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Objective

The association between the prognosis of thymoma and MG remains controversial. Differences in clinical characteristics and treatments between patients with and without MG may affect the findings of those studies. We designed this propensity score matching trial to investigate whether MG is an independent prognostic predictor in thymoma.



Methods

Patients with pathologically diagnosed thymoma and MG were enrolled in the MG group. Moreover, the propensity score matching method was used to select patients who were diagnosed with thymoma without MG from the database of two participating centers. Matched factors included sex, age, Masaoka stage, pathological subtypes, and treatments. Matched patients were enrolled in the non-MG group. Chi-squared test was used to compare the characteristics of the two groups. Overall survival, local-regional relapse-free survival, distant metastasis-free survival, progression-free survival, and cancer-specific survival were calculated from the diagnosis of thymoma using the Kaplan–Meier method.



Results

Between April 1992 and October 2018, 235 patients each were enrolled in the MG and non-MG groups (1:1 ratio). The median ages of patients in the MG and non-MG groups were 46 years old. The World Health Organization pathological subtypes were well balanced between the two groups (B2 + B3: MG vs. non-MG group, 63.0 vs. 63.4%, p = 0.924). Most patients in both groups had Masaoka stages I–III (MG vs. non-MG group, 90.2 vs. 91.5%, p = 0.631). R0 resections were performed in 86.8 and 90.2% of the MG and non-MG groups, respectively (p = 0.247). The median follow-up time of the two groups was 70.00 months (MG vs. non-MG group, 73.63 months vs. 68.00 months). Five-year overall survivals were 92.5 and 90.3%, 8-year overall survivals were 84.2 and 84.2%, and 10-year overall survivals were 80.2 and 81.4% (p = 0.632) in the MG and non-MG groups, respectively. No differences were found in the progression-free survival, distant metastasis-free survival, and local-regional relapse-free survival between the two groups.



Conclusion

MG is not an independent or direct prognostic factor of thymoma, although it might be helpful in diagnosis thymoma at an early stage, leading indirectly to better prognosis.
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Introduction

Thymic epithelia neoplasm, including thymoma and thymic carcinoma, accounts for 0.2–1.5% of malignancies and is a rare disease with an incidence of 0.013–1.5 per million people (1, 2). Thymic carcinoma is typically characterized by more extensive local invasion, more frequent metastases, and a worse prognosis compared with thymoma. Paraneoplastic syndrome is relatively common in patients with thymoma. Although a wide range of such syndromes have been reported, including pure red blood cell aplasia, Good’s syndrome, and myasthenia gravis (MG), caused by impaired neuromuscular transmission resulting from the presence of antibodies at the neuromuscular junction is the most common paraneoplastic disease (3). Occurring in approximately 30–50% of patients with thymoma, MG is deemed a special characteristic (3, 4). Oppositely, the occurrence of MG is much lower in thymic carcinoma, at only 0–30%, probably because of the lack of thymus-like features compared with thymoma (5, 6). In patients with MG, thymoma has been found in approximately 8.5–15% of cases (7, 8). Thymoma is considered to be a negative prognostic factor of MG, (7) although whether MG is a prognostic factor of thymoma is still controversial (9–17). Differences in clinical characteristics and treatments between patients with and without MG may have affected the findings of previous studies (11, 12, 15, 17). From a clinical point of view, this controversy is important. Therefore, we designed this trial to investigate whether MG is an independent prognostic predictor in thymoma and used the propensity score matching method to eliminate the bias from other variables.



Materials and Methods


Ethics

The Institutional Ethics Committees of National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences & Peking Union Medical College and the 8th Medical Center of Chinese PLA General Hospital gave approval for the trial protocol, and informed written consent including the therapeutic regimens and possible data collections for the future academic analysis was obtained from patients before the treatment.



Patient Selection

We searched for patients with pathologically diagnosed thymoma at the two medical centers between January 1992 and December 2018. Patients with pathologic diagnosis of thymoma and complete clinical information and follow-up data were identified. Thymic carcinoma was excluded. Data on sex, age, Masaoka stage, World Health Organization histological type, MG status, therapeutic regimens, and follow-up records were collected. Next, patients in the database were divided into two groups: MG and non-MG, according to their MG status. Then, propensity score matching (PSM) was used to achieve balance in clinicopathological characteristics.



Statistical Analysis

In PSM, the matching ratio was 1:1 ratio, and the caliper is 0.05. Matched factors included sex, age, Masaoka stage, TNM stage (American Joint Committee on Cancer, 8th Edition), pathological subtypes, and treatments included surgery, radiotherapy, and chemotherapy. The chi-square test was used to compare characteristics of the two groups. Overall survival (OS), local-regional relapse-free survival (LRFS) distant metastasis-free survival (DMFS), progression-free survival (PFS), and cancer-specific survival (CSS) were calculated for based on the diagnosis of thymoma. OS was calculated from the time to death. LRFS was calculated as the time to local progression, which defined the mediastinal recurrence and supraclavicular lymph node relapse. DMFS was calculated as the time to distant metastasis. PFS was calculated as the time to documented clinical progression or to the patient’s death. CSS was calculated as the time to death from thymoma. All the survivals’ calculation utilized the Kaplan–Meier method. Univariate analysis was performed using the log-rank test. A p-value of <0.05 was considered statistically significant. PSM and other statistical analyses were performed using SAS software (Cary, NC, USA) and the SPSS statistical software package version 24.0 (SPSS Inc., Chicago, IL, USA), respectively.




Results


Patients’ Characteristics and Treatment

Overall, 927 patients were eligible to be enrolled in the database. Among them, 243 patients had MG. After PSM, 235 patients were enrolled into each group. There were 135 and 141 men in the non-MG and MG groups, respectively (p = 0.926). The median age was 46 years in both groups. The World Health Organization pathological subtypes were well balanced between the two groups (B2 + B3: non-MG vs. MG group, 63.4 vs. 63.0%, p = 0.924). Most patients in both groups had Masaoka stages I–II and TNM stages I–III (non-MG vs. MG group, 91.5 vs. 90.2%, p = 0.631).

R0 resections were performed in 212 and 204 patients in the non-MG and MG groups, respectively. Ninety-two and 42 patients in the non-MG group received radiotherapy and chemotherapy, respectively. The corresponding numbers of patients in the MG group were 102 and 29, respectively. The median radiation doses in the non-MG and MG groups were 50 Gy (40–60 Gy) and 50 Gy (20–60 Gy), respectively. The median chemotherapy cycles in the non-MG and MG groups were 2 (1–10) and 2 (1–6), respectively.

The clinicopathological variables were well balanced. Details are shown in Table 1.


Table 1 | Patients’ Characteristics.





MG

In the MG group, MG symptoms were classified according to the Osserman classification. The number of patients with Types I, II, III, and IV were 85 (36.2%), 125 (55.2%), 16 (6.8%), and 9 (3.8%), respectively.



Survival

The median follow-up time of the two groups was 70.00 months (MG vs. non-MG group, 73.63 months vs. 68.00 months). At the last follow-up, 28 patients had died in each group. Five patients died of myasthenic crisis without progression of thymoma. Local-regional recurrences were observed in 15 and 16 patients in the MG and non-MG groups, respectively. Distant metastasis was observed in 39 patients in each group. The 5-year OS rates were 90.3 and 92.5%, 8-year OS rates were 84.2 and 84.2%, and 10-year OS rates were 81.4 and 80.2% (p = 0.632) in the non-MG and MG groups, respectively. The respective PFS rates were 79.8 and 79.3%, 71.7 and 73.7%, and 67.9 and 65.4% (p = 0.832) in the non-MG and MG groups. The two groups also had similar 5-year (93.9 vs. 96.1%), 8-year (90.2 vs. 93.4%), and 10-year LRFS rates (87.7 vs. 87.8%, p = 0.613). Additionally, the 5-, 8-, and 10-year DMFS rates in the non-MG group were almost equal to those in the MG group (84.1 vs. 83.8%, 77.1 vs. 81.0%, 77.1 vs. 77.5%, p = 0.884). There were no significant differences in the 5-, 8-, and 10-year CSS rates between the two groups (91.8 vs. 94.0%, 84.4 vs. 87.2%, 84.4 vs. 85.6%, p = 0.441). The survival curves are plotted in Figures 1–5.




Figure 1 | Overall survival.






Figure 2 | Progression-free survival.






Figure 3 | Local-regional relapse free survival.






Figure 4 | Distant metastasis free survival.






Figure 5 | Cancer specific survival.





Subgroup Analyses

Subgroup analysis according to Masaoka stage and TNM stage did not show any significant differences in OS, LRFS, DMFS, CSS, or PFS between patients with or without MG. However, patients with stage IV (both TNM and Masaoka) in the MG group had somewhat better OS than those in the non-MG group. Details are shown in Table 2.


Table 2 | Subgroup Analyses.






Discussion

Thymoma, which accounts for 20% of mediastinal neoplasm, is the most frequent primary malignancy. MG is deemed as a special characteristic of thymoma compared with other thoracic malignancies (1, 4, 8). In previous reports, 5- and 10-year OS rates were 63.9–90.0% and 70.9–82.0%, for patients without MG, respectively. Five- and 10-year OS rates were 76.0–93.6% and 62.0–83.0% for patients without MG (7, 9, 10, 12–17). The results in our study are consistent with those in previous studies.

Whether MG influences the prognosis of thymomas has long been controversial. In the 1970s, MG was identified as a negative prognostic factor of thymoma according to the poor experience and therapeutic regimens with MG and MG-related postoperative complications (18). Once the therapeutic technologies for MG progressed, the role of MG in the prognosis of thymoma took a favorable turn. Recently, only one study identified MG as a negative indicator of prognosis, and that study had a severe bias of radiation delivery between the two groups (17). Other studies came to the opposite conclusion. Recent studies are listed in Table 3. A study by Wang et al. showed that patients with MG had higher OS than those without MG in univariate analysis. However, this advantage disappeared in multi-variate analysis (15). Another study by Ruffini et al. showed similar results as that in Wang et al.’s (13). Two other studies by Filosso et al. and Kondo et al. did not show statistically significant differences in OS between patients with and without MG, although patients with MG had better OS (11, 12). Interestingly, the slight difference in OS disappeared at the 10th year in the study by Filosso et al. (11). Results from the other four studies showed no significant differences (9, 10, 14, 16). We analyzed the characteristics of the patients enrolled in previous studies and found that in none of the characteristics of the patients were well balanced. In a study by Ruffini et al., there is an obvious correspondence between MG and other features that might contribute to the effect on prognosis (13). Generally, patients in the MG group always had a higher proportion of favorable prognostic factors, including Masaoka stages I–II, AB/B1 classification, and R0 resection (12, 15, 17). The study designed by Wang et al., which showed the most significant differences in survival measures, also showed the most imbalances in the characteristics of the patients (15). Additionally, we found that more the imbalances, more likely was the study to show differences in survival. For example, imbalances existed in six aspects (sex, age, histology, R0 resection, chemotherapy, and radiotherapy) in the study by Wang et al. (15). Previous studies showed that these factors obviously influence survival. The studies by Filosso et al. and Kondo et al. showed four and three imbalanced factors, respectively. There was only one imbalanced factor in the other studies, which showed no significant differences in survival (9, 10, 14, 16). In an attempt to reduce the imbalances, four of the studies had conducted multivariate analysis, and none of them demonstrated the effect of MG on survival (11, 13, 15, 16). Our study, utilizing the PSM method, also tried to balance other substantially influencing factors, and we found no difference in survival measures between patients with and without MG. From the historical studies and our study, one can reach a conclusion that once the other influencing factors were well balanced, MG appeared not to be an independent positive indicator in thymoma. The positive prognostic effect of MG in previous studies is probably the result of patients with MG being more eager for precise diagnosis at an earlier stage, with the disease histologically expressed as less invasive.


Table 3 | Survival Measures in Previous Studies.



Several studies insisted that the effect of MG on survival was according to the Masaoka stage. The views of the effect of MG on prognosis differed quite dramatically among studies. In the study by Ruffini et al., difference in OS was observed only in patients with Masaoka stage I (10-year OS in nonMG and MG groups: 80 vs.100%, p = 0.02) (13). Wang et al. showed that the survival rate was significantly higher in the non-MG group than in the MG group when the Masaoka staging was I (p = 0.000), equal when the Masaoka staging was II (p = 0.484), and significantly lower when the Masaoka staging was III/IV (P = 0.003) (15). The study by Kondo et al. clarified that although MG was not associated with survival in patients with stage III, OS tended to be better in patients with stage IV with MG than in those without MG (12). The results of subgroup analysis in our study were consistent with those of Kondo et al. The reason for this might be that thymoma is a disease with relatively better prognosis than other common thoracic malignancies and the causes of deaths in patients with thymoma are very complex. In long-term follow-up, patients might have other diseases or accidents. Therefore, CSS is a more representative measure to evaluate survival. However, few studies have focused on CSS, and our study did not show that MG is associated with CSS in any Masaoka stage.

Very few studies focused on MG as a prognostic factor of disease progression including local relapse and distant metastasis. A study from Italy evaluated whether MG is an indicator of the cumulative incidence of recurrence. It showed that 5- and 10-year progression rates were 10.7 and 14.7% in MG patients and 11.1 and 15.7% in non-MG patients (11). The recurrence rate in our study was consistent with this study. The study by Kondo et al. showed no recurrent difference between patients with and without MG (6.4 vs. 8.3%) (12). However, the frequency of recurrence in the non-MG group was higher than that in the MG group in stage IV (12). The study by Wang et al. showed higher recurrence rate in the non-MG group, although again, we cannot overlook the severe imbalances of other factors in that study (15). After using PSM to stabilize other factors, our study showed similar local recurrence, distant metastasis, and progression rates between the two groups.

Because this is the first study using PSM to investigate the relationship of MG and survivals of thymomas, our study has several strengths. First, because it is difficult to propose a prospective study in a rare disease, PSM is a stable substitutive method. The other influencing factors were reduced by using PSM, and it helped us to clearly see the effect of MG on prognosis of thymoma. Second, the number of patients was relatively large although thymoma is a rare disease. Third, the enrolled patients were all from two high-volume institutions, and the data are reliable. Last, the results are consistent with those of previous studies in which other clinical features were statistically analyzed using multivariate Cox regression models.

There are also some limitations to our study. First, because this was a retrospective study, treatments for thymoma and MG were not always the same. Second, the two participating centers have different academic advantages. One is a cancer center and the other is famous for treatments for MG. Inevitably, the treatment details are not totally consistent. Third, we made an effort to shrink the imbalances using PSM, although it is not realistic to achieve a perfect balance because the proportions of clinical features had their own peculiarity in the database before PSM, and there were minor differences in delivery of chemotherapy between the two groups.

