariable Logistic Analysis of radiologic predictors of adenocarcinoma with STAS.






Figure 4 | (A, D) Baseline axial (A) and coronal (D) CT images of STAS-positive adenocarcinoma in a 51-year-old man. An irregular ground glass nodule with multiple cystic cavities was detected with clear edges, so he was recommended 6–12 months follow-up (B, C, E). Axial CT images on the 8-month follow-up (B, C). The entire size of the lesion did not change, but some cysts were larger than before, and a ground glass ribbon sign was newly found on the edge of the lesion (black arrow), which was defined as a CT finding of a band-shaped ground glass opacity with blurred edge that emits from the edge of the nodule and extends into the adjacent lung (E). Coronal reconstructed image clearly shows the ribbon sign, stretching to the adjacent visceral pleural (black arrow) (F). The patient was recommended lung lobe resection and was confirmed invasive adenocarcinoma with STAS pathologically. Photomicrograph shows single cell pattern STAS consisting of scattered discohesive single cells (green arrow).



The ROC analysis for predicting STAS demonstrated higher area under the curve (AUC) in the model that used CTR (0.760, 95% confidence interval, 0.69–0.83) for predicting STAS than in the model that used long diameter of entire lesion (0.640). (Figure 5). There was no statistical significance in the differences between AUCs of CTR and diameter of entire lesion (p < 0.05).




Figure 5 | The ROC analysis for predicting STAS demonstrated higher area under the curve (AUC) in the model that used CTR (0.760, 95% confidence interval, 0.69–0.83) for predicting STAS than in the model that used long diameter of entire lesion (0.640).






Discussion

STAS is recently recognized as an additional pattern of tumor invasion in lung adenocarcinoma and is considered as a major risk factor of recurrence in early stage lung adenocarcinoma patients when treated with limited resection (2, 3, 10–13). Kadota K et al. (2) have reported that the risk of recurrence, which included the 5-year cumulative incidence of recurrence, distant and locoregional recurrence, was significantly higher in patients with STAS-positive small-sized lung adenocarcinoma when compared to those with STAS-negative tumors. Therefore, retrospective analysis was conducted to those pathologically proved small-sized lung adenocarcinoma with and without STAS, exploring whether CT features could assist in predicting STAS before undergoing surgical procedures to decide tumor margin in conditions of limited resection and guide the choice of postoperative treatment strategies (8, 14, 15).

Our study confirmed that STAS-positive small-sized lung adenocarcinomas had distinct morphologic, pathologic, and genetic characteristics, and CTR was an important imaging predictor of STAS, which was similar to the results of previous studies (4, 10, 11, 16, 17). Pathologically, the predominant subtypes of STAS positive adenocarcinoma included papillary, micropapillary and solid, while that of STAS negative tumors included lepidic and acinar. The vascular and pleural invasion and EGFR mutation were regarded as the more common features in STAS positive adenocarcinoma.

Recent studies confirmed that direct signs of STAS are far beyond the spatial resolution of state-of-art CT scanner, even on high-resolution CT images, which demonstrating that the prediction of STAS on CT images should be performed by indirect signs rather than direct visualization (18). Kim et al. reported a larger series of STAS+ adenocarcinomas (n = 94) containing different tumor sizes and pathological stages and suggested that the percentage of solid component was an independent predictor of STAS and a cut-off value of 90% with a sensitivity of 89.2% and a specificity of 60.3%. Our study focuses on the morphological features of small-sized lung adenocarcinoma positive for STAS. Therefore, there are some similarities as well as differences in conclusions due to the different research groups. Similar to Kim et al., we found that CTR (equivalent to percentage of solid component in Kim’s study) was the best predictive CT feature with a cut-off value of 83% and with a sensitivity of 91.5%, a specificity of 62.9%. The diagnostic efficacy of CTR in the two studies is similar, indicating that even if the study populations are different, CTR shows stable prediction performance in predicting STAS. In our study, no differences were found in maximum diameters of the entire lesion and solid component between tumors positive for STAS and that negative for STAS, while Kim et al. reported that the maximum diameter of solid component was greater in STAS-positive adenocarcinoma. The reason might be that our study limited the maximum diameter of the included lesions (less than 2 cm in diameter), while Kim’s study did not. In our cohort, 61.7% of STAS-positive tumors were solid nodules (CTR = 1), while 71.3% of STAS-negative lesions were non-solid lesions, indicating that solid small-sized tumors were more likely accompanied with STAS. This suggested the requirement of partial resection with enlarged margin or lobe resection.

Several studies (19–21) showed that satellite centrilobular nodules, branching opacities, typically with ill-defined margins and ground glass attenuation, are discriminatory CT characteristics that are suggestive of macroscopic tumor spread through airways. Similar to those studies, our study confirmed that several signs on CT images could predict STAS in small-sized primary lung adenocarcinoma, including presence of spiculation, satellites, ground glass ribbon sign, pleural attachment, and unclear tumor–lung interface. Among these features, some edge characteristics, such as ground glass ribbon sign, spiculation, and ground glass satellites demonstrated strong discriminative power than the remaining ones. Ground glass ribbon sign is the newly proposed CT feature in our study for indicating STAS and was defined as a CT finding of a band-shaped ground glass opacity with blurred edge that emits from the edge of the nodule and extends into the adjacent lung. Pathologically, this sign may be related to decreased air spaces in the distal part of the alveoli that is caused by the obstruction of the surrounding lung parenchyma beyond the tumor, or the obstruction of terminal bronchiolar. The predominant composition of STAS-negative small-sized adenocarcinoma was usually considered to be the lepidic subtype, and it was usually well-defined, without terminal bronchiolar obstruction and corresponding ground glass ribbon sign. While in STAS-positive adenocarcinoma, micropapillary clusters and solid nests surrounding the air spaces could block the marginal alveolar cavities, leading to a decrease in the air content of the distal alveolar cavities. Several studies reported that STAS does not occur in pGGNs (10, 18–21).

In our study, only one patient with pGGO was pathologically confirmed to have STAS, and a ground glass ribbon sign was observed on the margin of the lesion, which was extended to the adjacent costal parietal pleura. The reason for this might be that resection was more likely performed for partly solid or solid nodules, and most of the pGGOs were recommended to follow-up until they become partially solid nodules before undergoing resection. We alluded that in the setting of GGO adenocarcinoma the Ribbon sign might be an early marker of STAS before a solid component develops. This might be potentially used as an indication for early resection of slowly growing GGOs. However, future multicenter validation studies are needed to consolidate our findings. Masai et al. (3) demonstrated that STAS and tumor margins smaller than 1 cm are significant risk factors for local recurrence in early stage lung cancer after limited resection. In our study, we observed on pathological sections that tumor cells of STAS-positive small-sized adenocarcinoma can spread to the adjacent lung lobe through the congenital pores of the interlobular fissure (Figure 6). It can be shown that pathological STAS is one of the risk factors for metastasis of early adenocarcinoma after local pneumonectomy.




Figure 6 | STAS in a 45-year-old man with micropapillary predominant subtype of invasive adenocarcinoma (A). Multiplanar reconstructed CT image (width, 1,500 HU; level, −600 HU) shows a ground glass-density spiculation extending into the adjacent lungs (arrow), and several ground glass-density satellite foci with a diameter of 1–2 mm were observed at the edge of the lesion (white triangle) (B). Photomicrograph shows multiple solid nests clusters alveolar disseminations at the edge of one side of the lesion (arrow), spreading through the interlobular fissure (black triangle) to the alveolar cavities of the adjacent pulmonary lobe (C). Volume render reconstructed image shows visceral pleural indentation (D). Photomicrograph shows visceral pleural invasion, indentation, and thickening.



Our study has several limitations. Firstly, this was a retrospective single-center study, and the sample size included was small. So, comparative studies with a large number of pathological and CT images are needed to confirm these assumptions. Secondly, we only included adenocarcinomas in our study. Different histologic types of lung cancer and some inflammatory granulomas that are easily confused with lung cancer should also be included in the future studies. Thirdly, due to a shorter postoperative follow-up time, our study did not report the prognostic information of the two groups. Future research will assess the prognostic impact of STAS and local recurrence in stage I lung adenocarcinoma.

In conclusion, CTR is the most robust CT sign for predicting STAS in small-sized lung adenocarcinoma. Other CT features also have good diagnostic efficacy factors including spiculation, the ground glass ribbon sign, pleural connection, and satellites. Among them, the ground glass ribbon is a newly found indicator and has the potential for predicting STAS.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary materials. Further inquiries can be directed to the corresponding author.



Ethics Statement

The studies involving human participants were reviewed and approved by the institutional review board of Huadong Hospital, and patients’ informed consent was waived off due to retrospective nature of the study design. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

LQ and KX: manuscript writing and data analysis. YC: pathology diagnosis. JL: data organizing and analysis. XL: manuscript revision. ML: research decision. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by the National Natural Science Foundation of China (61976238); National Natural Science Foundation of China (82071897); Research Fund of Huadong Hospital (2019lc008); Shanghai Municipal Health Commission (20204Y0299); Medical Imaging Key Program of Wise Information Technology of 120, Health Commission of Shanghai 2018ZHYL0103 (ML), “Future Star” of famous doctors’ training plan of Fudan University.



Abbreviations

CT, Computed tomography; STAS, Spread through air spaces; CTR, Consolidation tumor ratio; AUC, Area under the curve; ROC Receiver operating characteristic; mGGNs, Mixed ground-glass nodules; EGFR, Epidermal growth factor receptor; pGGNs, Pure ground-glass nodules.



References

1. Travis, WD, Brambilla, E, Nicholson, AG, Yatabe, Y, Austin, JHM, Beasley, MB, et al. The 2015 World Health Organization Classification of Lung Tumors: Impact of Genetic, Clinical and Radiologic Advances Since the 2004 Classification. J Thorac Oncol (2015) 10:1243–60. doi: 10.1097/JTO.0000000000000630

2. Kadota, K, Nitadori, J-I, Sima, CS, Ujiie, H, Rizk, NP, Jones, DR, et al. Tumor Spread through Air Spaces is an Important Pattern of Invasion and Impacts the Frequency and Location of Recurrences after Limited Resection for Small Stage I Lung Adenocarcinomas. J Thorac Oncol (2015) 10:806–14. doi: 10.1097/JTO.0000000000000486

3. Masai, K, Sakurai, H, Sukeda, A, Suzuki, S, Asakura, K, Nakagawa, K, et al. Prognostic Impact of Margin Distance and Tumor Spread Through Air Spaces in Limited Resection for Primary Lung Cancer. J Thorac Oncol (2017) 12:1788–97. doi: 10.1016/j.jtho.2017.08.015

4. Blaauwgeers, H, Flieder, D, Warth, A, Harms, A, Monkhorst, K, Witte, B, et al. A Prospective Study of Loose Tissue Fragments in Non-Small Cell Lung Cancer Resection Specimens: An Alternative View to “Spread Through Air Spaces”. Am J Surg Pathol (2017) 41:1226. doi: 10.1097/PAS.0000000000000889

5. Dai, C, Xie, H, Su, H, She, Y, Zhu, E, Fan, Z, et al. Tumor Spread through Air Spaces Affects the Recurrence and Overall Survival in Patients with Lung Adenocarcinoma >2 to 3 cm. J Thorac Oncol (2017) 12:1052–60. doi: 10.1016/j.jtho.2017.03.020

6. Detterbeck, FC, Chansky, K, Groome, P, Bolejack, V, Crowley, J, Shemanski, L, et al. The IASLC Lung Cancer Staging Project: Methodology and Validation Used in the Development of Proposals for Revision of the Stage Classification of NSCLC in the Forthcoming (Eighth) Edition of the TNM Classification of Lung Cancer. J Thorac Oncol (2016) 11:1433–46. doi: 10.1016/j.jtho.2016.06.028

7. Travis, WD, Brambilla, E, Noguchi, M, Nicholson, AG, Geisinger, K, Yatabe, Y, et al. International Association for the Study of Lung Cancer/American Thoracic Society/European Respiratory Society: international multidisciplinary classification of lung adenocarcinoma: executive summary. Proc Am Thorac Soc (2011) 8:381–5. doi: 10.1513/pats.201107-042ST

8. Warth, A, Beasley, MB, and Mino-Kenudson, M. Breaking New Ground: The Evolving Concept of Spread through Air Spaces (STAS). J Thorac Oncol (2017) 12:176–8. doi: 10.1016/j.jtho.2016.10.020

9. Macmahon, H, Naidich, DP, Goo, JM, Lee, KS, Leung, ANC, Mayo, JR, et al. Guidelines for Management of Incidental Pulmonary Nodules Detected on CT Images: From the Fleischner Society 2017. Radiology (2017) 284:228–43. doi: 10.1148/radiol.2017161659

10. Kim, SK, Kim, TJ, Chung, MJ, Kim, TS, Lee, KS, Zo, JI, et al. Lung Adenocarcinoma: CT Features Associated with Spread through Air Spaces. Radiology (2018) 289:831–40. doi: 10.1148/radiol.2018180431

11. Shiono, S, and Yanagawa, N. Spread through air spaces is a predictive factor of recurrence and a prognostic factor in stage I lung adenocarcinoma. Interact Cardiovasc Thorac Surg (2016) 23:567–72. doi: 10.1093/icvts/ivw211

12. Warth, A. Spread through air spaces (STAS): a comprehensive update. Transl Lung Cancer Res (2017) 6:501–7. doi: 10.21037/tlcr.2017.06.08

13. Morimoto, J, Nakajima, T, Suzuki, H, Nagato, K, Iwata, T, Yoshida, S, et al. Impact of free tumor clusters on prognosis after resection of pulmonary adenocarcinoma. J Thorac Cardiovasc Surg (2016) 152:64–72. doi: 10.1016/j.jtcvs.2016.03.088

14. Ma, K, Zhan, C, Wang, S, Shi, Y, Jiang, W, Wang, Q, et al. Spread Through Air Spaces (STAS): A New Pathologic Morphology in Lung Cancer. Clin Lung Cancer (2019) 20:e158–62. doi: 10.1016/j.cllc.2018.10.007

15. Kalemkerian, GP, Loo, BW, Akerley, W, Attia, A, Bassetti, M, Boumber, Y, et al. NCCN Guidelines Insights: Small Cell Lung Cancer, Version 2.2018. J Natl Compr Canc Netw (2018) 16:1171–82. doi: 10.6004/jnccn.2018.0079

16. Morales-Oyarvide, V, and Mino-Kenudson, MJPI. Tumor islands and spread through air spaces: Distinct patterns of invasion in lung adenocarcinoma. Pathol Int (2016) 66:1–7. doi: 10.1111/pin.12368

17. Naidich, DP. Is Spread of Tumor through Air Spaces a Concern for Interpreting Lung Nodules on CT Images? Radiology (2018) 289:841–2. doi: 10.1148/radiol.2018181764

18. Ledda, RE, Milanese, G, Gnetti, L, Borghesi, A, Sverzellati, N, Silva, M, et al. Spread through air spaces in lung adenocarcinoma: is radiology reliable yet? J Thorac Dis (2019) 11:S256–61. doi: 10.21037/jtd.2019.01.96

19. de Margerie-Mellon, C, Onken, A, Heidinger, BH, VanderLaan, PA, and Bankier, AA. CT Manifestations of Tumor Spread Through Airspaces in Pulmonary Adenocarcinomas Presenting as Subsolid Nodules. J Thorac Imaging (2018) 33:402–8. doi: 10.1097/RTI.0000000000000344

20. Toyokawa, G, Yamada, Y, Tagawa, T, Kamitani, T, Yamasaki, Y, Shimokawa, M, et al. Computed tomography features of resected lung adenocarcinomas with spread through air spaces. J Thorac Cardiovasc Surg (2018) 156:1670–6. doi: 10.1016/j.jtcvs.2018.04.126

21. Akira, M, Atagi, S, Kawahara, M, Iuchi, K, and Johkoh, T. High-resolution CT findings of diffuse bronchioloalveolar carcinoma in 38 patients. Am J Roentgenol (1999) 173:1623–9. doi: 10.2214/ajr.173.6.10584811



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.

Copyright © 2021 Qi, Xue, Cai, Lu, Li and Li. 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: 04 March 2021

doi: 10.3389/fonc.2021.608353

[image: image2]


Morphological Subtypes of Tumor Spread Through Air Spaces in Non-Small Cell Lung Cancer: Prognostic Heterogeneity and Its Underlying Mechanism


Huikang Xie 1†, Hang Su 2†, Erjia Zhu 2†, Chang Gu 2, Shengnan Zhao 1, Yunlang She 2, Yijiu Ren 2, Dong Xie 2, Hui Zheng 2, Chunyan Wu 1, Chenyang Dai 2*  and Chang Chen 2*


1 Department of Pathology, Shanghai Pulmonary Hospital, Tongji University School of Medicine, Shanghai, China, 2 Department of Thoracic Surgery, Shanghai Pulmonary Hospital, Tongji University School of Medicine, Shanghai, China




Edited by: 
Chen Chen, Central South University, China

Reviewed by: 
Noriyoshi Sawabata, Nara Medical University, Japan

Mari Mino-Kenudson, Massachusetts General Hospital and Harvard Medical School, United States

*Correspondence: 
Chang Chen
 chenthoracic@163.com
 Chenyang Dai
 daichenyang@tongji.edu.cn



†These authors have equally contributed to this work


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


Received: 20 September 2020

Accepted: 15 January 2021

Published: 04 March 2021

Citation:
Xie H, Su H, Zhu E, Gu C, Zhao S, She Y, Ren Y, Xie D, Zheng H, Wu C, Dai C and Chen C (2021) Morphological Subtypes of Tumor Spread Through Air Spaces in Non-Small Cell Lung Cancer: Prognostic Heterogeneity and Its Underlying Mechanism. Front. Oncol. 11:608353. doi: 10.3389/fonc.2021.608353




Background

Tumor spread through air spaces (STAS) has three morphologic subtypes: single cells, micropapillary clusters, and solid nests. However, whether their respective clinical significance is similar remains unclear.



Methods

We retrospectively reviewed 803 patients with resected non-small cell lung cancer (NSCLC) from January to December 2009. Recurrence-free survival (RFS) and overall survival (OS) were compared among patients stratified by STAS subtypes. We also performed a prospective study of NSCLC resection specimens to evaluate the influence of a prosecting knife on the presence of STAS subtypes during specimen handling (83 cases).



Results

STAS was found in 370 NSCLCs (46%), including 47 single cell STAS (13%), 187 micropapillary cluster STAS (50%), and 136 solid nest STAS (37%). STAS-negative patients had significantly better survival than patients with micropapillary cluster STAS (RFS: P < 0.001; OS: P < 0.001) and solid nest STAS (RFS: P < 0.001; OS: P < 0.001), but similar survival compared with those with single cell STAS (RFS: P = 0.995; OS: P = 0.71). Multivariate analysis revealed micropapillary cluster (RFS: P < 0.001; OS: P < 0.001) and solid nest STAS (RFS: P = 0.001; OS: P = 0.003) to be an independent prognostic indicator, but not for single cell STAS (RFS: P = 0.989; OS: P = 0.68). Similar results were obtained in subgroup analysis of patients with adenocarcinoma. The prospective study of NSCLC specimens suggested that 18 cases were considered as STAS false-positive, and most were singe cell pattern (13/18, 72%).



Conclusions

Single cell STAS was the common morphologic type of artifacts produced by a prosecting knife. A precise protocol of surgical specimen handling is required to minimize artifacts as much as possible.





Keywords: spread through air spaces, spread through a knife surface, non-small cell lung cancer, prognosis, artifact



Introduction

Tumor spread through air spaces (STAS) was added as a novel invasive pattern of lung adenocarcinoma (ADC) in the 2015 World Health Organization (WHO) classification (1). Subsequently, numerous studies consistently demonstrated STAS to be a prognostic risk factor for patients with ADC (2–12). This adverse impact extended to cases of squamous cell carcinoma (SQCC) and pleomorphic carcinoma, among others (13–16). Thus, STAS was recognized as a unique invasive type of non-small cell lung cancer (NSCLC) and attracted tremendous interests.

According to the 2015 WHO classification, STAS has three morphologic subtypes: single cells, micropapillary clusters, and solid nests. Our previous study showed that micropapillary cluster STAS was the most common type in ADC (6), and other studies found SQCC only featured solid nest STAS (13–15), which suggested the potential heterogeneity among STAS subtypes. Three STAS patterns were considered as one group in all published studies concerning clinicopathologic features and prognostic effect. Thus, it was unclear whether each subtype had distinct clinical behaviors.

In this study, we used a large retrospective cohort of patients with resected NSCLC to investigate the clinical characteristics of three STAS subtypes, with a focus on the survival outcomes. If differences among subtypes were observed, the potential mechanism was also explored.



Materials and Methods


Study Cohort

The institutional review board of Shanghai Pulmonary Hospital approved this study (No. K17-159). We reviewed 1,123 patients with lung cancer who underwent surgical resection at our hospital between January 1, 2009, and December 31, 2009. Patients with neoadjuvant therapy, multiple primary lung cancers, small cell lung cancer, metastatic tumor, minimally invasive adenocarcinoma, and adenocarcinoma in situ were excluded. After applying these criteria, a total of 803 patients with NSCLC were identified (Figure 1A). The tumors were classified according to the 2015 WHO classification and staged on the basis of the eighth edition of the TNM classification (1, 17). Patients’ clinical data were retrospectively extracted from electronic medical records. We also prospectively included 83 cases of NSCLC resection specimens from August 1, 2017 to August 15, 2017, according to the same inclusion and exclusion criteria to evaluate the influence of a prosecting knife on the presence of STAS subtypes during specimen handling (Figure 1B).




Figure 1 | Study cohort flowchart. (A) Retrospective cohort; (B) Prospective cohort.





Histopathologic Evaluation of STAS Subtypes

Tumor specimen slides were microscopically evaluated by two pathologists (H.X. and S.Z.) who were not aware of the clinical data. STAS was defined as tumor cells observed within air spaces in the surrounding lung parenchyma beyond the edge of the main tumor (1). The methods to distinguish STAS from artifacts and alveolar macrophages reported by Kadota et al. were adopted in this study (2). If diagnosis was still uncertain, immunohistochemistry for tumor cell marker (cytokeratin [AE1/AE3]) and macrophage marker (CD68) was performed.

STAS has three morphologic patterns: (1) single cell pattern (Figures 2A, B), defined as discohesive single tumor cells within air spaces; (2) micropapillary cluster pattern (Figures 2C, D), defined as papillary structures without central fibrovascular cores filling as an alveolus; and (3) solid nest pattern (Figures 2E, F), defined as solid collections of tumor cells within an alveolus. Two pathologists (H.X. and S.Z.) categorized STAS into single cell, micropapillary cluster, or solid nest subtype independently. If any disagreement occurred, consensus was achieved after discussion.




Figure 2 | Morphologic features of STAS including single cell pattern (original magnification: ×40 in (A) and ×200 in (B) micropapillary cluster pattern (original magnification: ×40 in (C) and ×200 in (D) and solid nest pattern (original magnification: ×40 in (E) and ×200 in (F). STAS, spread through air spaces.





Survival Analyses for STAS Subtypes

The outcomes of interest were recurrence-free survival (RFS) and overall survival (OS), which were calculated using the Kaplan-Meier method and compared using the log-rank test among STAS subtype groups. Survival information was collected from outpatient clinic re-visit records (clinical, radiologic, and pathologic evaluation) and telephone follow-up through December 31, 2016. Multivariate survival analyses were conducted by using the Cox proportional hazards model to identify independent prognostic factors for RFS and OS. The variables were examined first using univariate analysis, and those with P value < 0.1 were incorporated into a multivariate model. We also assessed the prognostic significance of STAS subtypes in patients with ADC.



Prospective Assessment of the Influence of a Prosecting Knife on STAS Subtypes

Two published studies suggested that STAS may partly be attributed to artifacts caused by a prosecting knife during specimen handling (18, 19). Our study also evaluated the influence of a prosecting knife on the presence of STAS subtypes. The same inclusion criteria used in the retrospective cohort were adopted to prospectively recruit patients with NSCLC who underwent surgery at our hospital between August 1, 2017, and August 15, 2017.

The lung cancer specimens were prosected and sampled according to the following protocol (Figure 3A): (1) the lung cancer specimen was cut at its largest diameter using a clean, long prosecting knife, thus dividing the sample into two; (2) one tissue piece was randomly selected and divided into two sections along the vertical direction of the first cut by using a second clean knife; and (3) all specimens were cut in a single continuous direction to avoid excessive tumor tissue contamination caused by drawing the knife back and forth. Eventually, two tissue blocks were obtained. The upper block contained normal lung tissue and then tumor tissue, and the lower block contained tumor tissue and then normal lung tissue.




Figure 3 | Surface of cross-section from resected lung specimen after the first cut (A); arrow indicates cutting path. Tissue blocks in the rectangular box contains normal lung tissue above tumor (upper block) and below tumor (lower block). The diagrams of the definition of real STAS and mimic STAS (B); pentagram indicates displaced tumor cells in normal lung tissue. STAS, spread through air spaces.



According to the cutting path, the normal lung tissue of the upper block was in contact with a clean blade, whereas that of the lower block was exposed to the blade after it made contact with tumor tissues. Hence, displaced tumor cells observed in the normal tissue of the lower block have the potential to theoretically be artifacts caused by contaminated blades. Morimoto and his colleagues found that free tumor clusters that had similar definitions of STAS were present in all directions of the main tumor (20). Therefore, cases could be considered as having real STAS when displaced tumor cells were identified in both upper and lower blocks, whereas cases were defined as having mimic STAS when displaced tumor cells were observed in the lower block but absent in the upper block (Figure 3B).