In conclusion, MG is not an independent or direct prognostic factor of thymoma, although it might be helpful to get the diagnosis at an early stage, indirectly leading to better prognosis.
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Objectives

This study aims to assess the performance of radiomics approaches based on 3D computed tomography (CT), clinical and semantic features in predicting the pathological classification of thymic epithelial tumors (TETs).



Methods

A total of 190 patients who underwent surgical resection and had pathologically confirmed TETs were enrolled in this retrospective study. All patients underwent non-contrast-enhanced CT (NECT) scans and contrast-enhanced CT (CECT) scans before treatment. A total of 396 hand-crafted radiomics features of each patient were extracted from the volume of interest in NECT and CECT images. We compared three clinical features and six semantic features (observed radiological traits) between patients with TETs. Two triple-classification radiomics models (RMs), two corresponding clinical RMs, and two corresponding clinical-semantic RMs were built to identify the types of the TETs. The area under the receiver operating characteristic curve (AUC) and accuracy (ACC) were useful to evaluate the different models.



Results

Of the 190 patients, 83 had low-risk thymoma, 58 had high-risk thymoma, and 49 had thymic carcinoma. Clinical features (Age) and semantic features (mediastinal fat infiltration, mediastinal lymph node enlargement, and pleural effusion) were significantly different among the groups(P < 0.001). In the validation set, the NECT-based clinical RM (AUC = 0.770 for low-risk thymoma, 0.689 for high-risk thymoma, and 0.783 for thymic carcinoma; ACC = 0.569) performed better than the CECT-based clinical-semantic RM (AUC = 0.785 for low-risk thymoma, 0.576 for high-risk thymoma, and 0.774 for thymic carcinoma; ACC = 0.483).



Conclusions

NECT-based and CECT-based RMs may provide a non-invasive method to distinguish low-risk thymoma, high-risk thymoma, and thymic carcinoma, and NECT-based RMs performed better.



Advances in Knowledge

Radiomics models may be used for the preoperative prediction of the pathological classification of TETs.





Keywords: radiomics, thymic epithelial tumors, pathologic classification, computed tomography, machine learning



Introduction

Thymic epithelial tumors (TETs) originate from thymic epithelial cells and are the most common tumors in the anterior mediastinum, accounting for 47% of mediastinal neoplasms (1). The most common age of patients is 35–70 years, with no significant difference in sex. Approximately one-third of patients have myasthenia gravis (2).

The World Health Organization (WHO) histological classification of TETs is complex. Before 1980, TET classification was based on the morphological features of tumor cells and was divided into spindle cell, lymphocyte dominant, epithelial cell, and lymphoepithelial types. In 1999, the WHO revised the classification by tissue origin and function and adopted the classification proposed by the German pathologist Muller–Hermelink. Then, TETs were divided into types A, AB, B1, B2, and B3 and thymic cancer. Based on the consensus of the international thymic malignancy interest group on thymic tumors, the 2015 WHO classification of TETs modified the view of thymoma as a benign tumor, except for nodule-type thymoma and micro thymoma with lymphoid stroma. Moreover, other thymomas are considered malignant tumors (3). Therefore, the main treatment for TETs is surgical excision. Previous studies have found that type B2 and B3 thymomas are less likely to be completely removed than type A, AB, or B1 thymomas because of their more aggressive behavior (4). Moreover, patients with types B2 and B3 thymomas had higher tumor recurrence rates and mortality rates than those with other types (5). According to clinical needs, Jeong et al. (6) simplified the TET classification into low-risk thymoma (A, AB, and B1), high-risk thymoma (B2 and B3), and thymic cancer. Recently, some scholars found that there was a significant correlation between the new tumor nodes metastasis (TNM) staging system and the WHO histological grade (7). The potential for complete resection and the overall and disease-free survival outcomes were closely related to the thymoma stage. Furthermore, both the histotype and stage correlated with disease-free survival. Therefore, accurate preoperative classification can help develop individualized treatment methods for TET patients and improve prognosis (8, 9).

CT is the most important imaging method in the diagnosis of TETs. The CT features of non-invasive TETS are as follows: round or oval mass, usually located on one side of the anterior superior mediastinum; intact capsule, uniform density, clear surrounding fat space; and homogeneous light to moderate enhancement on the enhanced scan. The CT signs of invasive TETS are as follows: irregular mass with unclear margin; an incomplete capsule, peritumoral fat deposition; visible calcification; obvious uneven enhancement on enhanced scans; pleural effusion; pericardial effusion; and displacement and compression of cardiac vessels (9). The differential diagnosis includes mainly the following: 1) anterior mediastinal lymphoma, mediastinal lymphoma with the nodular fusion of multiple lymph nodes, the uneven density of lesions, rare calcification, swelling of adjacent lymph nodes and displacement of adjacent vessels; showing mild to moderate enhancement on enhanced scans; and 2) teratoma, mostly located in the middle of the anterior mediastinum and containing fat, bone, calcification, and soft tissue components; showing heterogeneous enhancement.

Radiomics models (RMs) have been widely used to predict tumor type and stage, lymph node metastasis, and prognosis (10–19), specifically in lung, breast, and colorectal cancer. Previous studies have shown that texture analysis based on CT images can distinguish high-risk thymoma from low-risk thymoma (20). However, thymic cancer has not been included. Because identifying thymic cancer via conventional imaging is difficult and accurate preoperative identification facilitates the development of individualized treatment approaches, a simple non-invasive method of identification would be of great clinical benefit.

Different high-dimensional quantitative radiomics features can be combined into predictive RMs to quantify tumor heterogeneity and show underlying malignant features (21, 22). Moreover, previous studies have shown that low-risk thymoma, high-risk thymoma, and thymic carcinoma are associated with variations in the morphology of epithelial cells, the ratio of lymphocytes to epithelial cells, invasiveness, and gene expression (3, 23, 24). Overexpression of specific genes is common in thymic carcinoma but rare in thymoma, and the expression levels of these genes are related to the degree of malignancy, biological characteristics, and prognosis of the patient. Therefore, we hypothesized that CT-based radiomics signatures can distinguish among low-risk thymoma, high-risk thymoma, and thymoma. The purpose of this study was to assess the performance of radiomics approaches based on CT, clinical and semantic features for predicting the pathological classification of TETs.



Materials and Methods


Patients

This study was approved by the local ethics committee of our hospital, and the requirement for informed consent was waived. A total of 285 patients who underwent surgical resection and were pathologically confirmed as having TETs in our hospital between July 2012 and December 2019 were retrospectively analyzed. The inclusion criteria were as follows: (1) surgical resection and pathological diagnosis of TET; (2) CECT scan performed within 1 month before surgery; (3) no treatment before CT scan; and (4) available medical and surgical records. The exclusion criteria were as follows: (1) poor image quality due to artefacts or other causes and (2) absence of a CECT scan. Finally, a total of 190 patients were included in our study, and 95 patients were excluded (Figure 1). The WHO histologic classification of TETs was determined by surgical conditions and pathological examinations. The clinical features assessed included the following: age, sex, and symptoms (absence of symptoms, chest pain, cough or dyspnoea, myasthenia gravis, weakness, and others).




Figure 1 | The workflow of this study.





Image Acquisition

All patients underwent chest NECT and CECT scans. The scanning equipments were Philips 256 slice iCT of Holland and GE Lightspeed VCT 64 layers of USA. The scanning parameters were as follows: (1) Philips iCT: tube voltage 120 kV, automatic tube current, layer thickness 5 mm, pitch 0.980, reconstruction layer thickness 1 mm; (2) GE Lightspeed VCT: tube voltage 120 kV, tube current 150 mA, slice thickness 5 mm, pitch 0.516, reconstruction layer thickness 0.625 mm. All patients were examined in a supine position, arms up, deep inspiration and scanning. The contrast medium was injected rapidly through the forearm vein using a high-pressure syringe. The contrast agents included iopromide and iohexol. The enhancement phase was delayed for 60 s. The CT images were reconstructed with a standard kernel.



Tumor Segmentation

All NECT and CECT Digital Imaging and Communications in Medicine images were exported from the picture archiving and communication system (PACS) of our hospital. ITK-SNAP software version 3.6.0 (www.itksnap.org) was used for manual segmentation. All regions of interest were handcrafted on NECT and CECT images on each slice by a thoracic radiologist with 10 years of experience and validated by a senior thoracic radiologist with 20 years of experience, as shown in Figure 2.




Figure 2 | Tumor segmentation. (A–D) thymic carcinomas; (E–H) high-risk thymomas; (I–L), low-risk thymomas. Columns 1 and 2 were the NECT scan, columns 3 and 4 were the CECT scan. Columns 2 and 4 showed the delineation of different lesions (red areas).





Feature Extraction and Selection

For each patient, a total of 396 radiomics features, including 42 first-order histogram features, 334 second-order texture features, 9 morphological features, and 11 gray-level size zone matrix features, were extracted from all the NECT and CECT images based on Artificial Intelligence Kit software version 3.3.0 (GE Healthcare, China).

We preprocessed the data and normalized the extracted features. When the data value exceeded the range of the mean value and standard deviation, the median of a specific variance vector was used to replace the outliers. In addition, the data were standardized in specific intervals.

In terms of the feature selection method, the Spearman correlation coefficients with a threshold of 0.7 was first used to exclude redundant features. Then, the gradient boosting decision tree (GBDT) algorithm, which has good generalization ability, was used to optimize the subset of features. After the number of features was determined, the most predictive radiomics features were used to construct the final model.

The consistency of features from different machines was evaluated by using intra- and interclass correlation coefficients (ICC). An ICC greater than 0.75 was considered as a good agreement.



Semantic Features

All images were reviewed by two radiologists, each of whom had more than 10 years of experience in chest CT study interpretation. The two radiologists were blinded to the histologic classification and clinical information. If there was variation in the results, they reviewed the CT images together, and any discrepancies were resolved by discussion until consensus was reached. The semantic features assessed included the following: the maximum diameter of the tumor (measured as the largest cross-section of the mass), cystic degeneration, calcification, mediastinal fat infiltration, mediastinal lymph node enlargement (short diameter >1 cm), and pleural effusion.



Model Construction and Validation

First, we constructed two triple-classification radiomics classifiers, namely, NECT- and CECT-based RMs, using a logistic regression model. Subsequently, the variables of the clinical features with a P value <0.05 were added to the NECT- and CECT-based clinical RMs. Finally, the variables of semantic features with a P value <0.05 were added to the NECT- and CECT-based clinical-semantic RMs.

All patients were randomly divided into the training and validation sets at a ratio of 7:3. All three models were trained on the training set by using the repeated five-fold cross-validation method, and the estimation performance of the models was evaluated with the validation set. The performance of different models was assessed using the area under the receiver operating characteristic curve (AUC) and accuracy (ACC).



Statistical Analysis

All statistical analyses were performed with R (version 3.5.1) and Python (version 3.5.6). Kruskal–Wallis H test was performed to compare continuous variables, whereas the chi-squared test or Fisher’s exact was used for categorical variables amongst groups. All statistical tests were two-sided, and Bonferroni-corrected P value was used to identify the feature significance of multiple comparisons.




Results


Patient Characteristics

A total of 190 patients (108 males, 82 females; mean age of 51.86 ± 13.09 years, range 24–83 years) were included in this study. Of the patients, 165 underwent thoracoscopic surgery (80 low-risk thymomas, 51 high-risk thymomas, 32 thymic carcinomas) and 25 underwent thoracotomy (3 low-risk thymomas, 7 high-risk thymomas, 17 thymic carcinomas), with a significant difference among the groups (P < 0.001). The histopathological results indicated that 83 patients (16 type A, 49 type AB, and 18 type B1) had low-risk thymoma (43 males, 40 females; mean age of 51.25 ± 12.29 years, range 24–79 years), 58 patients (38 type B2 and 20 type B3) had high-risk thymoma (33 males, 25 females; mean age of 47.98 ± 14.04 years, range 24–81 years), and 49 patients (49 type C) had thymic carcinoma (31 males, 18 females; mean age of 57.47 ± 11.46 years, range 31–83 years). The age was significantly different among the groups (Z = 7.637, P < 0.01). The average age of patients with thymic carcinoma was higher than that of patients in the other two groups. In this study, 101 patients presented no symptoms at tumor diagnosis. For symptomatic patients, the most common symptom in 38 patients was chest discomfort or pain, followed by cough or dyspnea in 18 patients, myasthenia gravis in 14 patients, weakness in 14 patients, and other symptoms in 5 patients. No significant differences were found in sex or symptoms among the three groups (P > 0.05; Table 1).


Table 1 | Clinical characteristic of patients.





Semantic Features

The reproducibility of the radiomics features by the different machines was satisfactory (ICC, ranged from 0.771 to 0.905).

In total, six CT image descriptors were developed to characterize the TETs as follows: 1) the mean ± standard deviation of the maximum diameter of the tumor: low-risk thymoma (5.186 ± 2.662 cm), high-risk thymoma (4.857 ± 2.273 cm), thymic carcinoma (5.335 ± 1.914 cm); 2) cystic degeneration (18 low-risk thymomas, 6 high-risk thymomas, 5 thymic carcinomas); 3) calcification (11 low-risk thymomas, 14 high-risk thymomas, 6 thymic carcinomas); 4) mediastinal fat infiltration (7 low-risk thymomas, 13 high-risk thymomas, 30 thymic carcinomas); 5) mediastinal lymph node enlargement (1 low-risk thymoma, 5 high-risk thymomas, 18 thymic carcinomas); and 6) pleural effusion (2 low-risk thymomas, 11 high-risk thymomas, 5 thymic carcinomas). Mediastinal fat infiltration, mediastinal lymph node enlargement, and pleural effusion were significantly different among the groups (P < 0.001).



Radiologic Diagnosis

The radiologists diagnosed 91 low-risk thymomas, 63 high-risk thymomas, and 36 thymic carcinomas. The ACCs of the radiologists’ diagnoses are shown in Tables 2 and 3.


Table 2 | Performance of three-class models in training set.




Table 3 | Performance of three-class models in validation set.





Performance of the Different Models

No significant differences were observed in clinical or semantic features between the training and validation groups (P > 0.05). After feature selection, 19 NECT features and 19 CECT features remained to construct the RMs (see Supplementary Material).

In the training set, the NECT-based RM achieved AUCs of 0.739 (for low-risk thymoma), 0.783 (for high-risk thymoma), and 0.759 (for thymic carcinoma) and an ACC of 0.644 (Table 2, Figure 3). In contrast, the CECT-based RM achieved AUCs of 0.679 (for low-risk thymoma), 0.688 (for high-risk thymoma), and 0.721 (for thymic carcinoma) and an ACC of 0.576. In the validation set, similar results were found, where the NECT-based RM achieved AUCs of 0.686 (for low-risk thymoma), 0.601 (for high-risk thymoma), and 0.632 (for thymic carcinoma) and an ACC of 0.483 (Table 3). In contrast, the CECT-based RM achieved AUCs of 0.611 (for low-risk thymoma), 0.574 (for high-risk thymoma), and 0.626 (for thymic carcinoma) and an ACC of 0.448.