Histopathologic Evaluation and Quantitative Comparison of STAS in Tissue Blocks

The surgically resected specimens were fixed with formalin, cut serially into 5-mm-thick slices, and macroscopically examined. Additional consecutive 4-µm-thick sections were cut from a selected tissue block and stained with hematoxylin and eosin. For each case, 5 to 10 tumor slides were reviewed. These slides were evaluated by two pathologists (H.X. and S.Z.) who were blinded to the information on sections and tissue blocks. The pattern and quantity of STAS were evaluated in each tissue block. The methodology was introduced in detail in a previous study (19). Briefly, all STAS in one visual field under a 10× objective were recorded as one occurrence, regardless of the absolute quantity of STAS in that field. The total number of STAS in the corresponding tissue block was estimated as the sum of all positive 10× objective fields in the H&E section. STAS with the largest number was considered the predominant subtype. If any disagreement occurred between the two reviewers, a third observer (C.W.) reviewed these slides.



Statistical Analysis

All clinicopathologic data were presented as median (range), mean ± standard deviation, and number (percent). The Pearson χ2 test for categorical variables and Student t test or one-way ANOVA for numerical variables were applied to compare the groups. A two-sided P value of less than 0.05 was considered statistically significant. All analyses were performed using SPSS 22.0 (IBM Corporation, Armonk, NY) and GraphPad Prism 7.0 (GraphPad Software, San Diego, CA).




Results


Patient Characteristics

We identified 803 patients with NSCLC in the retrospective cohort. Table 1 shows their detailed clinicopathological characteristics. Of these patients, 524 (65%) were men and 507 (63%) had no smoking history. The median age of this cohort was 60 years (range 29-91). ADC was the most common histological type (58%) (Table 1).


Table 1 | Characteristics of patients with non-small cell lung cancer stratified by tumor spread through air spaces.





Incidence and Features of STAS

Tumor STAS was identified in 370 of 803 patients (46%). STAS was more likely to be observed in patients with no smoking history (P = 0.049), elevated carcinoembryonic antigen (CEA) level (P < 0.001), ADC (P < 0.001), lymph node metastasis (P < 0.001) and high pathologic TNM stage (P < 0.001) (Table 1).



Correlation of Clinicopathologic Characteristics with Different Types of STAS

When STAS was stratified by three morphologic patterns, 47 cases had single cell STAS (13%), 187 cases had micropapillary cluster STAS (50%), and 136 cases had solid nest STAS (37%) (Table 2). Large tumor size, lymph node metastasis, and high pathologic TNM stage were more frequently identified in tumors with micropapillary cluster STAS and solid nest STAS than those with single cell STAS (tumor size: P < 0.001; lymph node metastasis: P < 0.001; TNM stage: P = 0.003). In addition, female sex, no smoking history, and ADC were closely associated with the presence of single cell STAS and micropapillary cluster STAS, whereas male sex, a history of smoking, and SQCC were more common in tumors with solid nest STAS (gender: P < 0.001; smoking history: P < 0.001; histological type: P < 0.001) (Table 2).


Table 2 | Characteristics of patients with non-small cell lung cancer stratified by subtypes of tumor spread through air spaces.





Survival Analyses

Figures 4A, B shows that patients without STAS had better RFS (P < 0.001) and OS (P < 0.001) than those with STAS. When stratifying STAS-positive patients by morphologic subtypes, patients without STAS had significantly better survival than did patients with micropapillary cluster STAS (RFS: P < 0.001; OS: P < 0.001) and solid nest STAS (RFS: P < 0.001; OS: P < 0.001), but comparable survival to that of patients with single cell STAS (RFS: P = 0.995; OS: P = 0.71) (Figures 4C, D).




Figure 4 | Recurrence-free survival (A) and overall survival (B) in patients with non-small cell lung cancer stratified by STAS. Recurrence-free survival (C) and overall survival (D) in patients with non-small cell lung cancer stratified by STAS subtypes. STAS, spread through air spaces.



In addition, multivariate analyses confirmed that the presence of micropapillary cluster STAS (RFS: hazard ratio [HR] = 1.75, 95% confidence interval [CI]: 1.30-2.37, P < 0.001; OS: HR = 1.99, 95% CI: 1.44-2.76, P < 0.001) and solid nest STAS (RFS: HR = 1.60, 95% CI: 1.21-2.14, P = 0.001; OS: HR = 1.55, 95% CI: 1.16-2.07, P = 0.003) was indicated as an independent prognostic factor, but the presence of single cell STAS was not (RFS: HR = 1.00, 95% CI: 0.59-1.70, P = 0.989; OS: HR = 1.13, 95% CI: 0.63-2.03, P = 0.68) (Table 3).


Table 3 | Cox proportional hazards regression model for recurrence-free survival and overall survival in patients with non-small cell lung cancer.





Subgroup Analysis of Patients with ADC

We also assessed the clinical significance of STAS subtypes in patients with ADC. Similar results were acquired in this subgroup when compared with those in entire cohort.

Tumor STAS was identified in 235 patients with ADC (51%), including 43 cases with single cell STAS (18%), 179 cases with micropapillary cluster STAS (76%), and 13 cases with solid nest STAS (6%) (Supplementary Table 1). The proportions of lymph node metastasis and high pathologic TNM stage were greater in tumors with micropapillary cluster STAS and solid nest STAS than in those with single cell STAS (lymph node metastasis: P = 0.003; TNM stage: P = 0.025). (Supplementary Table 2) Single cell STAS was observed in lepidic (11/103, 11%), acinar (17/224, 8%), papillary (12/85, 14%) and solid (3/37, 8%) predominant ADC, except for micropapillary predominant ADC. Micropapillary cluster STAS was observed in lepidic (14/103, 14%), acinar (104/224, 46%), papillary (34/85, 40%) and solid (16/37, 43%) predominant ADC. Interestingly, micropapillary STAS had a significant association with micropapillary predominant ADC (11/12, 92%). Whereas solid nest STAS was more common in patients with solid predominant ADC (Lepidic: 2/103, 2%; Acinar: 4/224, 2%; Papillary: 1/85 1%; Micropapillary: 0/12, 0%; Solid: 6/37, 16%).

Supplementary Figures 1A, B shows that STAS significantly stratified the RFS (P < 0.001) and OS (P < 0.001) in patients with ADC. Further analyses indicated that, when compared to patients with ADC without STAS, similar survival outcomes were found in those with ADC with single cell STAS (RFS: P = 0.639; OS: P = 0.708), but worse survival outcomes in those with ADC with micropapillary cluster STAS (RFS: P < 0.001; OS: P < 0.001) or with solid nest STAS (RFS: P < 0.001; OS: P = 0.002) (Supplementary Figures 1C, D). Multivariate analyses revealed micropapillary cluster STAS (RFS: HR = 1.67, 95% CI: 1.18-2.37, P = 0.004; OS: HR = 1.73, 95% CI: 1.19-2.51, P = 0.004) and solid nest STAS (RFS: HR = 2.13, 95% CI: 1.02-4.45, P = 0.043; OS: HR = 2.09, 95% CI: 0.95-4.63, P = 0.068) to be a risk factor for survival, but single cell STAS was not (RFS: HR = 0.82, 95% CI: 0.45-1.49, P = 0.517; OS: HR = 0.94, 95% CI: 0.48-1.83, P = 0.843) (Supplementary Table 3).



Influence of a Prosecting Knife on STAS Subtypes

Because single cell STAS was not a significant prognostic factor, we next verified the hypothesis that single cell STAS was the artifact caused by a prosecting knife during specimen handling. A total of 83 patients with NSCLC who underwent surgery at our department met the inclusion criteria. Supplementary Table 4 shows baseline characteristics of patients and pathologic results of tumors. All lung cancer specimens were prosected and sampled according to the standard protocol.



Incidence and Features of STAS in Tissue Blocks

After histologic evaluation, 45 of 83 patients (54%) had displaced tumor cells in at least one tissue block (Figure 5A). The mean fields of displaced tumor cells were significantly greater in the lower part of the cuts than in the upper part (P < 0.001) (Figure 5B). Of these 45 patients, 27 (60%) were identified as having displaced tumor cells in both two blocks and diagnosed as having real STAS. The remaining 18 (40%) had displaced tumor cells in lower block but not in upper block; they were considered to have mimic STAS (Figure 5A). In patients with real STAS, upper blocks still had fewer fields of STAS compared to lower blocks (P = 0.016) (Figure 5B). In patients with mimic STAS, a great number of displaced tumor cells presented as single cell pattern (13/18, 72%) and in ADCs (16/18, 89%).




Figure 5 | The distribution and quantity of STAS in each tissue block (A). The quantitative comparison of all STAS and real STAS between upper blocks and lower blocks (B). STAS, spread through air spaces.





Distribution of STAS Stratified by Morphologic Subtype

When subclassifying cases according to the morphologic features of STAS, 17 cases had single cell pattern, 19 cases had micropapillary pattern, and 9 cases had solid nest pattern (Supplementary Figure 2).

Supplementary Figure 2A shows the distribution of single cell STAS in 17 cases; the lower blocks had significantly more displaced tumor cells than the corresponding upper blocks (P < 0.001) (Supplementary Figure 2B). Of these 17 cases, 4 cases (24%) with real STAS and 13 cases (76%) with mimic STAS. No statistical difference in the number of positive fields was observed between upper blocks and lower blocks in patients with real single cell STAS (P = 0.495) (Supplementary Figure 2B).

Among 19 patients with micropapillary cluster STAS, 14 patients were considered as having real STAS (79%), and the remaining 5 patients had mimic STAS (21%) (Supplementary Figure 2C). The number of micropapillary cluster STAS fields in lower blocks was significantly higher than that in upper blocks in all cases (P < 0.001) and in cases with real STAS (P = 0.009) (Supplementary Figure 2D).

A solid nest pattern was observed in 9 cases (Supplementary Figure 2E). All patients (100%) had STAS in upper blocks and thus were considered as having real STAS. The number of positive fields of solid nest STAS was similar between upper and lower blocks (P = 0.998) (Supplementary Figure 2F).




Discussion

To the best of our knowledge, this is the first study to examine the clinical significance of three STAS patterns. Our results suggested that unlike micropapillary cluster STAS and solid nest STAS, single-cell STAS was not significantly associated with pathologic features of aggressive tumor behavior (larger tumor size, lymph node metastasis, and high TNM stage). More importantly, the presence of single-cell STAS failed to stratify the prognosis in the study cohort, whereas micropapillary cluster STAS and solid nest STAS were confirmed as independent prognostic factors for both RFS and OS. Similar results were found in the subgroup of patients with ADC. Evidence of heterogeneity among STAS subtypes raises the question of whether single-cell STAS occurs as a mechanical artifact caused by specimen processing. Our prospective study of resected specimens verified that a prosecting knife blade disseminated tumor cells into normal lung tissues, thus leading to mimic STAS, which mostly presented as a single-cell pattern (72%).

Kadota et al (2). first defined STAS and reported its clinical significance in lung ADCs in 2015. They also reported three morphological patterns of STAS: (1) micropapillary structures consisting of papillary structures without central fibrovascular cores that occasionally form ring-like structures within air spaces; (2) solid nests or tumor islands consisting of solid collections of tumor cells filling air spaces; and (3) single cells consisting of scattered discohesive single cells. In addition, our previous study reported that STAS was always identified simultaneously with high-grade histologic patterns. Specifically, STAS occurred less frequently in lepidic-predominant ADC and more frequently in micropapillary and solid-predominant subtypes. However, few studies have investigated whether the three patterns of STAS have different features and correlations with pathologic subtypes of lung ADC. We found that micropapillary cluster STAS was more prevalent than single-cell STAS in every subtype of ADC. Furthermore, our results revealed that single-cell STAS failed to stratify the prognosis in the study cohort. Only micropapillary cluster STAS and solid nest STAS were independent prognostic factors for both RFS and OS. This is the first report about the prognostic impact of the three subtypes of STAS. This result indicated that single-cell STAS may occur as a mechanical artifact caused by specimen processing.

Since the introduction of STAS in 2015, many retrospective studies have unanimously shown its clinical and prognostic value in all major histologic types of NSCLC (2–16), proving that STAS is a biological phenomenon. Even with such sufficient published evidence, STAS is still controversial (18, 19, 21). Thunnissen and colleagues found that tumor fragments and individual cells could be spread into normal lung tissues through a knife surface (STAKS) and suggested that STAS might be an artifact (18). In the present study, we identified the possibility that most single-cell STAS could be artifacts because they lacked clinical and prognostic value. We then validated this speculation. These results have several important implications. First, single-cell STAS was the most common diagnostic pitfall and should be diagnosed very cautiously in retrospective studies. Generally, detailed records of specimen handling were unavailable in retrospective studies; thus, the potential effect of STAKS could not be eliminated. Second, a precise protocol of surgical specimen handling will be required to minimize artifacts as much as possible.