Figure 3 | The ROC curve of three-class models. (A, B) NECT-based RM in the training and validation sets; (C, D) NECT-based clinical-RM in the training and validation sets; (E, F) CECT-based RM in the training and validation sets; (G, H) CECT-based clinical-RM in the training and validation sets; (I, J) NECT-based clinical-sematic-RM in the training and validation sets; (K, L) CECT-based clinical-sematic-RM in the training and validation sets. Class 0, low-risk thymoma; class 1, high-risk thymoma; class 2, thymic carcinoma.



When combined with the significantly different clinical features, the clinical RMs performed better than the individual RMs. In the training set, the NECT-based clinical RM exhibited AUCs of 0.746 (for low-risk thymoma), 0.808 (for high-risk thymoma), and 0.813 (for thymic carcinoma) and an ACC of 0.659. Moreover, the CECT-based clinical RM exhibited AUCs of 0.690 (for low-risk thymoma), 0.717 (for high-risk thymoma), and 0.768 (for thymic carcinoma) and an ACC of 0.553. Similarly, in the validation set, the NECT-based clinical RM exhibited AUCs of 0.687 (for low-risk thymoma), 0.699 (for high-risk thymoma), and 0.689 (for thymic carcinoma) and an ACC of 0.483. The CECT-based clinical RM exhibited AUCs of 0.538 (for low-risk thymoma), 0.644 (for high-risk thymoma), and 0.679 (for thymic carcinoma) and an ACC of 0.448.

Finally, when the clinical and semantic features with significant differences were combined, the analysis results showed that the clinical-semantic RMs had the best performance among the three models. In the training set, the NECT-based clinical-semantic RM exhibited AUCs of 0.880 (for low-risk thymoma), 0.850 (for high-risk thymoma), and 0.939 (for thymic carcinoma) and an ACC of 0.750. Moreover, the CECT-based clinical-semantic RM exhibited AUCs of 0.835 (for low-risk thymoma), 0.813 (for high-risk thymoma), and 0.946 (for thymic carcinoma) and an ACC of 0.705. Similarly, in the validation set, the NECT-based clinical-semantic RM exhibited AUCs of 0.770 (for low-risk thymoma), 0.689 (for high-risk thymoma), and 0.783 (for thymic carcinoma) and an ACC of 0.569. The CECT-based clinical-semantic RM exhibited AUCs of 0.785 (for low-risk thymoma), 0.576 (for high-risk thymoma), and 0.774 (for thymic carcinoma) and an ACC of 0.483.




Discussion

In this study, we found that NECT-based and CECT-based three-class RMs performed well in predicting low-risk thymoma, high-risk thymoma, and thymic cancer, although NECT-based RMs performed better. When combined with clinical data (age only), the clinical RMs performed better than the individual RMs. When the clinical and semantic features with significant differences were combined, the analysis results showed that the clinical-semantic RMs had the best performance among the three models.

In this study, we compared age, sex, and symptoms among the patients with low-risk thymoma, high-risk thymoma, and thymic carcinoma. However, we found a significant difference only in age among the groups, with thymic carcinomas tending to occur at an older average age. Males accounted for slightly more TET cases than females, but there was no difference in the sex composition among the three groups, consistent with previous results (2). Myasthenia gravis is the most important clinical symptom of TETs. Approximately one-third of patients have myasthenia gravis (2). In our study, the incidence of myasthenia gravis was low (less than one-tenth), which may be related to the fact that chest CT has gradually become a routine examination. Most patients were identified through physical examination, while some patients had a cough, usually without symptoms related to myasthenia gravis.

Previous studies have attempted to differentiate low-risk thymoma, high-risk thymoma and thymic carcinoma with conventional CT imaging signs. Some scholars (25) found significant differences in tumor size, contour, adjacent mediastinal fat infiltration, invasion of large vessels, etc. amongst low-risk thymoma, high-risk thymoma, and thymic carcinoma. However, there may be some overlap and lack of specificity in these signs, and the diagnosis is highly dependent on the doctor’s experience. In clinical practice, accurately distinguishing among low-risk thymoma, high-risk thymoma, and thymic carcinoma is still difficult (25). In our study, we compared the maximum tumor diameter, cystic degeneration, calcification, mediastinal fat infiltration, mediastinal lymph node enlargement, and pleural effusion among the low-risk thymoma, high-risk thymoma, and thymic carcinoma groups. The results showed that mediastinal fat infiltration, mediastinal lymph node enlargement, and pleural effusion were significantly different among the groups (P < 0.001. We also compared the performance of radiologists in classification via RMs. The results showed that the accuracy of the radiologists was lower than that of the RMs. Therefore, identifying quantitative imaging parameters for the histological typing of TETs is essential.

Based on the heterogeneity of tumors, radiomics can non-invasively and quantitatively analyze the characteristics of tumors and monitor the occurrence, development and treatment response of tumors to assist physicians in making clinical decisions (26–28). Previously, some scholars have aimed to distinguish the histological types of TETs through radiomics. Yasaka et al. (29) analyzed the CT images of 39 patients with thymomas and used logistic regression analysis to establish an RM, which exhibited high diagnostic ability. However, the small sample size of the study based on 2D texture analysis did not include thymic carcinoma. Wang et al. (22) analyzed the 3D CT images of 199 patients with thymomas and established an RM by logistic regression analysis. Similarly, thymic carcinoma was not included in that study, and the clinical and semantic features of thymic epithelial neoplasms were not included. Xiao et al. (30) developed a radiological nomogram for predicting TET tissue type by combining a RM, conventional MRI imaging signs and clinical features in multivariable logistic regression analysis and drew a good conclusion.

In our study, we established two triple-classification radiomics classifiers based on the 3D NECT images and CECT images of 190 patients with TETs and analyzed three clinical features and six semantic features. The results showed that the clinical RMs performed better than the individual RMs and that the clinical-semantic RMs had the best performance among the models. However, the AUCs of the radiomics signatures in our study were lower than those in a previous study. We believe that these differences were caused mainly by the different radiomics features extracted from 2D or 3D texture analysis, the different classification methods and different inspection methods. Several studies have shown that compared with 2D texture analysis, 3D texture analysis can improve the classification accuracy (19, 31). Our previous study showed that the results of three classifications are lower than those of two classifications (32). Furthermore, we included both NECT and CECT images and found that NECT-based RMs performed better than CECT-based RMs in predicting low-risk thymoma, high-risk thymoma, and thymic cancer, which we considered to be reasonable. The diagnostic ability of the enhanced image was found to be better than that of the non-enhanced image. However, the enhanced image was observed together with the non-enhanced image rather than separately. In the radiomics approach in our study, the non-enhanced image and the enhanced image were analyzed separately. Moreover, the features extracted from the enhanced and non-enhanced images were different. Therefore, it was possible that the performance of the NECT-based RMs might have been better than that of the CECT-based RMs. A similar situation also arose in our previous studies (33). In clinical practice, NECT-based RMs can provide more diagnostic information in patients who are unsuitable for contrast-enhanced examination.

Our study has several limitations. First, the number of patients was not large. We aimed to reduce false discovery by using training and test cohorts. Despite this approach, we also recognize that TET radiomics data of a larger cohort is necessarily beneficial to validate the model in future studies. Second, multimodal data, such as magnetic resonance (MR) data, may be needed to provide additional useful information for the identification of lesions. Third, in clinical practice, an anterior mediastinal mass that is recommended for surgery may not be a TET. We plan to include more types of anterior mediastinal masses, such as lymphomas and genitourinary tumors, in a later study.

Our study shows that NECT-based and CECT-based RMs may provide a non-invasive method to distinguish low-risk thymoma, high-risk thymoma, and thymic carcinoma. As a quantitative method, radiomics signature analysis can provide complementary diagnostic information, facilitate the development of individualized treatment methods for TET patients, and improve prognosis.
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Surgery remains cornerstone for the management of thymoma. Complete surgical resection (R0), is recognized as the constant and significant factor for prognosis. However, in locally advanced (Masaoka-Koga stages III-IVa) thymomas, achieving R0 resection remains challenging due to local-regional invasion of the disease. Induction treatment, with the aim of reducing bulky tumor mass, offers new strategy to facilitate totally surgical resection. Herein, we reviewed recent progress and provided a comprehensive overview of induction strategy in locally advance thymoma.
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Introduction

Thymic epithelial neoplasms, commonly comprising thymoma and thymic carcinoma, are rare tumors with a broad spectrum of biological behavior. Unlike thymic carcinomas, thymomas are relatively indolent. Once they are completely resected (R0), long-term survival may be easily achieved (1–3). Thereby, only thymomas were considered for this review.

According to published data, approximately 30% thymomas are staged as Masaoka-Koga III-IVa, and for these patients, performing R0 resection is not easy, due to locoregional extent of the disease (4, 5). Given the prognostic benefits of R0 resection, induction strategies, including chemotherapy, radiotherapy and even targeted drugs, have been explored, and some reviews have also been published during last decade (6, 7). However, in recent years, chemo regimens and radiotherapy technologies are rapidly evolving, immunotherapy and targeted drugs are fast-growing. Knowledge regarding induction strategy in thymoma, requires updating. So, we conducted this narrative review, discuss the current progress and future directions in the setting of induction treatment of locally advanced thymoma.



Induction Chemotherapy: Theoretical Advantages and Clinical Practices

Induction chemotherapy is a priority criteria for initially unresectable thymomas. Firstly, this is because thymoma is revealed as chemo-sensitive (8, 9); Secondly, chemotherapy is easily to perform and with limited toxicity. Theoretically, induction chemotherapy presents several advantages. Foremost, induction chemotherapy can result in tumor shrinkage, which then improves the probability of R0 resection. Further, the systematic micro-metastasis of the neoplasm may be inhibited at an early stage. Patients show a better tolerance to induction therapy compared with adjuvant chemotherapy. Ultimately, the objective response to induction treatment may provide information to help guide post-operative chemotherapy (10–12). However, to transform theory into reality, the following questions must be answered.


What Is the Exact Role of Induction Chemotherapy in Clinical Practice?

The exact role of induction chemotherapy in locally advanced thymoma patients still remains controversial. Given the rarity of the tumor, there have been no randomized controlled trials conducted to date. Nonetheless, some studies may provide insight into the effects of induction chemotherapy treatment.

Yamada et al. (13) using a Japanese Nationwide Database retrospectively explored the role of induction chemotherapy in stage III thymoma, surprisingly the authors determined that induction chemotherapy was an adverse prognostic factor. The authors proposed that induction treatment in their study was correlated to larger radiological tumor size, a higher number of involved sites, and invasion into the phrenic nerve. Thus, induction therapy itself did not worsen prognosis but acted as a selection bias. In addition, the small sample size may have represented another reason for this phenomenon.

Most recently, Khorfan et al. (3) retrospectively analyzed the management of advanced thymoma in the United States, a total of 160 patients (128 patients received induction chemotherapy) were administered induction treatment. As in the study by Yamada et al., patients with more advanced unresectable disease were more likely to be chosen for induction treatment. However, R0 resection rates in the induction group, were similar to those of patients receiving surgical intervention (57.2% vs. 54.2%), which may indicate the role of induction chemotherapy in facilitating R0 resection.

To eliminate the influence of confounding biases, a propensity score-matched analysis was performed. Thymoma patients receiving induction chemotherapy followed by surgery and patients receiving surgery alone had similar resectability, overall survival, and recurrence-free survival rates (14). In addition, Cardillo et al. (12) conducted a study to evaluate the prognostic factors in locally advanced thymoma and thymic carcinoma. In their study, 30 patients received immediate surgery, 31 patients ineligible for surgery at presentation underwent induction chemotherapy followed by surgery. Patient characteristics in these two groups were well-balanced. The results showed that the 10-year survival rates in the induction group were better than those for the immediate surgery group (57.9% vs. 38.1%, p=0.03).

Bretti et al. (15) performed a study in Masaoka-Koga stages III-IVa malignant thymoma patients. Thirty patients received surgical treatment, while 25 cases, ineligible for radical surgery, received induction chemotherapy before surgical reassessment. Following induction chemotherapy, 14 patients (56%) underwent surgery, and 11 cases (78.6%) achieved a complete resection. The study revealed that the overall survival of individuals who initially performed R0 resection was better than those failing to achieve R0 resection. Furthermore, the survival outcomes in the R0 resection subgroup after induction chemotherapy approximated that of direct R0 resection patients.

Despite the paucity of clinical data confirming the importance of induction chemotherapy, the existing evidence strongly suggests that induction chemotherapy is a preferred choice for initially unresectable thymoma patients.



Which Scheme Is Commonly Recommended for Induction Chemotherapy?

Currently, the optimal chemotherapy regimen remains controversial. Apart from induction therapy, patient prognosis can be influenced by surgical intervention, the adjuvant treatment strategy, and several other confounding factors. Thus, this review will place a greater focus on treatment response and the R0 resection rate to compare different chemotherapeutic regimens.


Cisplatin and Etoposide-Based Treatment Regimens

Hassan et al. (16) performed a study including 9 patients with unresectable (III and IVa) thymic tumors. Patients underwent induction chemotherapy with 3 courses of cisplatin and etoposide (EP). One (11%) patient achieved a complete remission (CR), 6 (66%) a partial remission (PR), and the remaining 2 (22%) patients, achieved only a minor remission. After induction therapy, 1 patient refused surgery and 5 (62.5%) of the other 8 achieved a R0 resection.

Macchiarini et al. (9) incorporated epirubicin into a cisplatin and etoposide regimen (PAE). Nine clinically staged IIIa invasive thymoma patients were enrolled in the analysis. After 3 cycles of treatment, all patients (100%) achieved a PR and 4 of the 7 (57.1%) patients were subjected to R0 resection. Lucchi et al. (17) also explored the role of PAE regimen as an induction scheme, in his study, treatment response and R0 resection rates were 73.3% and 76.7% respectively.



Platinum and Anthracycline-Based Treatment Regimens

The platinum and anthracycline-based scheme is most widely prescribed in clinical practice, and the following combinations were included: cisplatin+doxorubicin+cyclophosphamide (PAC), cisplatin+doxorubicin+cyclophosphamide+prednisone (PACE), cisplatin+adriamycin +cyclophosphamide+vincristine (ADOC), and cisplatin+doxorubicin+methylprednisolone (CAMP).

Shin et al. (18) conducted a prospective study which included 12 unresectable III-IVa thymoma patients, in which all of them received 3 courses of PACE. Three patients (25%) achieved a complete tumor response and a partial response was obtained in 8 patients (67%). One patient refused the subsequent surgical intervention, while for the remaining 11 patients, R0 resection was achieved in 9 (81.8%) patients. Kim et al. (19) also explored the role of PACE in III-IVb invasive thymoma. All patients included in the study received 3 courses of chemotherapy, and major responses were observed in 17 (77%) of the 22 patients, including 3 (14%) CRs and 14 (63%) PRs. After induction treatment, 1 patient refused surgery, but the remaining 21 patients were treated surgically, and of these, 16 (76%) achieved a R0 resection.

Sixteen clinically staged III-IVa invasive thymoma were enrolled in a study from January 1985 to November 1991, all patients were treated with the ADOC scheme. The response rates for ADOC induction therapy were 100% (7 CRs and 9 PRs). Subsequently, all the patients underwent surgery and 11 patients (68.8%) achieved a complete resection (20). Another clinical trial including 16 consecutive patients with stage III and IVa invasive thymoma, also evaluated the effects of ADOC induction chemotherapy, 13 (81.3%) patients responded well to the regimen. All 13 patients responding well were directed to surgery, and for 9 (69.2%) patients, tumors were radically resected (21).

CAMP is also widely used in clinical trials. In a study conducted by Kohei et al. (22), the CAMP regimen was administered in the neoadjuvant setting in 14 invasive III-IVb stage thymoma patients. All patients except 1 (92.9%) showed a good response to this scheme. Finally, surgical treatment was performed in 9 patients and 2 (22.2%) achieved a R0 resection.



Other Combinations

Park et al. (23) explored the role of induction chemotherapy using docetaxel and cisplatin (TP). In their study, 9 (1 stage III and 8 stage IVa stage) thymoma patients were enrolled. After receiving induction chemotherapy, 5 (55.6%) patients achieve a PR and 4 patients responded stably to the scheme. Following reassessment, 7 patients became eligible for surgery and all (100%) ultimately achieved a R0 resection. Detailed information about induction chemotherapy regimens is listed in detail in Table 1.


Table 1 | Induction chemotherapy for locally advanced thymoma.







Incorporating Radiation Into Induction Chemotherapy

Induction radiotherapy alone is rarely used as initial therapy in thymoma patients (Table 2). After screening of National Cancer Database, the largest cancer registry in the whole world, a total of 160 advanced stage thymoma patients received neoadjuvant therapy, however, only 5.7% underwent induction radiation alone (3). According to Chinese Alliance for Research in Thymomas Database, among induction therapy patients, only 13.2% received radiotherapy (31).


Table 2 | Induction radiotherapy for locally advanced thymoma.



Currently, chemotherapy remains the mainstream induction strategy, meanwhile, in some cases, chemotherapy alone is not sufficiently effective, especially in heavily invasive diseases. Under such circumstances, the potential synergism of combining chemotherapy with radiotherapy, may further potentiate induction response rates and facilitate R0 resection (Table 3). Similar to induction chemotherapy, deep consideration should also be given to the following questions.


Table 3 | Induction chemoradiotherapy for locally advanced thymoma.




What Is the Exact Role of Induction Chemoradiotherapy?

A study conducted by Chu et al., compared radiological response of chemotherapy alone with the combination of chemotherapy and radiotherapy in the management of locally advanced or advanced thymic epithelial tumors (including thymoma and other thymic tumors). An increased average radiological response was observed in the combination treatment group compared with chemotherapy alone (volume: reduction of 47.0 cm3 or more, P < 0.001; diameter: a reduction of 0.8 cm or more, P = 0.03), and for patients receiving chemotherapy, further tumor shrinkage was observed in 33% patients when additional radiotherapy or chemoradiotherapy was administered (median volume: 42.3% reduction, P = 0.03; diameter: 3.0% reduction, P = 0.049 (35).

Another study performed by Wright et al., explored the function of induction concurrent chemoradiotherapy in 10 initially unresectable locally advanced thymic tumors (including 7 stage B3 thymomas and 1 thymic carcinoma). The treatment scheme consisted of 2 cycles of EP combined with concurrent radiotherapy (33 to 49 Gy) before surgery. Adjuvant chemotherapy (EP) was administered to incomplete resection patients and for those with high risk of recurrence. After completion of induction treatment, 4 (40%) patients achieved a PR while the remaining 6 patients presented no changes. After reassessment, all 10 patients were directed towards surgery, and an impressive R0 resection was achieved in 8 (80%) patients. After examination of the resected specimens, substantial (>90%) necrosis was observed in 4 (40%) patients. No postoperative deaths were observed and the 5-year estimated survival was 69% (32).

In view of the encouraging results achieved following induction chemoradiotherapy, especially the high pathological response rate, a phase II multi-center study was prospectively conducted. A total of 21 thymic tumor patients (13 thymomas, 7 thymic carcinomas and 1 metaplastic tumor) who met the specific computed tomograph criteria were enrolled. The induction protocol consisted of 2 cycles of the EP scheme and concurrent radiation 40-45 Gy. Ten (47.6%) patients achieved a PR on radiographic assessment, while the remaining 11 showed no response. All patients received surgical treatment, and 17 (77%) of them underwent R0 resection (33).

A study conducted in China examined the induction role of concurrent chemoradiotherapy with a different chemotherapy scheme. In total, 33 patients (10 thymomas, 21 thymic carcinomas and 2 thymic carcinoids) were included. All patients received docetaxel and cisplatin concurrently accompanied by 40 Gy radiation treatment before surgery. After reassessment, the response rate was 78.8% (1 CR, 25 PR, and 7 stable disease [SD] cases). Among the 10 thymoma patients, an 80% response rate was achieved. Finally, 21 patients were recognized as responsive to the surgical procedure, and 18 (85.7%) achieved R0 resection (34).

Due to the differences in the inclusion criteria, the definition of an “unresectable tumor”, and chemotherapy scheme, treatment outcomes in different clinical trials cannot be fully compared. However, a roughly higher rate of R0 resection can still be observed in the induction chemoradiotherapy groups. It may be not appropriate for all thymoma patients to receive induction chemoradiotherapy. Some patients may achieve favorable responses with chemotherapy alone, and furthermore, increased treatment toxicity and the potential risks induced by radiotherapy should not be ignored. Thus, eligible patients should be carefully selected.



Who Will Benefit Most From Induction Chemoradiotherapy?


Patients Presenting Invasion of Great Vessels

Yamada et al. extracted and analyzed data relative to a total of 310 stage III thymoma patients from the Japanese National Database. Among these 310 patients, 126 had great vessel invasion. These cases had significantly lower R0 resection rates compared with patients with no vessel invasion (73.8% vs. 83.7%, p= 0.011) (13). Hassan et al. (16) conducted a study to explore the function of induction chemotherapy in locally advanced thymoma patients, 3 cycles of EP were administered before surgery. Of these, only 3 patients presented great vessel invasion before induction chemotherapy, and unfortunately an extensive full-thickness tumor invasion of the vessels was still evident at the time of surgical intervention. Ultimately, all 3 patients achieved an incomplete resection. Thereby, for thymoma with great vessel invasion, chemotherapy alone may be not sufficient, while combining chemotherapy with radiotherapy may enhance the antitumor activity and the possibility of totally resection.



Patients With More Invasive Histological Subtype

Onuki et al. (36) performed a study to assess the pathological radioresponse to preoperatively irradiated thymoma. The authors found that type B1 or B2 group had higher reduction ratios than the type B3 group (mean value of 39.7%, 31.8%, and 21.0%, respectively, P < 0.01). One explanation for this phenomenon was that type B1 or B2 presents a larger percentage of radiosensitive lymphocytes compared with B3 tumors. Furthermore, high response rates can also be achieved in type A-B2 thymoma patients who have received either chemotherapy or corticosteroid treatment alone (37). Furthermore, in the study conducted by Korst et al., 21 thymic tumor patients were enrolled to assess the treatment response of induction chemoradiotherapy, and 5 patients ultimately showed near complete pathologic response, and intriguingly, 80% of them were thymic carcinomas (33). Thereby, we may ponder whether preoperative chemotherapy is sufficient for type A-B2 tumors, and for more invasive histological subtypes like B3 thymoma or even thymic carcinoma, induction chemoradiotherapy may represent a better choice.



Patients Refractory to the First-Line Induction Chemotherapy

In a study performed by Robert et al., 8 thymic epithelial tumor patients received additional radiotherapy or chemoradiotherapy after the initial chemotherapy. Subsequent radiotherapy further decreased the median tumor volume by 39.9 cm3 (P = 0.03) and median tumor diameter by 1.0 cm (P = 0.049) compared to post-chemotherapy measurements (35). Thus, in clinical practice, thymoma patients who are still not amenable to surgery after the first-line induction chemotherapy, additional induction radiotherapy may be a good choice, as it may lead to further tumor shrinkage and facilitate R0 resection. Our institute is performing a prospective clinical trial to further confirm this therapeutic schedule.




What’s the Role of Radiation Technology Advances in Thymoma?

A major concern about radiotherapy is the undesired dose deposition to the surrounding tissues. In thymoma radiation, this concern is even more pronounced, because surrounding organs, including heart, lungs and esophagus, can not avoid being irradiated. Thymomas patients commonly have long-term survival, and the tumor mass of thymomas requiring induction radiation, is relatively bulky. The above characteristics, provide a strong rational for conducting advanced radiation technology to reduce toxicity. Radiation therapy has made significant technological strides over the past decades. More and more innovative techniques have been applied to the treatment of thymoma, like adaptive radiation therapy (ART), tomotherapy and particle radiotherapy (proton radiotherapy and carbon ion radiotherapy). By the implication of cutting-edge radiation technology, the final goal is to provide a culmination of innovation advances to maximize the therapeutic ratio, and improve R0 resection rate, while minimizing radiation-related toxicity.

The application of ART, or modifying the physical plan during the radiotherapy process, is becoming increasingly available in clinical practice. ART provides powerful potential for minimizing radiation-related injury while escalating or de-escalating target doses based on the dose to organs at risk (38). ART is worthwhile especially in tumors that shrink rapidly during radiation therapy. As reported in the literature, tumor mass of thymoma could be reduced by 40%-78% within the first two weeks of radiation (28, 39). So, ART may have potential role in thymoma treatment. In a pre-clinical study, the dosimetric benefit of ART in neoadjuvant setting of canine and feline thymoma was explored. The research demonstrated that rapid tumor-shrinkage was observed within 1 week of radiation, with a mean shrinkage of 31.0% ± 15.2%, which surly will exert huge adverse impact on normal tissues around the target. After mid-therapy replanning, the dose to organs at risk was significantly reduced, with −18.2% in the mean heart dose and −27.9% in the V20 lung dose (40). Although being promising, the usage of this technology faces the dilemma of lacking enough patients. After screen of papers, only a case report was found. The case showed that induction chemoradiotherapy with ART appears to be powerful weapons for locally advanced intact thymoma (41).

Tomotherapy is the delivery of intensity modulated radiation therapy using rotational delivery of a fan beam in the manner of a computed tomograph scanner (42). To the best of our knowledge, no clinical trial using tomotherapy has been conducted in the field of thymoma. Based on the experiences of our center, tomotherapy will be considered under the following two conditions: 1) complex-shaped thymoma: 3-dimentional radiation therapy or intensity modulated radiation therapy can not achieve satisfactory target volume coverage, or at the sacrifice of organs at risk; 2) multiple tumor lesions: treatment protocol can not be accomplished with single radiotherapy plan. In our institution, tomo is widely used in Masaoka-Koga IVa patients with pleural dissemination. In addition to radiotherapy to the primary site which is not eligible for surgery at initial evaluation, radiation is also delivered to the pleural area. For localized pleural disease, local radiation will be conducted. However, for patients with relative extensive pleural metastases, besides local treatment, prophylactic radiation of ipsilateral entire pleural will also be considered. As we know, most of the recurrence of thymoma occur on the pleural surface (43, 44). So, the aim of the above treatment strategy possesses two purposes: Improve R0 resection rate and reduce the risk of pleural dissemination during operation.

Particle radiotherapy possesses the theoretical dosimetric advantage over photon techniques by the production of “Bragg Peak”, which provides a sharp increase in dose at a given depth in tissue that can be modulated by the treating physician (45). Several studies of lung cancer and Hodgkin lymphoma, have well demonstrated that particle radiotherapy could maintain target dose coverage while minimizing the dose of organs at risk (46, 47). In the field of thymoma, Haefner et al. conducted dosimetric comparison between photon and particle radiotherapy in the postoperative management of thymoma. The results revealed that particle radiotherapy showed superior organs at risk sparing and optimal target volume coverage (48). However, up to now, no data were reported about the implementation of particle radiation in induction radiation of thymoma.




Adding Immunotherapy to Induction Treatment

Immunotherapy is currently a revolution, as is thymoma. The most commonly used predictor for Programmed Cell Death-1/Programmed Cell Death- Ligand 1 (PD-1/PD-L1) immune therapy is the expression of PD-L1 (49, 50). As reported, high expression of PD-L1, being statistically associated with more aggressive histological types, higher Masaoka-Koga stages and even worse prognosis (51–54), was observed in 23%-92% thymoma patients (52, 55–61). In addition, tumor-infiltrating lymphocytes, which are required for adequate activation of immune system, were diffusely and abundantly distributed in thymoma cases (60, 62). Taken together, high PD-L1 expression on tumor cells and abundant tumor-infiltrating lymphocytes in the microenvironment, provide a strong rational for implementing PD-1/PD-L1 therapy for thymomas to overcome the poor outcome results. Several trials have tentatively explored the efficacy and safety of immunotherapy in relapsed or advanced thymomas.

Cho et al. (63) performed a prospective phase II study to evaluate the role of pembrolizumab in thymoma patients who are refractory to initial standard platinum-based chemotherapy. A total of 7 thymoma patients were enrolled in the study and 2 of them (28.6%) achieved a partial response. Rajan et al. conducted a phase I trial with anti- PD-L1 antibody (Avelumab) in 7 advanced thymomas. Similar to the prior research, nearly 30% of the patients had an objective response (64). Due to the preliminarily promising results, a series of trials are on going to explore the role of immune therapy in relapsed or advanced thymomas (NCT03076554, NCT03134118, NCT03295227, NCT03463460, NCT02364076). In addition to efficacy, treatment toxicities are also important considerations. In the study of Cho et al., 5 (71.4%) of the 7 patients developed grade ≥ 3 immune-related adverse events, including 4 hepatitis and 3 myocarditis events. And in the research of Rajan et al., all of these patients that had tumor shrinkage developed immune related adverse events. Meanwhile, another article revealed that the administration of anti-PD1 immune check point inhibitor resulted in a storm of immune related adverse events (including myositis, myocarditis and myasthenia gravis and death) after administration of the first treatment cycle (65). Taken these limited data together, it looks that thymoma patients were at higher risk of developing immune-related side effects, so special caution is required for the usage of these agents in thymomas.