The key question that led to the speculation of STAS being an artifact rather than an invasive pattern was the survival of the tumor cells after detaching from the main tumor and floating freely in the air spaces without a vascular supply. Onozato and colleagues used an algorithm for 3-dimensional reconstruction of paraffin-embedded tissues and found that tumor islands (similar to the solid nest pattern) were connected to each other and to the main tumor at different levels, supporting the possibility that tumor islands gain access to energy supply from the main tumor (22). In a recent study, a high-quality 3-dimensional reconstruction and multiplex immunofluorescence study reported by Yagi and her colleagues revealed that micropapillary structures in normal air spaces that appeared to be free floating on 2-dimensional evaluation were actually attached to alveolar walls and capillaries through vessel cooption on 3-dimensional evaluation, thus gaining access to an energy supply (23). The study strongly support the hypothesis that solid nest STAS and micropapillary cluster STAS represent intraparenchymal invasion rather than artifacts, which is consistent with our findings. However, how single tumor cells can survive within air spaces remains unclear. If tumor cells can obtain access to an energy supply by adhering to the alveolar wall, individually scattered tumor cells suspended in the alveolar spaces seem to lack an energy supply and thus would hypothetically have difficulty surviving, which supports our findings that most displaced single tumor cells were artifacts rather than invasive growth.

Our results indicated that knife blades caused a small number of false-positive STAS cases with a micropapillary cluster pattern (28%). Yagi and colleagues found that micropapillary structures within airspaces in the main tumor area were connected to alveolar walls (23). Our findings suggested that the adhesive force was weak and could be easily broken by a knife. A similar phenomenon was reported by Isaka and colleagues (24). They found that micropapillary clusters could be aspirated out within airway secretions from the bronchus in which the tumor was located. More importantly, our results also revealed that a knife blade increased the number of micropapillary clusters in tumors with real STAS. Recently, Uruga and colleagues reported a semiquantitative assessment of STAS based on a retrospective analysis of 208 cases (5). Patients with early-stage ADC could be classified into high-STAS (≥ 5 single cells or clusters), low-STAS (1-4 single cells or clusters) and no-STAS groups. The survival analyses indicated that the high-STAS group was associated with worse RFS than the low-STAS and no-STAS groups. Nevertheless, considering that STAKS was neglected in this retrospective study, the possibility that STAS was overestimated cannot be entirely ruled out. For this reason, this semiquantitative method should be better verified in prospective studies.

Our results showed that the knife blade only slightly changed the frequency and quantity of displaced tumor cells with a solid nest pattern; thus, STAKS probably had little influence on findings related to solid nest STAS. Three retrospective studies investigated the prognostic implications of STAS in 445, 216, and 220 patients with SQCC, and all STAS-positive cases showed a solid nest pattern and were significantly associated with worse survival outcomes (13–15). Consequently, the prognostic value of STAS in SQCCs is still trustworthy even when STAKS is not taken into consideration.

Some limitations of this study should be addressed. First, this was a single-center study with some potential biases, and the results should be externally validated. Second, we proved the mechanical influence of a knife blade on STAS, but one could reasonably speculate that there might be additional mechanical forces on a tumor during specimen handling; thus, further studies are needed to explore their roles in the spread of tumor cells. Finally, the retrospective cohort and prospective cohort were two individual cohorts from 2009 and 2017, respectively. For the retrospective cohort, STAKS could not be evaluated because tumor specimens were processed following routine clinical protocols in 2009. For the prospective cohort, the results of survival analysis are not reliable for patients because of the short follow-up time. Thus, the prognostic impact of STAKS cannot be directly validated. Despite this limitation, the results of our study could provide some important information. Our data showed that single-cell STAS was not a prognostic factor and that a large proportion of single-cell STAS could be artifacts. This result indicated that the nonsignificant prognostic result of single-cell STAS was caused by single-cell STAKS. A precise protocol to eliminate single-cell STAKS should be designed in the future. Micropapillary cluster STAS and STAKS were highly associated with the presence of micropapillary components. This result indicated that micropapillary STAS may be cell clusters from micropapillary components in lung adenocarcinoma. Although some micropapillary STAS could be caused by a prosecting knife, the result also indicated the presence of a micropapillary component in lung adenocarcinoma. The presence of micropapillary clusters in airspaces merely reflects the aggressive biology of the tumor and dictates patient outcomes, irrespective of whether the clusters are real or artifacts (25).



Conclusions

The presence of micropapillary cluster STAS and solid nest STAS were independent prognostic factors for shortened survival. However, single-cell STAS did not have prognostic significance, and most might be contaminants produced by a prosecting knife. Thus, single-cell STAS should be diagnosed very cautiously in retrospective studies because detailed records of specimen handling are generally unavailable to eliminate the potential effect of STAKS. In addition, a precise protocol of surgical specimen handling is required to minimize artifacts as much as possible.
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Objectives

Our study aimed to validate pathologic findings of ground-glass nodules (GGOs) of different consolidation tumor ratios (CTRs), and to explore whether GGOs could be stratified according to CTR with an increment of 0.25 based on its prognostic role.



Methods

We retrospectively evaluated patients with clinical stage IA GGOs who underwent curative resection between 2011 and 2016. The patients were divided into 4 groups according to CTR step by 0.25. Cumulative survival rates were calculated by the Kaplan-Meier method. Univariate and multivariate Cox regression analyses were conducted to obtain the risk factors on relapse-free survival (RFS). The surv_function of the R package survminer was used to determine the optimal cutoff value. Receiver operating characteristic (ROC) analysis was generated to validate optimal cutoff points of factors.



Results

A total of 862 patients (608 women; median age, 59y) were included, with 442 patients in group A (CTR ≤ 0.25), 210 patients in group B (0.25<CTR ≤ 0.5), 173 patients in group C (0.5<CTR ≤ 0.75), and 37 patients in group D (0.75<CTR<1). The rate of adenocarcinoma in situ (AIS) or minimally invasive adenocarcinoma (MIA) in group A (70.6%) was much higher than other three groups (p<0.001). Multivariable Cox regression revealed that CTR (HR, 1.865; 95%CI, 1.312-2.650; p = 0.001) and lymph node metastasis (HR, 10.407; 95%CI, 1.957-55.343; p = 0.006) were independent prognostic factors for recurrence free survival. In addition, CTR was the only risk factor for the presence of micropapillary or solid pattern (OR=133.9, 95%CI:32.2-556.2, P<0.001) and lymph node metastasis (OR=292498.8, 95%CI:1.2-7.4×1010, P=0.047). Paired comparison showed that rate of presence of micropapillary or solid pattern was highest in group D, followed by group C and group A/B (p<0.001). Lymph node metastasis occurred in group D only (p=0.002).



Conclusions

CTR is an independent prognostic factor for clinical stage IA lung adenocarcinoma manifesting as GGO in CT scan. Radiologic cutoffs of CTR 0.50 and 0.75 were able to subdivide patients with different prognosis.





Keywords: lung cancer, early-stage, computed tomography, ground-glass opacities, consolidation



Introduction

Ground glass opacity (GGO) is a radiological finding in computed tomography (CT) with a hazy opacity that does not obscure the underlying bronchial structures or pulmonary vessels (1–3). Lung adenocarcinoma with GGO component is correlated with excellent prognosis (4). Both consolidation size and consolidation tumor ratio (CTR) were reported to be prognostic factors for GGOs (5–7).

Previous studies revealed that GGO dominant (CTR ≤ 0.5) part-solid nodules were less invasive than solid dominant (CTR>0.5) part-solid nodules (8–14). In the 2015 World Health Organization classification of lung tumors (15), micropapillary and solid components in adenocarcinoma represent poor differentiation and worse biology behavior. It has been reported that these two poor differentiated components correlate with poor prognosis (16–19), and it has been verified in clinical stage I non-small-cell lung cancer as well (20–22). Pathologic components of lung adenocarcinoma might transform into prognostic information in the long term to some extent. Few studies have investigated the pathologic subtypes of GGOs of different CTRs, with an increment of 0.25. Our study is to investigate prognostic factors of GGOs, and then to explore whether GGOs should be studied according to CTR with an increment of 0.25, considering both survival and pathology.



Patients and Methods

This study was conducted in accordance with the amended Declaration of Helsinki. Ethics committee on human research of Zhongshan Hospital approved the protocol (approval number: B2019-232R), and written informed consent was obtained from all patients before surgery for the use of surgical samples and clinical information for medical research.


Patient Selection

We retrospectively reviewed the records of patients with GGOs who underwent curative resection at our institute between January 2011 and December 2016. All patients received thin-section CT scan (collimation ≤1.5mm) before surgery. For patients with solid component ≥6mm in the lung window, PET/CT was regularly recommended. Most patients underwent standard lobectomy, while sublobar resection (segmentectomy and wedge resection) was performed for a section of patients with tumors ≤ 2cm. A minimum of three N2 stations sampled or complete lymph node dissection was a routine schedule for all patients. Inclusion criteria were as follows: (1) GGO with maximum consolidation diameter ≤ 3cm in the lung window, (2) clinically no lymph node metastasis (shortest diameter of hilar or mediastinal lymph nodes less than 1.0cm on CT scan or no positive fluorodeoxyglucose uptake of hilar or mediastinal lymph nodes on PET/CT), (3) pathologically confirmed primary lung adenocarcinoma, and (4) R0 (complete) resection. Cases with no pathologic subtype data were excluded. Finally, 862 stage IA patients were included.

The patients were divided into 4 groups according to CTR: group A (CTR ≤ 0.25), group B (0.25<CTR ≤ 0.5), group C (0.5<CTR ≤ 0.75), and group D (0.75<CTR<1).



CT Measurement

The lung windows were set at a window width of 1500 Hounsfield units (HU) and a window level -500 HU. GGO is defined as a hazy opacity in lung without obscuring the underlying bronchial structures or pulmonary vessels. Pathologically, GGO mainly turns out to be lepidic but also non-lepidic growth patterns in lung adenocarcinomas. The consolidation component is defined as an area of increased opacity that completely obscures the underlying bronchial structures and pulmonary vessels. The longest diameters of the solid portion and total tumor size in the lung window were measured, respectively. The CTR was defined as the ratio of the maximum size of consolidation to the maximum tumor size in the lung window (Figure 1). For multiple GGOs, the dominant lesions were investigated. In circumstances that multiple solid components existed in one pulmonary nodule, the largest consolidation was measured. Two independent radiologists with at least 5-year experience reviewed the CT scans and determined tumor sizes. 102 of 862 nodules (11.8% disagreement) were discordant in the solid component size. The nodules with discrepancy were adjudicated by the third radiologist (with 15-year experience in chest radiology) and final results were settled by consensus.




Figure 1 | The maximum size of consolidation is divided by the maximum tumor size in the lung window to give the consolidation tumor ratio (CTR). White line represents the maximum overall nodule dimension, black line represents the long axis of the solid component. Patients were divided into 4 groups according to CTR. (A) group A, CTR ≤ 0.25; (B) group B, 0.25<CTR ≤ 0.5; (C) group C, 0.5<CTR ≤ 0.75; (D) group D, 0.75<CTR<1; (E) a sub-solid nodule with cystic component, the solid components abuts the chest wall and cystic components, makes the accurate measurement challenging. The largest solid dimension was selected for measurement; (F) two separate solid components existed in the same nodule (maximum diameter, 7.5mm). Only the largest component needs to be measured in nodules with multiple solid components.





Pathologic Examination

All resection specimens were formalin-fixed and stained with hematoxylin and eosin. Pleural invasion was established using elastin stains in case that it was difficult to diagnose pleural invasion. Pathologic diagnosis was made according to the 2011 International Association for the Study of Lung Cancer/American Thoracic Society/European Respiratory Society (IASCL/ATS/ERS) classification. Each histological component (lepidic, acinar, papillary, micropapillary, and solid) was recorded. The predominant pattern was defined as the pattern with the largest percentage.



Follow-Up Protocol

The initial postoperative surveillance schedule includes a chest CT scan and a history and physical examination (H&P) examination every 3-6 months for first 2 years, followed by an annual chest CT and an H&P for subsequent years. Brain contrast-enhanced magnetic resonance imaging (MRI) and emission computed tomography (ECT) bone scan were performed every 6 months and 12 months respectively for all patients in the first 3 years and upon occurrence of the corresponding symptoms.



Statistical Analysis

Differences in categorical variables were compared using chi-square test or Fisher’s exact test. Continuous variables were compared using paired t test. Bonferroni adjustments were included for multiple comparisons. Estimation of survival curves of recurrence free survival (RFS) was generated by the Kaplan-Meier method, and survival curves were compared using the log-rank test. Logistic regression was used for dichotomous outcomes. Univariate and multivariate analyses using Cox’s proportional hazard model were conducted to obtain the risk factors for relapse-free survival (RFS). Factors with P- value <0.10 were included in multivariate analysis. The surv_cutpoint function in R package “survminer” was applied to determine the optimal cutoff of CTR for RFS. ROC analyses were generated to validate the cutoff value of CTR for RFS and calculate the optimal cutoff values of CTR for micropapillary/solid pathologic subtypes and lymph node metastasis. All statistical tests were 2-sided and statistical significance was defined as P < 0.05. Statistical analysis was conducted using Statistical Package for Social Sciences (SPSS) 20.0 software (SPSS Inc., Chicago, IL, USA), GraphPrism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA) and R version 4.0.3 (http://www.r-project.org/). The R package included survival, survminer and ggplot2.