The exact role of induction immunotherapy in thymoma must be answered by clinical trials. To date, only two ongoing studies registered in the Chinese Clinical Trial Registry (ChiCTR2000036033) and clinicaltrials.gov (NCT03858582) are currently underway. All patients in the above two clinical trials will receive induction immunotherapy combined with chemotherapy. We hope these clinical trials will provide a conclusive answer to this question.



Addition of Targeted Drugs to Preoperative Treatment

Similar to immunotherapy, evidence supporting targeted treatment in the neoadjuvant setting for thymoma is limited. We searched the database of Chinese Clinical Trial Registry and ClinicalTrials.gov and only one clinical trial was found. This ongoing phase II study (NCT01025089) is exploring the effects of the combination of cetuximab with traditional PAC scheme as neoadjuvant therapy for locally advanced thymoma. Patients will initially receive cetuximab weekly for up to 4 weeks to assess tumor response to cetuximab alone. Then, they will continue to receive weekly cetuximab along with concurrent CAP for 4 cycles before surgical treatment. The primary endpoint of the study is the frequency of a complete pathological response. The secondary endpoints include toxicity, treatment response, and R0 resection.

With the advances in the understanding of molecular biology, unique genetic aberrations associated with thymoma have been identified. All these specific biological markers involving KIT, EGFR, IGF-1R, and VEGF pathways, will facilitate the use of new targeted drugs in the future (66). Targeted drugs may be an option in clinical practice for heavily pretreated thymoma patients. Like immune therapy, targeted drugs alone cannot exert a sufficient impact on thymoma shrinkage in the setting of induction treatment. However, different from immunotherapy, the side effects of targeted drugs in thymoma may be well tolerated, based on current evidence and some agents have shown promising effects (67). Thus, the benefits of incorporating these targeted drugs into preoperative chemotherapy deserve further study.



Discussion

This narrative review is presenting updated knowledge regarding induction strategy in initially unresectable thymomas. Based on current evidence, induction chemotherapy is still the mainstay in the induction setting.

The actual role of various chemo regimens needs to be answered in randomized clinical trial. However, under the circumstance of lacking enough patients, systematic review using the principle of evidence-based medicine may be an alternative way. Berghmans et al. evaluated the effectiveness of the different systemic therapies in the systemic treatments for thymoma. It revealed that cisplatin-anthracycline (PAC or ADOC) combinations were the most popular and active regimens (68). Similarly, the Italian Collaborative Group for Thymic Malignancies also recommends PAC scheme given the high rate of tumor shrinkage (69). Though, some differences may exist between induction and systemic chemotherapy, the results of the above systematic review, can also shed light onto the the choice of induction chemotherapy. Towards data shown in Table 1, the common type of induction chemo was platinum-anthracycline-based followed by platinum-etoposide-based schedules. Similar response rate, approximately 62%-100%, could be achieved by the two regimens. As for another chemo regimen (TP), the response rate was only 55.6%. Consequently, platinum-anthracycline-based or platinum-etoposide-based schedules should be proposed as front-line therapy.

In addition to efficacy, clinicians should also pay close attention to potential side effects, particularly cardiac toxicity. The risk of cardiotoxicity in patients with thymoma is very high due to a number of factors. Firstly, the tumor itself can invade the adjacent heart and great vessels. Secondly, the surgical procedure and radiotherapy can also exert a harmful impact on the heart (70, 71). Thirdly, cardiotoxicity can be caused by anthracycline treatment (72). Thus, for patients with old age, heart disease, and concomitant radiotherapy, great caution should be given to potential cardiotoxicity. Chemotherapeutic regimens without anthracycline, such as EP-based schemes, should be considered preferentially.

Although effective, chemotherapy alone sometimes is not powerful enough to make tumor remission. In these cases, additional radiotherapy, or chemoradiotherapy can present as salvage treatment modalities. Collectively, we propose the following strategies deserve to be tested in future studies. For patients with highly invasive features, such as great blood vessel invasion or B3 subtype, concurrent chemoradiotherapy may be a better induction strategy compared with chemotherapy alone (not in bulky tumors where radiation fields include a large proportion of the lung). For patients without such features, induction chemotherapy is preferred, and once tumors being refractory to chemotherapy, subsequent induction radiation should be considered.

Immunotherapy alone or in combination with chemotherapy is currently a revolution in the neoadjuvant treatment of non-small cell lung cancer (73–75). As for thymoma patients, will immunotherapy exert similar encouraging effects? From the available data, therapeutic prospects may be not very optimistic, because of limited activity of tumor control and high incidence of sever immune-induced toxicity. In our center, induction immunotherapy is only considered in thymomas, especially B3 subtype, refractory to induction chemotherapy or additional radiotherapy. So, the role of immunotherapy in induction treatment still requires confirmation.

Next generation sequencing and other advances in molecular biology have opened a new era for molecularly targeted therapies. From current data, targeted therapies in thymoma exhibited limited value and are only recommended to heavily pretreated advanced thymoma patients (67). However, different from immune or chemo therapy, the treatment-related toxicity of such agents is well tolerable in almost all reported cases. Thus, the benefits of incorporating these targeted drugs into preoperative chemotherapy deserve further study.

In general, given the rarity of the tumor, high-level clinical trials are difficult to perform. Thereby, in the future, collaborative efforts involving different organizations that specially focus on thymomas, such as the International Thymic Malignancy Interest Group (ITMIG) and Chinese Alliance for Research in Thymomas (ChART), should be promoted to encourage multicenter cooperation in clinical studies. Only in this way can we obtain enough sample sizes which will allow definitive conclusions about optimal treatment modalities.
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Introduction

Thymic epithelial tumors (TETs) are malignancies arising from the epithelium of the thymic gland, rare but with relatively favorable prognosis. TETs have different pathological subtypes: thymomas and thymic carcinoma, and they show different clinical characteristics regarding prognosis, pathology, and molecular profiles, etc. Although some studies have investigated the pathogenesis of TETs, more molecular data is still needed to further understand the underlying mechanisms among different TETs subtypes and populations.



Methods

In this study, we performed targeted gene panel sequencing and whole transcriptome sequencing on the tumor tissues from 27 Chinese TET patients, including 24 thymomas (A, AB, and B subtypes) and 3 thymic squamous cell carcinomas. We analyzed the genetic variations and differentially expressed genes among multiple TET subtypes. Moreover, we compared our data with the published The Cancer Genome Atlas (TCGA) TET data on both the genetic and transcriptomic levels.



Results

Compared with the TCGA TET genomic data, we found that NF1 and ATM were the most frequently mutated genes (each with a frequency of 11%, 3/27). These mutations were not mutually exclusive, since one B1 thymoma showed mutations of both genes. The GTF2I mutation was mainly enriched in subtype A and AB thymomas, consistent with the previous reports. RNA-seq results unveiled that the genes related to thymus development (FGF7, FGF10 and CLDN4) were highly expressed in certain TET subtypes, implicating that the developmental process of thymus might be linked to the tumorigenesis of these subtypes. We found high expression of CD274 (PD-L1) in B2 and B3 thymoma samples, and validated its expression using immunohistochemistry (IHC). Based on the expression profiles, we further established a machine learning model to predict the myasthenia gravis status of TET patients and achieved 90% sensitivity and 70.6% specificity in the testing cohort.



Conclusion

This study provides the first genomic and transcriptomic analysis of a Chinese TET cohort. The high expression of genes involved in thymus developmental processes suggests the potential association between tumorigenesis of TETs and dysregulation of developmental pathways. The high expression of PD-L1 in B2 and B3 thymomas support the potential application of immunotherapy on certain thymoma subtypes.





Keywords: thymic epithelial tumor, thymoma, next-generation sequencing, PD-L1, RNA-seq



1 Introduction

Thymoma and thymic carcinoma (TC) are thymic epithelial tumors (TETs) with low occurrence rate, roughly 1-5 cases per million population per year (1, 2). Pathologically, thymomas can be stratified into A, AB, B1, B2 and B3 subtypes depending on the morphology and the proportion of cancer cells and lymphocytes (3). A and AB thymomas are generally considered to be low malignancy, whereas B and TC subtypes are associated with moderate and high malignancy, respectively (1, 2). Auto-immune disorders, such as myasthenia gravis (MG), are the most frequent syndrome co-occurring with thymomas (4). A few studies have focused on characterizing genomic variations and expression of certain genes in thymomas and TCs (5–9), which provide new insights to decipher mechanisms of tumorigenesis and develop novel therapeutic strategies for clinical practice. However, more molecular data is still needed to deeply understand the TET etiology among different subtypes and populations.

Mutations and aberrant expression levels of several genes have been identified in thymoma and TC. EGFR is highly expressed in some thymoma and TC samples, but only a few mutations have been identified within EGFR in thymoma samples (10). Mutations and overexpression of ERBB2, KRAS, and TP53 are found in TC samples (5). The high expression of KIT has also been confirmed in TCs (10, 11). However, mutations have been rarely found in KIT in either TCs or thymomas (12). A leucine to histidine substitution (L383H, L404H) of GTF2I was recently identified to be one of the most frequent mutations in A and AB thymomas (13). In vitro experiments showed the mutations were associated with the tumorigenesis of thymomas (13). Radovich et al. also demonstrated the high prevalence of GTF2I L424H mutation in A and AB subtypes (6).

The application of next-generation sequencing (NGS) has greatly broadened the mutational landscape of thymomas and TCs. Wang et al. identified mutations of several genes related to epigenetic regulation in both thymomas and TCs, including BAP1, SETD2, ASXL1, SMARCA4, DNMT3A, TET2, and WT1 (8). Mutations of the RAS family genes, including HRAS and NRAS, were also identified by a 50-gene panel on A, B3, and TC subtypes (7). Another study identified recurrent somatic mutations of TET2, CYLD, SETD2, TP53, FBXW7, HRAS, and RB1genes on TC samples by whole exome sequencing (WES) (9). These studies provide a more thorough understanding of the mutational landscapes of TET, although mechanistic insight is still needed to understand the relationship between different subtypes and to provide new clues for development of therapeutic strategies.

The TCGA TET study represents the most systematic investigation on molecular profiles of thymomas and TCs so far (6). In the study, 117 samples from various thymoma subtypes and TCs were analyzed by WES, RNA-seq, miRNA-seq, DNA methylation and RPPA arrays. Unsupervised clustering resulted in four clusters which were consistent with the pathologic classifications. The auto-immune MG was linked to somatic copy number variations and the intratumor over-expression of auto-antigen related genes, such as CHRNA1, NEFM, and RYR3 (6). GTF2I mutated samples had higher expression in several pathways related to cancer and cell signaling. Meanwhile, the TCGA TET study still leaves the interpretation of expression differences between subtypes as an open question. Importantly, it was worth noting that more than 80% of people in the TCGA cohort were Caucasian, and the Asian population was under-represented. More molecular studies on TET patients of other ethnicities are still needed.

In this pilot study, we present a comprehensive analysis on genomic and transcriptomic data of a Chinese TET cohort of 27 patients. To unveil the specific mechanisms involved in TET tumorigenesis of Asians, we made a thorough comparison between our cohort and the TCGA TET cohort on both the genomic variation and expression profiles of each subtypes.



2 Materials and Methods


2.1 Patients and Sample Collection

Twenty-seven TET patients, including 24 thymomas and 3 thymic squamous cell carcinomas, were enrolled in this study (Table 1 and Supplementary Tables 1, 2). All patients were Chinese and were treated in Peking Union Medical College Hospital. Clinical characteristic information regarding age, gender, race, histological classification, and clinical stage (Masaoka and TNM staging) were collected. Fresh frozen tumor tissue and white blood cells were collected from each patient during surgery or biopsy with informed consent forms and approval from the Ethics Committee of the Peking Union Medical College Hospital. Part of fresh tissue sampled from multiple distinct regions of the resected tumor tissue was made to one or several formalin-fixed, paraffin-embedded blocks in the pathology department of the hospital. The histologic subtypes for the 27 patients were examined following the 2015 World Health Organization (WHO) classification of tumors of the thymus (4th edition) (14). The CT images and immunohistochemistry (IHC) results were provided in the Supplementary Tables 1, 2. Typical hematoxylin and eosin (H&E) result of each histological subtype (A, AB, B1, B2, B3 and TC) was also obtained (Supplementary Figure 1). The remained fresh tissue was frozen by liquid nitrogen and transported to the molecular lab for DNA panel and RNA-seq analysis.


Table 1 | Clinical characteristics of the 27 thymic epithelial tumor (TET) patients.





2.2 Sample Processing

Before DNA and RNA extraction, a frozen tissue section for each sample was cut by a cryostat (Leica CM 1950, Leica Biosystems, Wetzlar, Germany), then fixed on glass slide and stained by Hematoxylin and Eosin (H&E) to examine the tumor percentage of the tissue sample. The tumor cell proportions are confirmed to be above 20%. DNA and total RNA were extracted from fresh frozen tissue using the DNeasy Blood&Tissue Kit (Qiagen, Valencia, CA, USA) and RNeasy Mini Kit (Qiagen), respectively, following the manufacturer’s protocols. Genomic DNA was extracted from peripheral blood using the QIAamp DNA Mini and Blood Mini Kit (Qiagen) per manufacturer’s protocol. The Qubit 3.0 Fluorometer and Qubit dsDNA HS Assay kit (Life Technologies, Carlsbad, CA) were used to quantify DNA following the manufacturer’s recommended protocol. The quality and quantity of extracted RNA were evaluated with NanoDrop 2000 (ThermoFisher, Pittsburgh, PA, USA) and Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA).



2.3 DNA Sequencing

NGS library preparation was performed to the DNA samples using KAPA Hyper Prep kit (Kapa Biosystems, Wilmington, MA, USA) according to the manufacturer’s instruction and hybridized with probes targeting to the whole exons of 474 cancer-related genes using SureSelectXT Target Enrichment System (Agilent Technologies, Santa Clara, CA, USA). The libraries were sequenced using the HiSeq-X10 platform (Illumina, San Diego, CA, USA).

FASTQ files of raw sequencing reads were generated using bcl2fastq Conversion Software (Illumina, Version: 2.17.1.14). Low quality reads were filtered out and short reads were aligned to hg38 genome using bwa-0.7.15 (15). PCR duplicates were removed using GATK Picard. Indel realignment and base recalibration were performed by GATK to improve indel detection sensitivity and correct bias of base quality scores (16). MuTect2 and GATK were used for single nucleotide variation (SNV) and indel calling, respectively. All variants were annotated with HGVS using snpEff-2.3.7 (17). Only coding region variants (SNV and INDEL) with mutation allele frequencies (MAF) ≥ 5% were retained for further analysis. The tumor mutation burden (TMB) was calculated by counting the non-synonymous somatic mutations in coding regions and normalized by the panel size as previously described (18).