Results


Clinicopathological Characteristics

The clinicopathological characteristics of the patients are demonstrated in Table 1. The majority of the patients were female, with no significant difference achieved among four groups (P=0.06). With higher CTR, lobectomy was chosen more frequently than sublobar resection (P<0.001). Both whole tumor size and consolidation size were higher in group C and group D. There was no significant difference in the rate of smoking history between the four groups (P=0.333). As to pathologic subtype, the rate of adenocarcinoma in situ (AIS) or minimally invasive adenocarcinoma (MIA) was 70.6% in group A, which was much higher than the other three groups (P<0.001).


Table 1 | Clinicopathological Characteristics of Patients.





Cox Regression

Univariate and multivariate analyses results were summarized in Table 2. Age, gender, surgical mode, surgical approach, whole tumor size, consolidation size, CTR, smoking history, differentiation, pleural invasion, and lymph node metastasis were included in the analysis. For RFS, surgical approach, whole tumor size, consolidation size, CTR, differentiation, pleural invasion, and lymph node metastasis were included in the multivariate analysis. CTR (HR, 1.865; 95%CI, 1.312-2.650; p = 0.001) and lymph node metastasis (HR, 10.407; 95%CI, 1.957-55.343; p = 0.006) were identified as independent prognostic factors.


Table 2 | Univariate and Multivariate Survival Analysis for Relapse-free Survival.





Survival Analysis

The follow-up duration ranged from 2 to 108 months (mean: 47 months). The RFS survival curves of 4 groups were demonstrated in Figure 2. There was no relapse in group A and group B. The log-rank test between group A/B and group C/D revealed a significant difference in RFS (p<0.001). The difference turned out to be insignificant between group C and group D (P=0.096). Surv_function was used to determine the optimal cutoff value of CTR for RFS, which is 0.53 (Figure 3A). ROC analysis also indicated that the optimal cutoff point of CTR for RFS was 0.53, with the area under the ROC curve (AUC) of 0.902 (Figure 3B). There was significant difference in 5-year RFS rate between groups CTR ≤ 0.53 and 0.53<CTR<1 (P<0.0001) (Figure 3C).




Figure 2 | Recurrence free survival curves of four groups divided by consolidation tumor ratio in clinical stage IA lung adenocarcinomas.






Figure 3 | Optimal cutoff value of consolidation tumor ratio for recurrence free survival (RFS). (A) Surv_function provided a cutoff value of consolidation tumor ratio (CTR) 0.53 that corresponded to the most significant relation with RFS; (B) In receiver operating characteristics analysis, the optimum cutoff value of CTR for RFS was 0.53, area under the ROC curve (AUC) was 0.902; (C) The 5-year RFS was significantly different between groups CTR ≤ 0.53 and 0.53<CTR<1 (P < 0.001).





Logistic Regression Analysis

To investigate risk factors for the presence of micropapillary or solid pattern and lymph node metastasis, logistic regression analyses were performed. Preoperative parameters were included, such as age, gender, whole tumor size, consolidation size, CTR, and smoking history. CTR was the only risk factor for the presence of micropapillary or solid pattern (OR=133.9, 95%CI:32.2-556.2, P<0.001) and lymph node metastasis (OR=292498.8, 95%CI:1.2-7.4×1010, P=0.047).



Differences in Presence of Micropapillary/Solid Component and Lymph Node Metastasis

The presence of micropapillary/solid component of the 4 groups was showed in Table 3. The difference between group A/B and group C/D was significant (P<0.001). Paired comparison showed that the presence rate of micropapillary/solid component in group D was significantly higher than other 3 groups (P<0.001), the presence rate of micropapillary/solid component in group C was significantly higher than group B (P=0.030) and group A (P<0.001), while there was no significant difference between group A and group B (P=0.084). ROC curve revealed the optimal cutoff value of CTR for poor differentiation was 0.47 (Figure 4A).


Table 3 | Presence of micropapillary/solid component in 4 groups.






Figure 4 | ROC curve analysis based on CTR for poor differentiation and lymph node metastasis. (A) The AUC indicated the diagnostic power of CTR for poor differentiation, AUC was 0.822 (95% confidence interval (CI): 0.760-0.883), with a sensitivity of 82.2% and specificity of 69.9% by the Youden’s index. (B) The AUC indicated the diagnostic power of CTR for lymph node metastasis, AUC was 0.972 (95% confidence interval (CI): 0.953-0.992), with a sensitivity of 100.0% and specificity of 95.9% by the Youden’s index.



Lymph node metastasis occurred in group D only (Table 4), and the difference was significant (P=0.002). Paired comparison showed that lymph node metastasis rate in group D was significantly higher than the other 3 groups, while there was no significant difference between group A, group B, and group C. ROC curve revealed the optimal cutoff value of CTR for lymph node metastasis was 0.76 (Figure 4B).


Table 4 | Lymph node metastasis in 4 groups.





Comment

The incidence of GGOs has been rising in recent years with the widespread use of CT scan, especially thin-section CT scan. A majority of resected GGOs were confirmed to be early-stage lung adenocarcinoma or atypical adenomatous hyperplasia. In both retrospective and prospective studies, patients with GGO lesions have a better survival rate than patients with pure solid lung cancer after surgical resection (2, 3, 23–26). For pure GGO lesion patients, the lung cancer specific survival rate was reported to be 100% (24, 25, 27).

Even though the prognosis for GGO is good, there remains recurrence and lung cancer specific death. It is important to know the prognostic factors for GGOs, which may help determine the treatment regimen and resection extension. CTR has been considered to be associated with outcomes in pulmonary GGOs. In some retrospective studies, CTR of 0.5 is suggested as a cutoff value for pathological noninvasiveness in GGO lesions (8–13). Japan Clinical Oncology Group (JCOG) 0201 (28), a prospective radiological study, suggested that noninvasive adenocarcinoma could be defined as an adenocarcinoma ≤2cm with CTR ≤ 0.25. The survival outcomes of JCOG 0201 revealed that the criteria of nodules ≤3cm with CTR ≤0.5 also identify a group of patients with excellent prognosis (29). Thus, the eligibility criteria for JCOG 0802, a prospective clinical trial to compare lobectomy and sublobar resection, were changed to be tumor ≤2cm with CTR>0.5, instead of CTR>0.25 (30). In some retrospective studies, consolidation tumor size was recognized as a prognostic factor as well (5, 31). In the eighth TNM staging system (7), the clinical T stage of part-solid GGO is suggested to be determined by the solid component. Whereas, Hattori and his colleagues (14) found that neither consolidation tumor size nor CTR was associated with overall survival in part-solid lung cancer. In our study, CTR was found to be an independent prognostic factor for RFS in the multivariate COX regression analysis.

As CTR is an independent prognostic factor for GGO, it is then reasonable to study how to divide GGOs with CTR. CTR cutoff value of 0.5 is commonly used to divide GGOs into GGO-predominant nodules and solid-predominant nodules. In our study, the RFS survival rate of GGO-predominant nodules (group A and B, no relapse) was significantly higher than that of solid-predominant nodules (group C and D). The survival of group D was worse than group C, but the difference was not significant (P=0.096). Hattori and his colleagues (26) retrospectively analyzed 497 clinical stage IA radiologic invasive adenocarcinomas, in which 177 nodules were solid-predominant part-solid GGOs. When the solid-predominant part-solid GGOs were divided into two groups with 0.75 of CTR as cutoff, the 5-year overall survival was equivalent in the two groups (95.3% versus 96.8%, p = 0.703). These results may indicate that 0.5 is a good cutoff for CTR, and neither GGO-predominant GGOs nor solid-predominant GGOs should be divided further. However, as tumors with GGO component have excellent prognosis, studies for GGO lesions demand longer follow-up duration and larger sample size compared with studies for solid tumors, if overall survival or relapse-free survival is chosen to be the exclusive endpoints. Besides, as average life expectancy has been increased in China for years, patients cannot accept a similar 5-year survival rate but a worse 10-year survival rate.

In 1995, Noguchi and his colleagues reviewed 236 surgically resected small peripheral adenocarcinomas ≤2 cm and proposed a pathologic classification of 6 types based on tumor growth patterns (32). In Noguchi’s classification, type D is poorly differentiated adenocarcinoma with lower survival rate than type A, B or C. In 2011, IASLC/ATS/ERS proposed a new histological classification of pulmonary adenocarcinoma (19). Micropapillary subtype was introduced to the new classification since micropapillary component was a poor prognostic factor (20, 33). Even in early-stage lung cancer, the presence of micropapillary and solid pattern still correlated with poor survival in several studies (21, 22, 34, 35). The poorly-differentiated patterns represent worse biological behavior of the tumors to some extent. Unlike survival data, pathological information can be collected in short term without concerning insufficient follow-up duration.

To determine whether CTR is associated with the presence of micropapillary or solid pattern and lymph node metastasis, we performed logistic regression analyses, and confirmed that CTR was the only risk factor for the presence of micropapillary or solid pattern (OR=133.9, 95%CI:32.2-556.2, P<0.001) and lymph node metastasis (OR=292498.8, 95%CI:1.2-7.4×1010, P=0.047). Further analysis showed that the rate of presence of micropapillary or solid pattern was highest in group D, followed by group C and group A/B; the rate of lymph node metastasis was significantly higher in group D than other 3 groups. The biological behavior was different between group A/B, group C and group D. To better study solid-predominant GGOs, the subdivision seems necessary. Considering the good prognosis, sublobar resection could be enough for GGOs. Recent studies have reported similar survival outcomes of part-solid adenocarcinoma treated with sublobar resection and lobectomy (2, 26). However, heterogeneity exists among solid dominant GGOs. As a visual and accessible variable in the clinical work, CTR might provide prognostic implications for appropriate candidates of sublobar resection. Prospective clinical trials are warranted to validate this.

There are several limitations to this study. Firstly, this is a retrospective study that may inevitably lead to bias. Secondly, the sample size for group D is small. Thirdly, longer follow-up is needed to investigate postoperative outcomes of patients with GGO lesions. As mentioned above, a larger sample size or longer follow-up may have led to significant survival difference between group C and group D. Fourthly, volumetric measurement is a potential approach in measuring the consolidation as it could provide the profile of total solid components within a nodule. However, volumetric measurement is too early to be applied into clinical practice considering the inconveniency and its dependency on nodule density and segmentation algorithms, etc. Currently, the cutoffs of CTR are still being explored and appropriate grouping could distinguish the prognosis well. Further studies are needed to elaborate the role of volumetric measurement in pulmonary GGOs.

In conclusion, consolidation tumor ratio is an independent prognostic factor for clinical stage IA lung adenocarcinoma manifesting as GGO in CT scan. Radiologic cutoffs of CTR 0.50 and 0.75 were able to subdivide patients with different prognosis. Prospective cohort study is warranted to validate our observations.
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Objective

This study aimed to identify patients at a high risk of recurrence using preoperative high-resolution computed tomography (HRCT) in clinical stage I non-small cell lung cancer (NSCLC).



Methods

A total of 567 patients who underwent screening and 1,216 who underwent external validation for clinical stage I NSCLC underwent lobectomy or segmentectomy. Staging was used on the basis of the 8th edition of the tumor–node–metastasis classification. Recurrence-free survival (RFS) was estimated using the Kaplan–Meier method, and the multivariable Cox proportional hazards model was used to identify independent prognostic factors for RFS.



Results

A multivariable Cox analysis identified solid component size (hazard ratio [HR], 1.66; 95% confidence interval [CI] 1.30–2.12; P < 0.001) and pure solid type (HR, 1.82; 95% CI 1.11–2.96; P = 0.017) on HRCT findings as independent prognostic factors for RFS. When patients were divided into high-risk (n = 331; solid component size of >2 cm or pure solid type) and low-risk (n = 236; solid component size of ≤2 cm and part solid type) groups, there was a significant difference in RFS (HR, 5.33; 95% CI 3.09–9.19; 5-year RFS, 69.8% vs. 92.9%, respectively; P < 0.001). This was confirmed in the validation set (HR, 5.32; 95% CI 3.61–7.85; 5-year RFS, 72.0% vs. 94.8%, respectively; P < 0.001).



Conclusions

In clinical stage I NSCLC, patients with a solid component size of >2 cm or pure solid type on HRCT were at a high risk of recurrence.





Keywords: ground-glass opacity, high-resolution computed tomography, recurrence, non-small cell lung cancer, solid component size



Introduction

Early-stage non-small cell lung cancer (NSCLC) is frequently detected using more complex procedure, such as high-resolution computed tomography (HRCT) and widespread use of low-dose helical computed tomography (CT) for tumor screening (1, 2). The occasion to treat patients with early-stage NSCLC has increased, and pulmonary resection plays a main role in such treatment. Complete resection would be expected to lead a good prognosis for stage I NSCLC. However, complete resection does not always ensure the cure of disease and the 5-year disease-free survival rate for stage IA NSCLC is 84.3% and for stage IB NSCLC is 65.8% (3).

Although the tumor–node–metastasis (TNM) classification can stratify patients into different prognostic groups, stage I NSCLC is considered to be a heterogeneous group. Therefore, useful parameters are needed to predict postoperative recurrence when deciding on treatment strategies, such as the application of sublobar resection and additional perioperative systemic therapy. A high maximum standardized uptake value (SUVmax) with [18F]-fluoro-2-deoxy-D-glucose (FDG) positron emission tomography (PET)/CT reflects tumor invasiveness and has a negative impact on prognosis in patients with resected early-stage NSCLC (2, 4). However, because imaging protocols, equipment, and measurement methods vary between institutions, the optimal SUVmax cutoff value also differs by institution and between studies. Therefore, using FDG-PET/CT as a prognostic factor in a universal setting is challenging at present.

One of the important proposals in the 8th edition of the T classification of lung cancer is the size of the solid component excluding ground-glass opacity (GGO) to classify clinical T factors (5, 6). In the present study, we aimed to identify patients at a high risk of postoperative recurrence in clinical stage I NSCLC using preoperative HRCT, which is a globally applicable method. High-risk patients may be candidates for neoadjuvant therapy even in clinical stage I NSCLC. The primary endpoint of this study was recurrence-free survival (RFS).



Materials and Methods


Patients

As the screening set, a total of 567 consecutive patients with clinical stage I NSCLC who underwent lobectomy or segmentectomy with systematic lymph node dissection at Hiroshima University between January 1st 2010 and December 31st 2016 were enrolled. All patients were staged according to the TNM Classification of Malignant Tumors, 8th edition (7). Endobronchial ultrasonography and mediastinoscopy were not routinely performed. Lymph node metastasis was determined as negative when swollen mediastinal or hilar lymph nodes measuring short axis of > 1 cm were not evident on HRCT, and FDG did not accumulate an SUXmax of >1.5 in these lymph nodes according to FDG-PET. The inclusion criteria included preoperative staging determined by HRCT and FDG-PET/CT and curative surgery with lobectomy or segmentectomy without induction therapy. The screening set of patients formed the high-risk group for recurrence. To externally validate the high-risk group, we used a combined cohort of two independent sets of 1,216 consecutive patients who underwent lobectomy or segmentectomy with systematic lymph node dissection (Tokyo Medical University and Kanagawa Cancer Center) between January 1st, 2010, and December 31st, 2016. The inclusion criteria were the same as those for the screening set (Figure 1).




Figure 1 | Scheme of the study.



The institutional review boards of the participating institutions approved this retrospective review, which was based on a prospective database, and waived the requirement for informed consent from individual patients (Kanagawa Cancer Center: February 28th, 2013; 24-KEN-54; Tokyo Medical University Hospital: February 25th, 2015; SH2969; Hiroshima University Hospital: June 13th, 2018; E-1216).



HRCT

Sixteen-row multidetector CT was used to obtain chest images independent of subsequent FDG-PET/CT examinations. For high-resolution tumor images, the following parameters were used: 120 kVp, 200 mA, 1–2-mm section thickness, 512 × 512-pixel resolution, 0.5–1.0-s scan time, a high spatial reconstruction algorithm with a 20-cm field of view, and mediastinal (level, 40 HU; width, 400 HU) and lung (level, −600 HU; width, 1600 HU) window settings. GGO was defined as a misty increase in lung attenuation without obscuring the underlying vascular markings. The size of the solid component of the tumor was defined as the maximum dimension of the solid component measured using lung window settings, excluding GGO (8). Pure solid tumor was defined as a tumor without GGO component. Part-solid tumor was defined as a tumor with GGO component. CT scans were reviewed and tumor sizes were determined by radiologists from each institution.



Pathological Examination

Tumor size was defined as the maximum dimension of the invasive tumor component, excluding the lepidic growth component described previously (9). Lymphatic and vascular invasion were assessed by immunohistochemistry with D2-40, which stains lymphatic ducts, and elastic Van Gieson staining of vessel elastic fibers. Lymphatic and vascular invasion were positive when penetration was detected as an extension of the malignant neoplasm. To evaluate pleural invasion, elastic tissue fibers were subject to elastic Van Gieson staining. Pleural invasion was defined as positive if cancer had invaded beyond the elastic layer, including invasion into the visceral pleural surface or neighboring organs. Histological examinations were determined by pathologists at each institution.



Follow-Up Evaluation

All patients who underwent lung resection were followed up from the day of surgery. Postoperative follow-up procedures, including a physical examination, chest roentgenogram every three months, and chest and abdominal CT examinations every six months, were performed for the first two years. Subsequently, a physical examination and chest roentgenogram were performed every six months, and a chest CT examination was performed every year.



Statistical Analysis

Data is presented as number (%) or median and interquartile range (IQR) unless otherwise stated. The χ (2) test was used to compare the frequencies of categorical variables. Receiver operating characteristic curve of the solid component size for the prediction of recurrence were generated to determine the cutoff value that yielded optimal sensitivity and specificity. An independent-samples t-test was used to compare continuous variables. RFS was defined as the interval from the day of surgery until the first event (relapse or death from any cause) or right censoring on the day of final follow up. Overall survival (OS) was defined as the time from the day of surgery until death from any cause or right censoring at the day of final follow up. The Kaplan–Meier method was used to analyze RFS and OS. The log-rank test was used to assess differences in RFS and OS between groups. The multivariable Cox proportional hazards model was used to identify independent prognostic factors for RFS. The multivariable logistic regression analysis was used to identify independent predictive factors for lymph node metastasis. A P value of <0.05 was considered statistically significant. JMP 14.0 (SAS Institute, Cary, NC, USA) was used to statistically analyze the data.




Results


Screening Set

Patient characteristics from the screening set (n = 567) are shown in Table 1.


Table 1 | Patient characteristics in the screening set and validation set.



A multivariable analysis revealed that age (hazard ratio [HR], 1.03; P = 0.002), solid component size (HR, 1.66; P <0.001), and pure solid type (HR, 1.82; P = 0.017) were independent prognostic factors for RFS (Table 2). The optimal cutoff value of solid component size to predict recurrence was set as 2.0 cm from the receiver operating characteristic curve (Supplementary Figure 1).


Table 2 | Multivariable analysis of recurrence-free survival.



A multivariable analysis revealed that age (odds ratio [OR], 1.03; P = 0.002), gender (male, OR, 1.67; P = 0.013), solid component size (OR, 1.75; P <0.001), pure solid type (OR, 2.85; P<0.001), and lobectomy (OR, 3.25; P = 0.001) were independent predictive factors for lymph node metastasis (Table 3).


Table 3 | Multivariable analysis of lymph node metastasis.



There was a significant difference in RFS between patients with a solid component size of ≤2 cm (n = 363; 5-year RFS, 88.1%) and those with a solid component size of >2 cm (n = 204; 5-year RFS, 64.0%; P < 0.0001; Figure 2A). There was a significant difference in RFS between patients with part-solid tumors (n = 291; 5-year RFS, 89.5%) and those with pure solid tumors (n = 276; 5-year RFS, 68.8%; P < 0.0001; Figure 2B). When patients were divided into four groups based on the solid component size and pure or part-solid type, RFS of patients with a solid component size of ≤2 cm with a part-solid tumor (n = 129) were favorable with a 5-year RFS of 92.5%. RFS in the other three groups was similar; 5-year RFS was 79.6% for patients with a solid component size of ≤2 cm with a pure solid tumor (n = 126), 75.9% for those with a solid component size of >2 cm with a part solid tumor (n = 54), and 58.9% for those with a solid component size of >2 cm with a pure solid tumor (n = 150; Figure 2C). Based on these findings, we defined patients as at a low risk of recurrence with a solid component size of <2 cm and part-solid type, and at a high risk of recurrence with a solid component size of >2 cm or pure solid type. Pathological findings, such as histology; invasive component size; lymphatic, vascular and pleural invasion; and lymph node metastasis were significantly different between the low-risk and high-risk groups (Table 4). There was a significant difference in RFS between the low-risk (n = 236; 5-year RFS, 92.9%) and high-risk (n = 331; 5-year RFS, 69.8%; HR, 5.33; P < 0.0001; Figure 2D) groups. There was a significant difference in OS between the low-risk group (n = 236; 5-year OS, 94.0%) and the high-risk group (n = 331; 5-year OS, 80.4%; HR, 3.81; P < 0.0001; Figure 2E).




Figure 2 | Survival in the screening set. RFS, recurrence-free survival; HR, hazard ratio; OS, overall survival. (A) RFS between patients with a solid component size of ≤2 cm and those with a solid component size of >2 cm. (B) RFS between patients with part-solid tumors and those with pure solid tumors. (C) RFS among patients with a solid component size of ≤2 cm with part-solid tumors or pure solid tumors and those with a solid component size of >2 cm with part-solid tumors or pure solid tumors. (D) RFS between the low-risk group (solid component size of ≤2 cm and a part-solid tumor) and high-risk group (solid component size of >2 cm and a pure solid tumor). (E) OS between the low-risk group (solid component size of ≤2 cm and a part-solid tumor) and high-risk group (solid component size of >2 cm or a pure solid tumor).




Table 4 | Comparison of pathological findings between low-risk and high-risk groups.





Validation Set

The characteristics of patients in the validation set (n = 1,216) are shown in Table 1.

When patients were divided into the low risk of recurrence group (n = 553) and the high risk of recurrence group (n = 663), there were significant differences in pathological findings, such as histology; invasive component size; lymphatic, vascular, and pleural invasion; and lymph node metastasis between the two groups (Table 4).

There was a significant difference in RFS between the low-risk group (5-year RFS, 94.8%) and high-risk group (5-year RFS, 72.0%; HR, 5.32; P < 0.0001; Figure 3A). There was a significant difference in OS between the low-risk group (5-year OS, 95.7%) and high-risk group (5-year OS, 84.2; HR, 3.54; P < 0.0001; Figure 3B).




Figure 3 | Survival in the external validation set. RFS, recurrence-free survival; HR, hazard ratio; OS, overall survival. (A) RFS between the low-risk group (solid component size of ≤2 cm and a part-solid tumor) and high-risk group (solid component size of >2 cm and a pure solid tumor). (B) OS between the low-risk group (solid component size of ≤2 cm and a part-solid tumor) and high-risk group (solid component size of >2 cm and a pure solid tumor).






Discussion

We identified patients at a high risk of recurrence using preoperative HRCT for clinical stage I NSCLC. Patients with a solid component size of >2 cm or a pure solid tumor were at a high risk of recurrence. The HR values of RFS and OS in the low-risk group in the screening set were 5.33 and 3.81, respectively. These findings were confirmed in the external validation set with high concordance, with a HR of 5.32 for RFS and 3.54 for OS.

Several studies have reported the utility of solid component size to predict pathological tumor invasiveness and prognosis compared with whole tumor size (8, 10–12). As recommended in the 8th edition of the T classification (6), using solid component size as a prognostic factor seems to be reasonable from the results of the present study, which show that solid component size is an independent prognostic factor for RFS.

The presence of GGO was also reported as a prognostic factor in previous studies (13–15). The multivariable analysis of pure solid versus part-solid tumors showed this characteristic as an independent unfavorable prognostic factor for RFS, which is consistent with previous reports. Although survival after surgical resection for tumors with GGO was usually favorable (13–15), we need to pay attention to GGO tumors with a large solid component size. As shown in Figure 2C, RFS in patients with a part-solid tumor with a solid component size of >2 cm is similar to that of pure solid tumors in this study. This finding was also supported by a previous study (16).

The group at a high risk of recurrence reflected the pathological findings in the current study. The frequency of non-adenocarcinoma histology; a larger invasive component size; lymphatic, vascular, and pleural invasion; and lymph node metastasis were significantly higher in the high-risk group compared with the low-risk group in both the screening and validation sets. In the multivariable analysis, solid component size and the pure solid type were proven to be predictive factors for lymph node metastasis. Patients at a high-risk of recurrence were also at high-risk of lymph node metastasis.

Preoperative prediction of the risk of postoperative recurrence is useful to decide treatment strategies. The excellent prognosis would be expected after lobectomy or segmentectomy with lymph node dissection in patients at a low risk of recurrence that show minimal malignant pathological findings in our study. There seems to be no role of neoadjuvant therapy in low-risk patients. However, when nodal metastasis is proven, adjuvant chemotherapy should be considered. In contrast, patients at a high risk of recurrence should undergo standard therapy, such as lobectomy with systematic lymph node dissection, because they potentially have lymph node metastasis with a probability of approximately 20%. Although the use of perioperative adjuvant therapy for stage I NSCLC has not been established, additional systemic therapy, such as neoadjuvant chemotherapy or immunotherapy may be needed to improve outcomes in high-risk patients with stage I NSCLC. We are currently conducting a multicenter pilot study of neoadjuvant anti-programmed cell death-1 antibody for high-risk clinical stage I NSCLC with a solid component size of >2 cm or pure solid type on HRCT (17).