2.4 RNA Sequencing

The RNA-seq library was constructed using NEBNext Ultra Directional RNA Library Prep Kit (New England Biolabs, Ipswich, MA, USA) according to the manufacturer’s instructions, and qualified using Qubit 3.0 Fluorometer (Life Technologies, Carlsbad, CA, USA) and 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Libraries were sequenced on HiSeq-X10 platform (Illumina, San Diego, CA, USA).

After FASTQ was generated, low quality reads were filtered out and short reads were mapped to hg38 reference genome and ensemble 93 genome annotation using STAR (19). Gene expression quantification was performed using RSEM (20) to obtain the fragment per kilo exon per million reads (FPKM) value of each gene. Coefficient of variation (CV) was calculated for each gene. Three thousand genes with the largest CV were selected for clustering. All samples were clustered by hierarchical clustering with ward D2 method. Cluster heat maps were generated using pheatmap. The sample and gene cluster numbers were determined using ConsensusCluster (21). Genes with median FPKM larger than 4 were considered as highly expressed in each cluster. STRING web tools was used to perform pathway enrichment analysis of highly expressed genes (22). The differential gene expression analysis among clusters was performed using DESeq2 (23).



2.5 Protein-Protein Interaction Network Analysis

PPI network analysis was performed to investigate the potential effects of somatic mutations on cellular functional networks. Mutations in genes were first filtered by the gene expression levels based on the FPKM (fragment per kilo exon per million reads) values (> 4). These highly expressed genes were then mapped to the PPI network from STRING database, and further subjected to gene clustering using the Markov clustering (MCL) method provided on STRING website.



2.6 Immunohistochemistry for PD-L1

Before PD-L1 immunohistochemistry (IHC), we first estimated the tumor cell percentage (TCP) of FFPE tissue using hematoxylin and eosin (H&E). FFPE samples with more than 100 tumor cells were further examined by IHC using PD-L1 IHC 22C3 pharmDx (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturer’s instructions. PD-L1 expression in TET tumor tissue is determined by the tumor proportion score (TPS). TPS is the percentage of viable tumor cells showing partial or complete membrane staining at any intensity (≥ 1+) relative to all viable tumor cells present in the sample, which is defined accordingly:

	

Based on the TPS, the expression level of PD-L1 protein is defined as ‘High expression’ (TPS ≥ 50%), ‘Positive’ (1% ≤ TPS < 50%) and ‘Negative’ (TPS < 1%).



2.7 Prediction on Myasthenia Gravis Using SVM

LIB-SVM 3.25 was used for construction of support vector machine (SVM) model in this study (24). Gene expression profiles of the TCGA cohort and our cohort were normalized using the median absolute deviation (MAD) method (6). The prediction power of each gene in the top variable gene list was evaluated using the single gene SVM model by the area under the curve (AUC) from the Receiver Operating Characteristics (ROC) analysis. The forward selection was then used to construct a gene set for prediction. SVM hyper parameters were selected using the top three gene sets. The top three gene set models were used on the validation cohort to evaluate the generalization error performance.




3 Results


3.1 Clinical Characteristics

Twenty-seven patients with clinical diagnoses of thymoma or TC (thymic squamous cell carcinoma) were enrolled in this study (Table 1 and Supplementary Tables 1, 2). The median age of all the patients was 53, ranging between 25 and 70 years, and there were 12 male and 15 female patients. The histologic types for the 27 patients were determined by pathological examination following the 2015 World Health Organization (WHO) classification of tumors of the thymus (4th edition) (14), which were classified into A type (n = 2), AB type (n = 6), B1 type (n = 4), B2 type (n = 7), B3 type (n = 5), and TC (n = 3) (Supplementary Figure 1). All the three TC samples were histologically diagnosed as thymic squamous cell carcinomas with CD5+ and CD117+. Most of the patients were in Masaoka stage I (n = 13), with the remained patients distributed in stage II (n = 5), and stage III (n = 9). For TNM staging, there were also 13, 5, and 9 patients distributed in stage I, II, and III, respectively.



3.2 Genome Variation of Subtypes in TETs

DNA samples from the paired tissue and white blood cells for each patient were sequenced using a 476-gene panel (Supplementary Table 3). In total, 27 tissue samples from thymoma or TC were sequenced. We used MAF ≥ 5% as the cutoff for variant filtering. Fifty-eight genomic variations from 47 genes were identified (Figure 1). The average TMB of the 27 samples was as low as 0.82 mut/MB, which was consistent with the low mutation burden discovered in the TCGA TET study (6). Ten samples possess a TMB of 0 mut/MB. Four of the six samples with TMB > 1 mut/MB were found in the B subtypes. One A subtype and two B subtypes had exceptionally high TMB > 5 muts/MB. Of the three TC samples, only the sample with MSH6 mutation had a TMB of 0.95 mut/MB and the other two was 0 mut/MB. Consistently, the two carcinomas from Asian patients in the TCGA cohort also had a low mutational burden (0.13 and 0.66 mut/MB).




Figure 1 | Mutational landscape of the 27 patients with thymoma or thymic carcinoma. The percentages in the left showing the frequency of each gene mutated in the cohort. The bottom of the figure shows pathological types of each sample. Type B contains all B subtypes, including B1, B2 and B3. The top of the figure shows mutational burden for each sample, red for synonymous mutations and blue for non-synonymous mutations.



Among the 47 genes carrying at least one mutation, NF1 and ATM were the most frequently mutated genes (11%, 3/27) in all samples. The predicted pathogenicity of the identified mutations was also retrieved from NCBI ClinVar database (25). Three NF1 mutations were detected in one B1 (G1090*, nonsense mutation, unknown), one B2 (D1067V, missense mutation, likely benign) and one B3 (P1087L, missense mutation, unknown) subtypes. Three ATM mutations were identified in one A (P424H, missense mutation, uncertain significance), one B1 (R493G, missense mutation, unknown) and one B3 (S169F, missense mutation, uncertain significance) subtypes. These mutations were not mutually exclusive, since the B1 thymoma showed mutations of both genes. One AB subtype had a KRAS A59del mutation, and another AB subtype had an NRAS Q61K mutation. Only one TC sample were identified to have somatic mutations, which are MSH6 I927M (missense mutation, uncertain significance) and TERT R972S (missense mutation, unknown). IHC result didn’t show loss of MSH6 protein expression and thus didn’t imply microsatellite instable status. MSH6 I927M is predicted to be uncertain significance as also supported by the finding that the respective TC sample did not exhibit a high TMB as would be expected in a microsatellite instable tumor. The TC samples in our study had fewer somatic mutations than thymoma samples, which might implicate that somatic mutation related tumorigenesis differs in thymomas and TCs. We found significant enrichment of mutated genes in both the RAS (q=7E-8) and PI3K-Akt signaling pathways (q=2E-7), including AKT3, CSF1R, FGFR4, KRAS, NRAS, PIK3CA, and PIK3CB (Figure 1 and Supplementary Table 4), and those mutated genes were mainly enriched in thymoma samples, suggesting that RAS and PI3K-Akt signaling pathways may involve in the tumor development of thymoma. In summary, the two most frequently mutated genes in our cohort, NF1 and ATM, could be somatic mutations specific to Chinese TET patients, as no NF1 or ATM mutations were found in the TCGA TET cohort.



3.3 Perturbation of Somatic Mutations on Protein-Protein Interactions

The functions of somatic mutations in our TET cohort were further explored for their potential perturbation on cellular PPI network. Twenty-eight highly expressed genes harboring 37 non-synonymous mutations were used for perturbation analysis on the PPI network (Figure S2A). Another twenty-two genes were also included in the network if they had at least one interaction with one of the 28 highly expressed genes. Clustering analysis of the 28 genes resulted in 6 clusters on the PPI network. The largest cluster had 9 genes, primarily belonging to the RAS signaling pathway. Other clusters were much smaller and showed no significant function enrichment. Furthermore, we performed the same analysis using the mutational landscape of each subtype separately. Different subtypes showed significantly different network topologies. The largest cluster of A and AB type (Figures S2B, C) contained genes in the RAS and PI3K-Akt signaling pathways, but no overlap was observed between the two subtypes. The largest cluster of B subtypes contained four genes that did not show significant enrichment in any pathways (Figure S2D). The results from the pathway analyses and PPI network clustering analysis were largely consistent, and suggested that the functional consequences of mutated genes in thymoma were closely related to key signaling pathways in cancer, which may contribute to the tumorigenesis of TET.



3.4 GTF2I Mutation in Thymoma Samples

The GTF2I L424H mutation was a newly identified recurrent genomic variation in A and AB subtypes of thymomas (13) Since the gene was not covered by our gene panel, we analyzed the RNA-seq data for the mutation status of GTF2I in our cohort (Supplementary Table 5). Eleven samples showed the GTF2I L424H mutation, including all the six patients in the AB subtype and one patient in A subtype, which was consistent with the observation in the TCGA-TET study that the GTF2I mutation mainly occurred in the A and AB subtypes (6). Besides that, we also detected GTF2I L424H mutation in two B2 and two B3 subtypes. The frequency of GTF2I mutation in subtype B of our cohort was 25% (4/16), which was roughly equal to the frequency reported by Petrini et al. (24%, 29/122), and higher than that in TCGA cohort (11%, 6/55) (P=0.024). To further validate the GTF2I mutation status, we performed Sanger sequencing on three representative samples [i.e., P1 (A), P21 (B3) and P24 (B3)] (Figure S3). The Sanger results were consistent with the RNA-seq data, which further confirmed the occurrence of GTF2I mutation in thymoma samples.



3.5 Hierarchical Clustering on Expression Profiles of Thymomas and Thymic Carcinomas

RNA-seq data from 26 samples passed the quality control and were used for the hierarchical clustering analysis. Based on the distinct expression patterns, 5 clusters (C1-C5) were generated which were closely related to the pathogenic subtypes of thymomas and TCs (Figure 2A). Cluster 1 (C1) contains three samples, including one A and two B3 subtypes. Cluster 2 (C2) is an AB dominant cluster that includes five AB and two B2 subtypes. Except for one A subtype, all the other C3 samples are TC subtypes. Clusters C4 and C5 are dominated by B subtypes. Among them, C4 has three B2 and two B3 samples, and C5 includes four B1, two B2 and one AB subtypes. Overall, the expression profiling based clusters was generally consistent with histologic classifications.




Figure 2 | Expression profile clustering of thymoma and thymic carcinoma. (A) Five clusters were established. C1-C5, different clusters; P, patient; MG, myasthenia gravis. (B) Gene function differences between thymic epithelial tumor types. Cluster-based differential expression analysis was performed. Four splits were used to separate the five clusters. Numbers besides the cluster boxes represent numbers of highly expressed genes.



We also performed an integrative clustering analysis using a combination of the RNA-seq data from TCGA and our cohort to validate the consistency of the clusters and histologic subtypes. The combined clustering results showed that all C1 members were clustered with either A or AB samples in the TCGA data set. The A subtype that clustered together with TC subtypes, was confirmed to be an outlier in the integrative analysis of TCGA data and our data (Figure S4). It is worth noting that the samples from Asian patients of the two cohorts were evenly distributed among non-Asian clusters. No ethnics-specific gene expression profiles were discovered in this analysis.



3.6 Expression Differences Among Thymic Epithelial Tumor Subtypes

We next performed cluster-based differential expression analysis to explore the gene functional differences among different TET subtypes. Differential expression analysis was performed within the five clusters of the hierarchical clustering. Differentially expressed genes (DEGs) from each cluster were then analyzed for functional pathways enrichment (Figure 2B). We observed that subtypes of TET (C3, C4 and C5) tended to enrich in the pathways related to immune system and cell adhesion/migration, whereas the subtypes of C1 and C2 were enriched in the pathways related to developmental processes and cellular components. In the sub-branches of C1 and C2, the enriched genes functions of the C2 cluster were immune processes, whereas the C1 was related to nervous system development. Those results showed that the differentially expressed genes were more enriched in immune system and cell adhesion/migration pathways in the more malignant subtypes than that in the less malignant subtypes.

We further sought to identify genes that were specifically expressed in each cluster and analyze their biological functions (Figure 3A). Transcription factor EHF was highly expressed in C1 (Figures 3A and S5A). The high expression of EHF has been related to the progression of gastric cancer and to the elevation of HER family proteins ERBB3 and ERBB4 (26). In our study, C1 samples had higher expression levels of ERBB3 and ERBB4 (Figures S6A, B), which together with EHF, suggested possible implication of the C1 cluster to the development of epithelial malignancies (27–29). Two thymus development related genes, CLDN4 (Figures 3B and S5B) and TNFRSF11A (Figure S7B), were also highly expressed in C1 samples. RANK (coded by TNFRSF11A) is highly expressed in medullary progenitor cells and also an important regulator in medullary formation by promoting the generation of AIRE+ mature medullary epithelial cells (30) Claudin-4, which is encoded by CLDN4, is a highly expressed gene marker for medullary epithelial stem cells (31). These findings may implicate that the tumorigenesis of A subtype is associated with the deregulation of gene expression and reconstitution of stem cell like properties of medullary epithelial cells.




Figure 3 | Representative genes highly expressed in different clusters. (A) EHF; (B) CLDN4; (C) E2F8; (D) FGF7; (E) FGF10; (F) CD274 (PD-L1). The cluster name on X-axis uses the histologic type corresponding to the expression profiling cluster. The matches of dominant pathological subtype and RNA-seq clusters are: A, B3 subtypes - C1, AB subtypes - C2, TC subtypes - C3, B2, B3 subtypes - C4, and B1, B2 subtypes - C5. P-values were calculated using Mann-Whitney-Wilcoxon test. FPKM stands for fragment per kilo exon per million reads.



E2F8 gene, which involves in cell proliferation and cancer development, was found to be highly expressed in C2, C4 and C5 clusters (Figures 3C and S5C). E2F8 gene was previously reported highly expressed in several different cancers compared to their normal tissues (32, 33). To investigate whether high expression of E2F8 gene was associated with epithelial cells and immature T cells, we calculated the correlation coefficient between E2F8 and TdT gene expressions using RNA-seq data for all the C2, C4 and C5 samples. The result showed a low R-squared value of 0.36 which indicated E2F8 expression was not highly correlated with TdT expression from immature T cells, and thus implied high expression of E2F8 possibly originate from both the immature T cells and epithelial cells. Compared to C1 cluster, we did not find any expression of genes related to development of either medullary or cortex epithelial cells in C2 cluster, which might indicate a difference in tumorigenesis for the AB subtype of thymoma.