The current study has some limitations. Only HRCT was used to predict risk factors for postoperative recurrence while several previous studies suggested that SUVmax on FDG-PET/CT was a promising predictor of prognosis (2, 4, 10
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Characteristics n Average FC of IL-6 P value

Age 0.897
<60 i 0.299
>60 10 0.230

Gender 0.609
Female 16 0.299
Male 6 0.230

Smoking history 0.993
No 17 0.279
Yes 4 0.280

Differentiation 0.476
Well 8 0.224
Else 13 0.313

T stage 0.691
T1a 8 0.436
Tib 13 0.517

PD-L1 0.428
Negative 6 0.207
Positive 12 0.307
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Characteristics n Average FC of NK cells P value

Age 0.347
<60 12 0.391
>60 dd 0.581

Gender 0.263
Female 13 0.580
Male 10 0.354

Smoking history 0.689
No 18 0.503
Yes 5 0.405

Differentiation 0.528
Well 9 0.402
Else 14 0.5633

T stage 0.636
Tla 10 0.416
Tib 13 0.517

PD-L1 0.267
Negative 8 0.333
Positive 12 0.588

Patient No.6 had 3 GGO nodules, which were included and calculated three times.
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#

EGFR G/T ratio* mut/total (n = 10) Pooled estimated 95%CI Heterogeneity Z-value* P-value
P P-value
gGGO 624/1,298 (n = 10) 47.40% 38.48%-56.40% 83% <0.01 0.7018 0.4828
sGGO 716/1,407 (n = 8) 51.94% 45.15%-58.69% 58% 0.02
EGFR mut sGGO/gGGO pooled 95%Cl Heterogeneity Z-value® P-value®
(n=8) estimated ? P-value
EGFR (+) 716/1,263 (n = 8) 53.85% 44.01%-63.54% 81% <0.01 0.6554 0.5122
EGFR (- 691/1,313(n = 8) 47.17% 33.68%-60.86% 92% <0.01
KRAS G/T ratio* mut/total (n = 5) pooled estimated 95%Cl Heterogeneity Z-value* P-value®
? P-value
gGGO 14/309 (n = 5) 3.42% 1.35%-6.13% 0% 0.50 1.8075 0.0707
sGGO 19/187 (n=3) 12.27% 3.89%-23.96% 66% 0.05

"G/T ratio: gGGO, ground-glass dominant GGO; 0<G/T ratio < 0.5; sGGO, solid dominant GGO; 0.5<G/T ratio < 1.

*Z-value was calculated by Z-test, p < 0.05 is considered statistically significant.
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Study ID Region Cohort size Method_gene Genes tested EGFR mutation rate

Zhao et al. (9) Chinese 529 gPCR & Immunohistochemical EGFR, KRAS, HER2, ALK, 54.82%
BRAF, RET, ROS1, PIK3CA, NRAS
Aoki et al. (10) Japanese 25 PCR EGFR, KRAS 40.00%
Dai et al. (11) Chinese 204 gPCR EGFR 53.43%
Suda et al. (12) Japanese 1871 unclear EGFR 50.61%
Min et al. (13) Chinese 338 direct dideoxynucleotide sequencing EGFR 64.79%
Zou et al. (14) Chinese 209 PCR EGFR 73.68%
Sugano et al. (15) Japanese 59 non-radioactive single-strand conformation EGFR, KRAS 49.15%
polymorphism
Liu et al. (16) Chinese 78 gPCR EGFR 33.33%
Yang et al. (17) Chinese 158 qPCR EGFR, KRAS, ALK 62.66%
Lu et al. (18) Chinese 156 qPCR EGFR 48.08%
Chung et al. (19) Korean 24 nested PCR EGFR 41.07%
Hsu et al. (20) Chinese 67 PCR EGFR 56.22%
Ko et al. (21) Korean 215 PCR EGFR, ALK 54.63%
Tomita et al. (22) Japanese 68 PCR EGFR 72.06%
Chen et al. (23) Chinese 39 DNA sequencing EGFR, KRAS, BRAF, PIK3CA, 56.52%
TP53, ALK, ROS1, RET
Kobayashi et al. (24) Japanese 96 reverse transcriptase-PCR EGFR, KRAS, ALK, HER2 64.42%
Li et al. (25) Chinese 120 WES* 50.00%
Ren et al. (26) Chinese 31 PCR & WES* 17.39%
Wang et al. (27) Chinese 212 PCR EGFR, KRAS 36.79%
Usuda et al. (28) Japanese 56 Cycleave PCR EGFR 67.86%
Lui et al. (29) Asian & Caucasian 224 unclear EGFR, KRAS 32.59%
Hong et al. (30) Korean 116 PCR EGFR 56.03%
Study ID Region Cohort size Antibody Cut-off value PD-L1 expression
Wu et al. (31) Chinese 233 E1L3N 5% 14.16%
Suda et al. (32) Japanese 45 E1L3N 1% 4.44%
Toyokawa et al. (33) Japanese 189 SP142 5% 9.52%
Zhao et al., 2018 (9) Chinese 328 28-8, SP142, E1L3N, BP6001 5% 6.40%

*Whole exosome sequencing or next generation sequencing was used in the research lots of alterations reported, so the genes tested were omitted.
PCR, polymerase chain reaction; gPCR, quantitative polymerase chain reaction; NGS, next generation sequencing; WES, whole-exosome sequencing.
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Screening set (n = 567) Validation set (n = 1,216) P value

Age, median (IQR) 68 (62-74) 69 (63-75) 0.090
Gender Male 334 (58.9%) 603 (49.6%) <0.001
Smoking history 321 (56.6%) 657 (54.0%) 0.307
Solid component size (cm), median (IQR) 1.6 (1.1-2.5) 1.7 (1.1-2.4) 0.828
Pure solid type 276 (48.7%) 502 (41.3%) 0.003
Histology Adenocarcinoma 452 (79.7%) 1,033 (85.0%) 0.049

Squamous cell carcinoma 67 (11.8%) 109 (9.0%)

Others 48 (8.5%) 73 (6.0%)
Procedure Lobectomy 366 (64.6%) 1,060 (87.2%) <0.001

Segmentectomy 201 (35.4%) 156 (12.8%)
Lymphatic invasion 111 (19.6%) 265 (21.8%) 0.283
Vascular invasion 140 (24.7%) 353 (29.0%) 0.055
Pleural invasion 87 (15.3%) 230 (18.9%) 0.064
Lymph node metastasis 47 (8.3%) 138 (11.3%) 0.045
Pathological stage 0 20 (3.5%) 43 (3.5%) 0.002

IA1 118 (20.8%) 350 (28.8%)

1A2 171 (30.2%) 321 (26.4%)

A3 83 (14.6%) 130 (10.7%)

B 93 (16.4%) 179 (14.7%)

A 7 (1.2%) 16 (1.3%)

1B 51 (9.0%) 110 (9.1%)

A 24 (4.2%) 58 (4.8%)

1=} 0 (0%) 9(0.7%)
Adjuvant chemotherapy Yes 189 (33.3%) 240 <0.001

IQR, interquartile range.
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Screening set

Univariable analysis

Multivariable analysis

Variable HR 95% CI P value HR 95% Cl P value
Age 1.04 1.02-1.07 <0.001 1.03 1.01-1.056 0.002
Gender Male (vs. female) 1.87 1.24-2.83 0.008 1.07 0.63-1.83 0.792
Smoking history 215 0.42-3.26 0.001 1.48 0.84-2.61 0173
Solid component size (cm) 2.01 1.66-2.46 <0.001 1.66 1.30-2.12 <0.001
Pure solid type 3.31 2.17-56.04 <0.001 1.82 1.11-2.96 0.017
Histology Adenocarcinoma (vs. non-adenocarcinoma) 0.39 0.26-0.58 <0.001 0.98 0.61-1.61 0.915
Procedure Lobectomy (vs. segmentectomy) 1.46 0.95-2.24 0.081 1.02 0.64-1.55 0.944
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Patients with hung nodules surgically resected
between January 2017 to May 2019

‘A total of 257 patients with pathologically
confinued small-sized adenocarcinoma

67 were excluded:
neoadjuvant chemotherapy (n=15)
Iack of CT before resection (n=45)
serious breath motion artifact (n=7)

190 small-sized adenocarcinoma
were included in the study

STAS group
(0=47)
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Screening set (Hiroshima University)
Clinical stage | NSCLC undergoing lobectomy or segmentectomy (n = 567)

Identify high-risk factors for recurrence based on HRCT

Validation set (Tokyo Medical University and Kanagawa Cancer Center)
Clinical stage | NSCLC undergoing lobectomy or segmentectomy (n = 1,216)

Confirm low-risk and high-risk group
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Pationt characteristics (N = 30) Number (%)

Sex. 0 (%)
Male 8(28.7%)
Fomalo 2019%)

Age (e, y enge)

Medan 5
Range 4178
<60 15(50.0%)
560 15 (60.0%)

Smoking history, n (%)

Yes 6(20.0%)
No 24 000%)

Tumor chronology, n (%)

‘Synchvonous 25 63.3%)
Matachvonous 5(16.7%)

Tumor distribution, n (%)

Ipsiatea same lobe) 1@67%)
Ipsiateral (difierent lobe) 11 (36.7%)
Contralateral 8(26.7%)
Tumor characteristics (n = 67)
Stage®, n (%)
AAH 1(1.5%)
o 5 (7.46%)
1A 25(37.3%)
"2 15 (22.4%)
A3 6(9.0%)
B 1(1.5%)
=3 12 (17.9%)
v 2(3.0%)
Histology,n (%)
AAH 1(1.5%)
A 5 (7.6%)
A 21 61.3%
e 34(607%)
scc 3(4.5%)
MA 3(4.5%)

Side, n (%)

Lot 22 028%
Right 5672%)

Maximum diameter, mm (range)

Medan o4

Range 2540
P 14209%
610 20 9.9%)
1020 22 (028%)
>20 T (16.0%)

Radioiogical feature
Soid 20 (20.9%)
‘Subsokd 30 (44.8%)
660 16(239%
Thin-walled cavity 1(1.5%)

“At primarysurgery accoring o the Itematinal Urion Agaist Cancer (UICG) egh
TIM slaging.

MLC, muliplo lung cancer; AAH, atypical adenomatous hyperplasia: AIS,
adenocarcinoma in sit; MIA, minimally invaso adenocarcinoma; IAG, invasio
adenocarcincma; SCC, squamous-cal carcnoma; MA, Mochous adenocarcom;
AOCL D Buendhoises ool
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Case Mutational  Numborof  Matching
No. evaluation  matching genes.
mutations

Martii and Melamed crtera-based MPLG cases (0= 18)

1 MPLC MPLC o -

2 MPLC MPLC o -

3 MPLC MPLC o -

5 MPLC MPLC o -

7 MPLC MPLC 0 -

10 MPLC MPLC o -

2 MPLC MPLC 1 TERT
Ampitication

18 MPLC MPLC [ -

15 MPLC MPLC o -

20 MPLC MPLC 1 EGFRL858R

21 MPLC MPLC o -

2 MPLC MPLC o .

25 MPLC MPLC o -

26 MPLC MPLC o -

27 MPLC MPLC o -

0o MPLC ™ 4 EGFRIALK/
TPS3IKZF2

29" MPLC ™ 1 EGFALB58R/
790M

% MPLC ™ 1 EGFR 1908l

Martii & Melamed crteria-based IM cases (1 = 12)

4 M MPLC o -

5 M MPLC o -

Y] MPLC o -

] MPLC 0 -

M MPLC 1 EGFRLESER

] MPLC 1 EGFAL858A

18 M MPLC o -

9 M MPLC o -

2 ™ MPLC o -

% M MPLC 1 EGFALESSA

28 ™ MPLC o -

] ™ 10 EGFRIKOMEA/
KMT2D

“Tumor 1 vs Tumor 2.
M, intrapuimonery metastasis: MPLC, mftiple primary kg cancer.
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Group Accuracy Sensitivity Specificity PPV NPV

Training set 84.1% 78.5% 87.2% 77.2% 88.0%
Validation set 82.2% 84.6% 80.9% 71.0% 90.5%

PPV, positive predictive value; NPV, negative predictive value.
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Clinical features

Training set

Validation set

AAH (n = 121)
Age (years) 50.2 + 10.1
Gender
Male 41 (33.9)
Female 80 (66.1)
Nodule type
Pure GGNs 36 (29.8)
Part solid GGNs 85 (70.2)
Location (lobe)
Upper right 42 (34.7)
Middle right 13 (10.7)
Lower right 41 (33.9)
Upper left 18 (14.9)
Lower left 7 (5.8)
Long diameter 9.0[7.5,10.2]
Short diameter 6.1[65,7.1]