C3 contains mostly TC subtypes. KIT was highly expressed in all TC subtypes in our cohort (Figure S8A), consistent with the previous research (12) We also found that the cell surface receptor PDGFRA was highly expressed in the TC subtypes (Figure S8B). Although no statistical significance was observed for either KIT or PDGFRA due to the small size of TC samples, the trend was observed for the median expression level. Several FGF family genes, like FGF1, FGF7 and FGF11 were also highly expressed in the TC group (FGF7, Figures 3D and S5D; FGF1, Figure S6C; FGF11, Figure S6D). In the cortex, mesenchymal cells produce FGF7 that promotes the proliferation of epithelial cells (34). The high expression of FGF7 in TC subtypes supports this mechanism of self-maintenance of epithelial proliferation in TC subtypes.

C4 consisted of five B2 or B3 subtypes. FGF10, a regulator of cortex epithelial cell proliferation, was highly expressed in C4 cluster (Figures 3E and S5E), which may be related to the mechanism of self-maintenance of proliferation of B2 and B3 subtypes. Importantly, CD274 (PD-L1, Figures 3F and S5F) and PDCD1LG2 (PD-L2, Figure S7A), encoding PD-1 ligand, were highly expressed in this cluster. We further performed PD-L1 IHC and the results showed the patients with B2 or B3 thymomas in the cluster C4 had high PD-L1 expressions (Figure 4), which suggested patients with B2 and B3 thymomas could potentially benefit from immunotherapy (35–37). The biological roles for the highly expressed genes in C5 remain to be further investigated.




Figure 4 | PD-L1 IHC staining for B2 and B3 samples in the cluster C4. Top, hematoxylin and eosin (H&E) staining of the tissues. Bottom, IHC staining of PD-L1 in the cells using antibody 22C3 (Dako). Brown cells are PD-L1 staining cells. The H&E staining was used to estimate the tumor cell percentage (TCP). The expression level of PD-L1 protein is determined by the tumor proportion score (TPS), which is further divided into three types: ‘High expression’ (TPS ≥ 50%), ‘Positive’ (1% ≤ TPS < 50%) and ‘Negative’ (TPS < 1%).



Expression profiling and pathway analysis showed the differences of highly expressed genes in each cluster. These data showed that histologic subtypes and molecular clustering patterns were mostly consistent, which was also supported by the TCGA analysis. For low-risk subtypes (A and AB), the molecular function was associated with tissue development and cell proliferation. The absence of transcription factors, such as EHF and E2F8, may represent the initial steps of gene dysregulation. For the more malignant types (B2 and B3, and TC), more cancer progression related genes were highly expressed. Several important genes associated with thymus development, such as CLDN4, FGF7 and FGF10, showed high expression in certain thymoma subtypes and TCs, suggesting their potential role in the development of TETs.



3.7 Myasthenia Gravis Related Gene Analysis on Thymic Epithelial Cancer

Thymoma is often associated with an autoimmune thymus disease MG. We found 149 genes with differential expression between MG+ and MG- groups (Supplementary Table 6). Nonetheless, these DEGs did not contain genes involved in immunity or auto-antigens. Among the auto-antigen related DEGs between MG+ and MG- reported in TCGA, NEFM was highly expressed in the MG+ group in our cohort, but there was no statistically significant difference in comparison with the MG- group (Figure S9).

To investigate whether the MG status can be inferred from the gene expression profiles of TET patients, we constructed a machine learning model using SVM, in which the TCGA-TET samples (n = 104) were used as the training set to select the gene features, and 22 samples in our cohort were used as a validation set to verify the prediction performance of the model. We found that a three-gene model had optimal prediction performance between the TCGA cohort and our cohort (Figure S10). The AUC of the training and validation set was comparable (0.840 vs 0.841), with 93.8% sensitivity and 64.0% specificity for the training set, and 90% sensitivity and 70.6% specificity in the testing cohort. The three genes used in this model were PPARGC1A, GABRA5, and NEFM, in which NEFM was related to MG according to the previous reports and the TCGA TET study (6).




4 Discussion

The rare occurrence of TETs hinders clinical research and biomarker discovery. The recent integrative multi-omics study extended the knowledge of molecular signatures to the clinical characteristics of thymic epithelial tumors (6). In this pilot study, we performed genomic and transcriptomic analysis to explore the underlying molecular characteristics and mechanisms of a Chinese TET cohort. To the best of our knowledge, this is the first multi-omics study reported on a Chinese TET population.

The mutational landscape of our cohort showed several key differences from the TCGA dataset. First, the top mutated genes in our cohort did not match those in the TCGA cohort. Prevalent mutations in NF1 and ATM suggest potential difference of the mutational landscape in the Chinese TET population. Though our sample size was small, the difference in the mutation frequency of GTF2I L424H on the B subtypes still can provide preliminary evidence that the Chinese TET population may have different mutational landscape compared with the TCGA dataset. Another example of different mutational profiles between Chinese and Caucasians is different prevalence of driver mutations in lung adenocarcinoma (LUAD) (38). While east Asian LUAD patients are frequently mutated on EGFR L858R and 19del (40-55%) and less occurrence of KRAS mutations (8-12%), the Caucasians have a lower incidence of EGFR mutations (15-25%) and higher incidence of KRAS mutations (20-30%). The etiology of the Chinese TET patient could be possibly different from Caucasian population represented in TCGA. However, the expression profiles showed no obvious differences between different population groups, and the myasthenia gravis prediction model worked well for both cohorts. These results suggest that mutational landscape, which may involve in tumorigenesis, differs in populations, but with overall consistent expression patterns among them.

Consistent with the TCGA’s findings, expression profiling clusters was largely consistent with the pathological subtypes. We further demonstrated that the less malignant TETs had more gene expression of developmental processes and cellular components whereas the more malignant TETs had more genes with altered expression that associated with immune system and cell adhesion/migration. It was interesting to point out that several genes related to thymus medullary and cortex development such as CLDN4, FGF7, and FGF10 were linked to TETs. Such relationships unveil possible links between tumorigenesis and dysregulation of regulatory networks that can lead to an insightful understanding of the etiology of the disease. Targeting those genes might provide potential therapeutic clues with further cellular mechanism and clinical studies.

The expression profiling analysis also identified high expression of PD-L1 for most of the B2 and B3 subtypes in our cohort, suggesting immunotherapy opportunity for those patients. This is consistent with the previous studies which reported high PD-L1 expression in TET patients with more malignant subtypes, such as type B2 and B3 thymomas, and thymic carcinomas (39, 40). Moreover, we proposed here the first machine learning model to predict myasthenia gravis status for TET patients, which provides new perspectives for tackling the problem and could probably help high risk myasthenia gravis patients in advance.

The limitation of this study is the relatively small number of cases in view of the heterogeneity of histological subtypes in TET patients. The size of the sample was largely restricted by the low incidence of TET and the sample availability from TET patients. Another limitation is that we applied targeted gene panel rather than whole exome or whole-genome sequencing. Though the panel is relatively large and contains 476 closely cancer related genes, the resulting mutation profiles may still be limited and possibly miss novel somatic mutations associated with Chinese TET patients. Future studies should expand the sample size to further validate both the molecular profiles and the MG prediction model in Chinese TET patients and clinical applications.
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Radiation therapy is part of recommendations in the adjuvant settings for advanced stage or as exclusive treatment in unresectable thymic epithelial tumors (TETs). However, first-generation techniques delivered substantial radiation doses to critical organs at risk (OARs), such as the heart or the lungs, resulting in noticeable radiation-induced toxicity. Treatment techniques have significantly evolved for TET irradiation, and modern techniques efficiently spare normal surrounding tissues without negative impact on tumor coverage and consequently local control or patient survival. Considering its dosimetric advantages, hadrontherapy (which includes proton therapy and carbon ion therapy) has proved to be worthwhile for TET irradiation in particular for challenging clinical situations such as cardiac tumoral involvement. However, clinical experience for hadrontherapy is still limited and mainly relies on small-size proton therapy studies. This critical review aims to analyze the current status of hadrontherapy for TET irradiation to implement it at a larger scale.
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1 Introduction

Thymic epithelial tumors (TETs) represent a noticeable heterogeneous group of rare thoracic malignancies, including thymomas and thymic carcinomas, with an estimated incidence of 1.3 and 3.2 cases per million person-years (1). When feasible, surgery is the gold standard, but radiation therapy (RT) plays an important role in radical and adjuvant settings. In particular, RT is part of the recommendations for locally advanced (stage III–IV) TETs after surgery, especially in cases of thymic carcinomas or positive margins, or as a radical treatment for unresectable patients. For R0-resected localized TETs, adjuvant RT is recommended in cases of thymic carcinoma histology, since it significantly increases recurrence-free survival and overall survival; the clinical benefit or RT seems however inexistent for completely resected stage I thymomas and is debatable in other stages (2). First-generation RT techniques relied on two-dimensional (2-D) planning, which exposed critical organs at risk (OARs) to substantial doses (such as the heart or the lungs) and was consequently associated with significant toxicity (3). The technical evolution of RT allows to better spare OARs without altering the tumor coverage and consequently the local control. Such breakthroughs included intensity-modulated RT (IMRT) and respiratory control techniques such as respiratory gating and deep-inspiration breath hold (DIBH). Nevertheless, despite these advances, some clinical situations (i.e., pericardial or myocardial tumoral involvement) are still challenging even with highly conformal IMRT. Particle beams of protons or carbon ions are able to deliver most of their energy towards the end of the particle range resulting from an increased linear energy transfer (LET) before particle rest, in the well-known Bragg peak (4). Consequently, distant-to-target dose deposition is substantially reduced compared with conventional photon RT technique. Proton RT has been recently considered for TET irradiation in patients with significant baseline cardiac risk factors or with cardiac tumoral involvement. However, clinical experience of hadrontherapy for TET irradiation is still limited. The purpose of this review is to provide a contextualized analysis of the status of hadrontherapy in TET management.



2 Expectations on Hadrontherapy for Thymic Epithelial Tumors


2.1 Clinical Considerations


2.1.1 Cardiotoxicity Risk Reduction

The cause-specific mortality analysis on a retrospective series of the SEER database reported no significant difference (p = 0.68) in cardiac mortality rate between the TET patients who had received RT (14.3%) and those who had not (12.9%), with a non-statistically significant difference in terms of cardiac death incidence between the two groups (3.4% vs. 5.9% at 6 years and 17.4% vs. 11.8% at 24 years for irradiated and non-irradiated patients, p = 0.85) (5). This delayed increase of cardiac death might be related to the late toxicity, for which long-term follow-up is needed. The potential benefit of hadrontherapy for late cardiac adverse event reduction is based on the improved cardiac sparing capacity of particle beams, compared with photon RT techniques. In the in silico study by Vogel et al., proton beam plans delivered in a cohort of 22 TET patients were reoptimized with an IMRT approach showing a significant reduction in dose to the heart and left ventricle (6). Based on a linear relationship between MCE and mean heart dose (MHD) (7), major cardiac event (MCE) risk was significantly lower with proton beam therapy (PBT) compared with IMRT (74% vs. 135%, p = 0.04) (6). Using a linear relationship between MCE and MHD developed for Hodgkin’s lymphoma (8), Franceschini et al. (9) evidenced that PBT would significantly reduce congestive heart failure incidence when compared with volumetric modulated arc therapy (VMAT) in an adjuvant setting, with a relative risk (RR) of 1.3 for PBT and of 1.6 for VMAT.



2.1.2 Pulmonary Toxicity Risk Reduction

Moiseenko et al. (3) proposed a normal tissue complication probability (NTCP) model, based on the Lyman formalism, from a cohort of 55 thymoma patients treated with photon RT. In this study, the mean lung dose (MLD) significantly correlated with symptomatic acute pneumonitis and late lung fibrosis. It should be stressed that patients included in this study were treated with outdated techniques, including 60Co 2-D irradiation. Whether this NTCP model is valid for IMRT and hadrontherapy is an open question but justifies lowering as much as possible MLD during TET irradiation. Expectedly, Swisher-McClure et al. (10) demonstrated in a limited-size dosimetric study that PBT was associated with a significant dosimetric reduction of lung dosimetric parameters (including MLD, V20, and V5) in an adjuvant setting. In addition, using NTCP models, Lidestahl et al. (11) demonstrated that the risk of pneumonitis would be significantly lower with PBT than IMRT or 3D-RT (respectively, 2.5%, 10.8%, and 9.1%).



2.1.3 Toxicity to Other Organs at Risk

PBT has proved to be worthwhile in decrease radiation-induced esophagitis (4.3% with PBT vs. 5.8% with IMRT) and myelopathy (0% with PBT vs. 0.4% with 3D-RT) (11); however, these reductions were of limited clinical amplitude. In the mono-institutional in silico experience by Haefner et al. (12), particle therapy (carbon ion radiation therapy (CIRT) and PBT) gives lower doses to the heart, lungs, breast, esophagus, and spinal cord, than did the conventional RT approach (VMAT, helical tomotherapy (HT), and 3D-RT). Moreover, among photon beam RT, HT was associated with substantial low-dose exposure to the lungs, breasts, and heart. While the effects of low-dose exposure on carcinogenesis are subject to notable debate, lowering cumulative radiation dose to OARs may result in fewer secondary cancers (13). Franceschini et al. (9) found a substantial risk reduction of secondary cancer induction with PBT compared with VMAT based on the Schneider model (14): notable decreases in excess absolute risk (EAR) of esophagus cancer (EAR of 3.6 vs. 1.0–1.2/10,000 patient-years), breast cancer (EAR of 17.4 vs. 5.7–6.1/10,000 patient-years), and lung cancer (EAR of 24.8 vs. 8.1–8.7/10,000 patient-years) were observed. Similarly, Vogel et al. (15) estimated that five excess secondary malignancies per 100 patients would be avoided by treating TET patients with PBT instead of IMRT.




2.2 Biological Considerations


2.2.1 Immunomodulation of the Tumor Microenvironment

TETs are associated with one of the lowest tumor mutation burden (TMB) among all adult cancers as well as a notable intratumoral heterogeneity concerning PD-L1 and PD-1 expression (16). Indeed, high PD-1 expression is associated with a lower tumor grade, contrary to PD-L1 expression, which does not correlate with tumor grade, since PD-L1 expression is constitutive of TETs (16). TET patients present a notable increase in extrathymic cancers (17), and there has been increased suspicion of immune disturbance leading to defective cancer immunosurveillance. An additional argument for immune disturbance is the frequency of autoimmune diseases, such as myasthenia gravis. Abscopal effects after RT for TETs have been reported, suggesting possible RT immunomodulation in the microenvironment (18, 19). Notably, one abscopal case report followed the use of CyberKnife stereotactic radiotherapy (20). In this context, heavy-ion RT is of particular interest. Spina et al. (21) and Simoniello et al. (22) unambiguously demonstrated that CIRT could efficiently induce pro-inflammatory cytokines, while sparing circulating lymphocytes, which could polarize the tumor microenvironment into an antitumor one. For their physical selectivity, fewer chromosomal aberrations were described in patients treated with CIRT than with photon beam RT (23–25), leading to a higher number of available immune cells that might be recruited for the immune response after cancer (26). Moreover, the radiobiological hallmarks of CIRT can lead to a production of double-stranded DNA (dsDNA) scraps that have been proved to enhance the immune response (26). Even the above results are promising but still inconclusive; several strategies are under study to induce an abscopal effect; and considering their characteristics, TET might be a suitable study target.