Mean CT value
Maximum CT value
Minimum CT value
Variance of CT value
Volume

—-666.5 [-698.7, ~629.8]
-574.0 [-665.0, ~494.5]
~800 [-800, ~786]
60.8[39.2, 85.9]
219.9 [143.8,302.0]

Adenocarcinomas (n = 218)

48.6 £ 11.5

62 (28.4)
156 (71.6)

33 (15.1)
185 (84.9)

71 (326
32 (14.7)
57 (26.1
49 (22.5
9(4.1)
9.8[-87,11.0]
6.7 5.9, 7.6]
-591.8 [-651.5, ~540.7]
412.0 [-548.5, 289.8]
-800 [-800, ~768.0]
1055 [71.6, 135.8]
281.8215.8, 399.5]

)
)
)
)

P

0.193
0.296

<0.01

0.253

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

AAH (n = 52)
51.8+11.3

16 (30.8)
36 (69.2)

14 (26.9)
6(11.5)
18 (34.6)
9(17.3)

5(9.6)
82(7.1,9.2]
5.9[4.9,6.5]

~670.3 [-697.6, ~642.1]
-580.0 [-649.8, ~507.8]
—-800 [-800, ~789.0]
59.9 (43.8, 77.5]
176.4 [120.7, 246.4]

Adenocarcinomas (n = 94)

49.5£10.3

23 (24.5)
71 (75.5)

20 (21.9)
74 (78.7)

22 (23.4)
13(13.8)
23 (24.5)
31(33.0)
3(5.3)
9.9[90, 11.2]

6.7 5.8, 7.5]
-595.7 [-643.1, -533.3]
—404 [-504.7, ~284.8]
—-800 800, ~764.3]
109.2 [79.7, 141.7)
3005 [207.6, 404.9]

P

0.208
0410

<0.05

0.246

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

Mean CT value, maximum CT value, minimum CT value, and variance of CT value were measured in the largest circle within the lesion at the maximum cross-section.

AAH, atypical adenomatous hyperplasia.
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Predictions Final pathological classification

AAH (n =52) Adenocarcinomas (n = 94) Total (n = 146)
AAH 44 (84.6%) 18 (19.1%) 62
Adenocarcinomas 8 (15.4%) 76 (80.9%) 84

Adenocarcinomas include adenocarcinoma in situ, minimally invasive adenocarcinoma, and invasive adenocarcinoma.
AAH, atypical adenomatous hyperplasia.
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Histology

Invasive component size (cm)
Lymphatic invasion

Vascular invasion

Pleural invasion

Lymph node metastasis
Pathological stage

Adjuvant chemotherapy

IQR, interquartile range.

Adenocarcinoma
Squamous cell carcinoma
Others

Low risk (n = 236)

234 (99.2%)
1(0.42%)
1(0.42%)

1.1(06-1.8)
13 (5.5%)
13 (6.5%)
12 (5.1%)

0(0%)
20 (8.5%)

85 (36.0%)
83 (35.2%)
22 (9.3%)
14 (5.9%)
3(1.3%)
9 (3.8%)

0(0%)
0(0%)
57 (24.2%)

Screening set

High risk (n = 331)

218 (65.9%)
66 (19.9%)
47 (14.2%)
20(1.5-29)
98 (29.6%)
127 (38.4%)
75 (22.7%)
47 (14.2%)
0 (0%)
33 (10.0%
83 (26.6%
61 (18.4%
79 (23.9%
4(1.2%)
42 (12.7%)
24 (7.3%)
0(0%)
132 (39.9%)

)
)
)
)

P value Low risk (n=553) High risk (n = 663)

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001

539 (97.5%)
1 (2.0%)
3(05%)
0.8(0.3-1.4)
45 (8.1%)
34 (6.2%)
26 (4.7%)
18 (3.3%)
38 (6.9%)
287 (51.9%)
155 (28.0%)
28 (5.1%)
22 (4.0%)
1(02%)
14 (2.5%)
7(1.3%)
1(02%)
48 (8.7%)

Validation set

494 (74.5%)
98 (14.8%)
71 (10.7%)

2.0(1.5-2.8)

220 (33.2%)

319 (48.1%)

204 (30.8%)
120 (18.1%

5(0.8%)
63 (9.5%)

166 (25.0%)
102 (15.4%)
157 (23.7%)

15 (2.3%)
96 (14.5%)
51(7.7%)

8(1.2%)
192 (29.0%)

)
)
)
)

P value

<0.001

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

<0.001
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Screening set

Univariable analysis

Multivariable analysis

Variable OR 95% CI P value OR 95% Cl P value
Age 1.02 1.00-1.03 0.033 1.03 1.01-1.04 0.002
Gender Male (vs. female) 1.67 1.22-2.30 0.001 1.67 1.11-2.50 0.013
Smoking history 1.26 0.93-1.72 0.136 0.67 0.44-1.02 0.064
Solid component size (cm) 221 1.97-2.61 <0.001 1.75 1.44-2.13 <0.001
Pure solid type 413 2.94-5.82 <0.001 2.85 1.94-4.20 <0.001
Histology Adenocarcinoma (vs. non-adenocarcinoma) 0.61 0.42-0.87 0.009 1.28 0.84-1.95 0.257
Procedure Lobectomy (vs. segmentectomy) 5.44 2.76-10.76 <0.001 3.25 1.61-6.56 0.001
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Variables

Opseaton tmo (min)
raoperatie biood oss (m)
nadequate resecion margs
Number of emoved mph nodes
Hstological typo

Adenocaicinomain stu

Microniashe adenocarcioma

Inasiv adenocarcnoma
Chst tube curaton days.

i teaage on PODI
Postoperativ hospial stay (9ays)
Postoperative compications

A teakago (7 days)

Proumonia

Al foraton

Hemopiysis (-10 m)

Total
Post-op FEVI ("

e Pl Ricicas Wors Shabaled.T Aionth 6o Ssos. POG. Folsouelle Dmc Al Sasscr oF esleos on PODT el GhiN S I

Precision group (N = 55)

741148
3275
°
AT

10(18.2%)
a1 7a5%)
403%
39417
31 66.4%
44513

266%
[
1018%)
o
3(55%
2001083

Routine group (N = 55)

555178
28290
1@3%

3208

3(55%
6(836%
6(109%)
37519
19(16.4%
41122

365%
1(18%)
o
0
4@3%
189071

P Value

<001
0215
o118
<001
0.108

o687
0020
o619

1000
oz
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Surgery types

Precision group

Routine group

Rright upper lobe
SI
SZ
sS
SZb +3a

Right lower lobe
Sﬁ
SB
SQ
SIO
SQ +10

Left upper lobe
gl+2a+b
SI + 2(0)

gr+2
38
S|+2+3
g4+s

Left lower lobe
86
SS
SQ
S 10
SQ +10

12 (21.8%)
2
2
3
5
14 (25.5%)
3
3
2
5
1
16 (29.1%)
7

B gy,

2
13 (23.6%)
2

1
3
6
1

13 (23.6%)
2
2
3
6
13 (23.6%)
3
3
2
5
0
16 (29.1%)
6

- W w N

|
13 (23.6%)
2

AN

Complex segmentectomy: Right S * 3% S%; eft S' + 2@+, 5% and all S8, S° S™

ang S9 + 10
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Characteristics  No.of ~ No.of  Rateof  CT- P
employees employees employees ~ detected value

performed  performed  GGNsN,

LDCT  LDCT(%) Rate (%)

Tota detection 5574 1,582 2838 302
ate (24.78)
Sex 0002
forae, 4224 1,070 2538 2%
@7.10)
male 1,350 s12 a7s8 102
(1992)
Age 0143
<0 3442 120 349 221889
4060 1,449 91 6632 251
6.12)
>60 683 01 7335 119

@375
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Characteristics  GGNs of employees N,

Total detecton
ate

Gendar

fomae.

male
Smoking status

non-smoker

smoker
Numbers

soltary.

muliple
Density

pure GGNs

partsolid
rodues
Size (mm)

<5

59

210
LU-AADS
category 2
category 3
category 4
category 48
category 4C-5

Rate (%)
30271562

(478

290(7398)
102 (26.02)

249 (89.02)
43(10.98)

269(68.62)
123(31.39)

391 (84.44)
611556

107 (27.30)
250 (63.77)
35839

113(28.89)
24662.75)
32816
11@81)
14 357)

GGNs of parents N,

Rate (%)
2542352

(10.80)

147 (57.87)
107 (42.13)

195 76.72)
5923.28)

194 76.38)
602362

214(84.25)
40(15.75)

45(17.72)
145(57.09)
6425.19)

522047)

150(59.08)
49(1929)
20087
25(9.84)

P
value

<0001

0083

0949

<001

0001
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Highly mult Exceedingly multiple P

iple nodules group nodules group
(n =220) n (%) (n =278) n (%)
Benign (except AAH) 44 (20.0) 47 (16.9) 0.375°
AAH/AIS/MIA 108 (49.1) 132 (47.5) 0.391°
IA 68 (30.9) 99 (35.6)

AAH, atypical adenomatous hyperplasia; AlS, adenocarcinoma in situ; MIA, minimally
invasive adenocarcinoma.

4Comparison between benign lesions and malignant lesions.

bComparison between IA and AAH/AIS/MIA.
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Single nodule group
(n =99) n (%)

Distribution

Superior lobes 58 (58.6)
Type

mGGN 56 (56.6)°
Size

Median (IQR) 11.0 8.0, 17.5
Operation method

Sublobar resection 77 (77.87°
Pathological pattern

A 44 (44.47°

IA, invasive adenocarcinoma.

Highly multiple nodules
group (n = 59) n (%)
37 (62.7)

37 (62.7)

12.8 (12.8, 18.5)

36 (61.0)

36 (61.0)

Exceedingly multiple nodules
group (n = 43) n (%)
30 (69.8)
36 (837
17.2(17.2, 23.32
24 (55.8°

30 (69.8)"

0.45

<0.01

<0.01

0.01

0.01

NA

<0.01

<0.01

0.01

0.01

2The two groups were considered significantly different, with a P-value below 0.017 after Bonferroni correction for multiple pairwise comparisons (o= 0.05, n = 3), whereas in the other

pairwise comparisons, there was no significant difference.
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Right superior lobe Right middle lobe Right inferior lobe Left superior lobe Left inferior lobe P
Total nodules EMN 31.96% 8.68% 16.67% 30.44% 12.26% 0.147
HMN 32.94% 7.45% 18.04% 26.67% 14.90%
SN 39.39% 4.04% 23.23% 19.19% 14.14%
Malignant nodules EMN 29.27% 9.76% 30.49% 13.41% 17.07% 0.233
HMN 29.81% 8.65% 18.27% 26.92% 16.35%
SN 37.80% 4.88% 21.95% 23.17% 12.20%
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Variable

Sex (%)
Female

Complaint (%)
Yes

Age
Mean (SD)

Family history (%)
Yes

Smoking history (%)
Yes

Emphysema (%)
Yes

Positive tumor markers (%)
Yes

Nodule distribution (%)
Bilateral

Nodule type (%)
PGGN only
mGGN only
Both pGGN and mGGN

Bilateral surgery (%)
Yes

Operation method (%)
Sublobar resection
Lobectomy
Both

Lymph node (%)
No intervention
Dissection
Sampling

Operation interval
Median (IQR)

Resection rate
Median (IQR)

Extremely multiple ground-glass nodules (GGNs)

HMN group (N = 59)

44 (74.6)
1(18.6)
55.2 (8.9)
468
0(169)
5(8.5)
9(15.3)
51 (86.4)
3(22.0)
468
42(71.2)
26 (44.1)
36 (61.0)
8(13.6)
15 (25.4)
468
21 (35.6)
34 (57.6)

5.0 (4.0,7.0)

75.0% (57.1%, 100.0%)

EMN group (N = 43)

34(79.1)
1(25.6)
57.1 (9.8)
403
7(16.3)
2(4.7)
15 (34.9)
43(100.0)
0(0.0)
0(0.0)
43(100.0)
1(25.6)
24 (65.8)
5(11.6)
14 (32.6)
3(7.0)
22(51.2)
18 (41.9)

4.0(4.0,4.5)

33.3% (25.8%, 46.3%)

p2

0.64

0.47

0.29

0.72

1.00

0.70

0.03

0.02

<0.01

0.06

0.77

0.27

0.27

<0.01

Overall (N = 102)

78 (76.5)
22 (21.6)
56.0 (9.1)
8(7.8
7(16.7)
769
24 (235)
66 (91.7)
3(12.7)
439
85 (83.3)
23(34.8)
60 (58.8)
13 (12.7)
29 (28.4)
769
43 (42.2)
52 (51.0)

4.0(4.0,6.0)

50.0% (33.3%, 77.7%)

SN group (N = 99)

63 (63.6)
9(19.2)
55.7 (9.5)
2(12.1)
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