2.2.2 Hypoxia

In addition, TET represents a highly heterogeneous cancer group at the molecular level. Thymomas are associated with a homogeneous 18F-FDG uptake, and more aggressive thymic carcinomas are characterized by a heterogeneous one (27). Kaira et al. (28) reported a 18F-FDG uptake correlation with the upregulation of hypoxia-inducible factor (HIF)-1α, a transcription factor that plays a key role in hypoxic adaptation of neoplastic cells. Overexpression of HIF-1α is related to aggressiveness and scant prognosis (29). High expression level of hypoxia-related genes was reported in TET (30). In particular, carbonic anhydrase 9 (CA9) level was associated with Masaoka stage, World Health Organization classification, and relapse-free survival in the adjuvant setting (30). CA9 was found to be expressed in 81% of thymic carcinomas and 21% of all TETs (30). In addition, preclinical data on mice models demonstrated the existence of quiescent radioresistant epithelial progenitors (31), which might exist as well in humans. In this context, hadrontherapy might be beneficial in cases of such heterogeneous hypoxic tumors, due to the reduced effect of tissue oxygenation on antitumor efficacy of particle beams.





3 Current Experience of Hadrontherapy for Thymic Epithelial Tumors

While particle beam therapy demonstrated a theoretical dosimetric benefit for TET irradiation, the rarity of this tumor as well as the smaller number of available particle facilities might explain the paucity of available clinical data. Most of the evidence relies on PBT.


3.1 Clinical Evidence

Current clinical experience of hadrontherapy for TETs is summarized in Table 1.


Table 1 | Current experience on hadrontherapy for thymic epithelial tumors.




3.1.1 Hadrontherapy

The first case report of PBT for TETs has been reported by Figura et al. (32) in an adjuvant context: a 23-year-old female patient was treated for a stage III thymoma with initial surgery with positive margins; considering her young age and due to the risk of long-term complication of thoracic RT based on the initial IMRT plan evaluation, it was ultimately decided to deliver adjuvant RT with PBT to a total dose of 50.4 Gy. No tolerance data were reported in this first case report. Parikh et al. (34) demonstrated on four patients treated in an adjuvant context an excellent toxicity profile without any grade ≥3 adverse events. Vogel et al. (35) described the efficacy outcomes of PBT on a cohort of 27 TET patients (85% thymoma and 15% of thymic carcinomas) treated for 63% in an adjuvant context, for 22% in a definitive context, and 15% in recurrent disease. The 2-year local control was 100%; 3-year regional control was 96%, 3-year distant control was 74%, and 3-year overall survival was 94%. PBT was well-tolerated without grade ≥3 toxicity. Zhu et al. (36) described similar outcomes on a small cohort of six patients in terms of toxicities (no grade 3) and local control (after a median follow-up of 2.6 years, two out-of-field recurrences were observed). Compared with IMRT, MHD was reduced by 36.5%, MLD by 33.5%, and mean dose to the esophagus by 60%. Mercado et al. (38) confirmed on a cohort of 22 patients the good tolerance profile of PBT for TETs where the most frequent adverse event was a grade 2 dermatitis, occurring in 37% of patients. With a median follow-up of 13 months, there were five relapses, including one local. Finally, McGunigal et al. (41) evaluated recent Monte Carlo dose calculation algorithms for pencil beam scanning (PBS)-PBT on a cohort of seven patients in an adjuvant setting with no relapse after 21 months. Considering the above reported results, with all their limitations (small simple size, retrospective data, and lack of data on follow-up), PBT for TET irradiation seems to be well tolerated, without any grade ≥3 toxicity reported to date and is associated with a promising local control. Longer follow-up and a prospective series are however necessary to confirm these preliminary results in terms of tolerance and efficacy. The ongoing PROTHYM single-arm phase-2 trial (NCT04822077) intends to recruit 40 patients to precise cardiac and pulmonary toxicities and 5-year local control with PBT for TET irradiation.

CIRT has been seldomly used for TET irradiation. In the series of Hayashi et al. (37), one of the 95 patients treated with CIRT for lung metastases has a TET lung localization. The patient underwent up to a total dose of 52.8 Gy of relative biological effectiveness (RBE) in 12 fractions without concurrent chemotherapy. No further specific data are available.



3.1.2 Specific Clinical Situations

The tumoral involvement of cardiac substructures in advanced-stage TETs is a challenge for radiation oncologist considering the significant cardiotoxicity risk. Hadrontherapy might be of interest to limit radiation exposure to unaffected cardiac substructure as described also in non-oncological settings (42). With regards non-metastatic TETs, Sugawara et al. (33) reported the use of PBT to treat a large cardiac-invading TET in a definitive setting, Loap et al. (40) described the PBT treatment of anterior pericardial nodules of a stage IVB TET, and Fukai et al. (39) irradiated an evolutive intramyocardial post-surgery residue. These challenging situations, where planned target volumes include part of the heart, might be associated with a limited control (40) and pose specific technical challenges. While respiratory motion control strategies relying on gating or DIBH techniques are widespread, cardiac movement is challenging to take simultaneously into account. To this end, dual ECG-respiratory gating techniques have been proposed (43).




3.2 Treatment Considerations


3.2.1 Proton Therapy Technique

The optimal respiratory control technique for TET PBT is still undefined yet. Most clinical experience on PBT used 4D-CT gating systems (35, 36, 41), which is particularly convenient for patients that may have limited breathing capacities resulting from advanced-stage disease. DIBH, possibly controlled with spirometers, is an alternative that may limit range uncertainty and reduce target volumes (40). Dosimetric comparison studies between DIBH and FB with respiratory gating are equivocal. Rechner et al. (44) found on seven TET patients that DIBH would be associated with a dose reduction to the heart and to the lungs; on the other hand, Fracchiolla et al. (45), focusing on PBS-PBT with respiratory gating, did not find any significant interplay effect due to breathing on TET plans. In addition, a comparison between the two main PBT delivery modalities, PBS and double scattering (DS), has not been conducted yet. Loap et al. (40) estimated that PBS would lower skin dose compared with DS. However, in daily practice, PBS tends to become the only delivery modality available in new particle treatment centers, partly due to its increased conformity characteristics. It should be kept in mind, however, that PBS may have a greater interplay effect than DS, which could justify rescanning or tracking techniques (46), and a larger lateral penumbra (47). The lateral penumbra corresponds to the lateral dose fall-off, depends on the PBT system design and on setup parameters, and is an important point to consider for the dosimetric sparing of the OARs adjacent to the proton beams.



3.2.2 Treatment Planning

There are small variations in published treatment volumes for TET PBT. Zhu et al. (36) defined gross target volume (GTV) as radiological disease at diagnosis, including 18F-FDG imagery modality. Clinical target volume (CTV) was defined as the GTV (in case of adjuvant PBT) or as the postoperative bed (in case of definitive PBT) with a margin of 5 mm. An internal target volume (ITV) was defined on the 10 phases of a 4D-CT simulation scanner. Planning target volume (PTV) was defined as ITV with a margin of 5 mm. On the other hand, Vogel et al. (35) contoured the GTV on multiple phases of a 4D-CT scan; an ITV was defined as the fusion of the GTV with a margin of 8 mm. PTV was defined as ITV and a margin of 5 mm. In addition, treatment planning algorithms are also evolving for TET PBT: evaluation of robust optimization planning algorithms has been evaluated for TET proton therapy by Franceschini et al. (9), while McGunigal et al. (41) demonstrated that Monte Carlo algorithms might lead to more realist dose calculations compared with standard pencil beam calculation algorithms.



3.2.3 Practical Recommendations for Thymic Epithelial Tumor Hadrontherapy

Practical propositions for modern hadrontherapy for TETs are summarized in Table 2 and in Figure 1. Hadrontherapy may be proposed for selected TET patients, in both postoperative or definitive settings, in case of significant cardiotoxicity risk, such as cardiac tumoral involvement or patient-specific clinical considerations (cardiovascular history and risk factors, and baseline lung disease). A 18F-FDG PET may be realized to better define GTV, in addition to the radiomic value of this imagery modality (27). Patient simulation should take into account the range uncertainties of particle beams, and a respiratory control should be included, either 4D-CT or DIBH. DIBH could be spirometer-controlled, when possible (48). The volume definition and contouring rely on published guidelines. Most publications on TET PBT defined CTV as the GTV or the postoperative bed with a margin of 5–8 mm; in addition, according to European Society for Medical Oncology (ESMO) guidelines (2), the whole thymic space, the tumor and its extension, and the anterior and superior-middle mediastina should be included in the CTV. An ITV is necessary in case of 4D-CT acquisition but not in case of DIBH. Several studies are ongoing to further define reproducible target volumes, such as the ongoing RADIORYTHMIC trial (NCT04731610) (49). For PBT, the prescribed dose should be the same as for photon RT, following published guidelines. ESMO guidelines recommend 45–50 Gy after R0 resection, 50–54 Gy after R1 resection, and 60 Gy after R2 resection or in a definitive setting. PBS might be preferred over DS due to its increased conformity. Rescanning should be considered to mitigate interplay effect in case of 4D-CT planning. Robust optimization should be recommended. ECG gating, when possible, should be considered in case of target volumes next to the heart or in case of cardiac tumoral involvement. 4D-MRI and four-dimensional restricted robust optimization should be considered especially for CIRT treatment (50).


Table 2 | Practical propositions for hadron therapy for thymic epithelial tumor irradiation.






Figure 1 | Proton therapy planning for thymic epithelial tumor irradiation. CT, computed tomography; 18F-PET, fluorodeoxyglucose F18 positron emission tomography; DIBH, deep-inspiration breath hold; PBS, pencil beam scanning; GTV, gross target volume; ITV, internal target volume; CTV, clinical target volume.







4 Discussion

Hadrontherapy has been proposed for TET treatment based on dosimetric considerations from which a reduction in late adverse events is expected (in particular, for cardiac and lung toxicities). Short-term follow-up of current studies demonstrates an excellent tolerance profile to this date. However, the frequency of autoimmune diseases in patients with TETs should be kept in mind. It might be explained by the release of immature auto-reactive T cells that have not undergone negative selection, a physiologic function of the thymus (51). The pro-inflammatory signals induced by particle beam (especially in case of CIRT) may lead to an immunological activation of auto-reactive T-lymphocyte clones. Jakopovic et al. (52) demonstrated that TETs were associated with increased activation of auto-reactive T-lymphocyte clones under immunotherapy treatment compared with other cancer types. Lymphocytes are particularly sensitive to ionizing radiations and die off at a low dose level. Multiple studies have demonstrated a significant sparing of circulating lymphocytes with hadrontherapy compared with photon RT (53, 54), which is one of its theoretical advantages. However, the impact on antitumor immunity and on clinical outcome is still to be precisely evaluated.

A significant proportion of myocarditis-type adverse events were reported in TET patients undergoing immunotherapy treatment, compared with other cancer types (55). Future trials potentially evaluating a potential combination of immunotherapy and hadrontherapy should be consequently done cautiously. Similarly, a potential immune-activating abscopal effect on auto-reactive T-lymphocyte clones against cardiac antigens might act synergically with direct radiation-induced damage on cardiac substructures: the localization of critical cardiac substructures, such as the left anterior descending coronary artery (LADCA), the right coronary artery, or the left ventricle is localized close or at the contact of the target volumes. In this situation, these OARs are localized in a zone where the RBE value is uncertain and where the classic RBE value of 1.1 might not be valid. Variable RBE planning algorithms might consequently be considered (56). In addition, cardiac movement is usually not taken into account during treatment planning since ECG-gated treatments are not generalized yet. However, proton beams are extremely sensitive to range uncertainties, and cardiac intrinsic movement might consequently lead to over-dosing on coronary arteries. Use of planned OAR volumes for the LADCA (57) or specific surrogate OAR (58), associated with robust planning algorithms, might reduce this potential cardiotoxicity risk.

To this date, RT is recommended for inoperable patients, in the adjuvant setting after surgery in cases of R1–R2 residue and possibly after R0 surgery (depending on stage and histology); RT can be combined with chemotherapy (2). Surgical techniques are rapidly evolving (59), and the indications for adjuvant RT might consequently evolve. In addition, clear selection criteria for TET hadrontherapy (over photon RT) are still to be precisely defined, but Glimelius et al. (60) grossly estimated that 50% of TET patients could benefit from proton therapy to reduce acute and long-term side effects. The location of the target volumes in relation to the OARs is the prime determinant of radiation-induced toxicities. It should be noted that in the adjuvant setting, the target volumes are usually located above most cardiac substructures (including the coronary arteries); consequently, the dosimetric benefit of hadrontherapy may not be clinically significant in this situation, since high doses to cardiac substructures should theoretically be limited regardless of the RT technique. However, in the definitive setting, when R0 tumor resection is unrealistic due to an extensive disease extent or when the tumor abuts the heart, hadrontherapy is expected to substantially spare cardiac substructures compared with photon RT.

There is an unequal access to hadrontherapy facilities around the world. In Europe, the European Particle Therapy Network has been created to ease international cooperation and to enhance clinical research on hadrontherapy (61), which is of prime importance for rare tumors like TETs. The development of large registries can increase the evidence level of hadrontherapy. Nevertheless, reimbursement issues exist for tumor types with low evidence levels for hadrontherapy such as TETs, which is currently not widely recognized as a hadrontherapy indication (62). No cost-effectiveness analyses or NTCP-model-based evaluations (63) have been conducted to this date. Finally, adjuvant irradiation, which represents most of TET hadrontherapy indication, might not be prioritized over definitive treatment of aggressive or in-place tumors at the level of a given typical hadrontherapy center with limited treatment resources (64).

In conclusion, hadrontherapy for TET irradiation has the potential to significantly reduce radiation exposure to several OARs, including cardiac substructures, which should substantially reduce late radiation-induced toxicities and secondary cancer risk. While hadrontherapy could be useful in the case of complex clinical presentation with cardiac tumoral involvement, its implementation in clinical practice is facing technical and societal challenges, and its clinical benefit is difficult to evaluate in practice due to limited available data and short follow-up. Large registries might help to increase the evidence of hadrontherapy in this indication.
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Objectives

This study aimed to distinguish preoperatively anterior mediastinal thymic cysts from thymic epithelial tumors via a computed tomography (CT)-based radiomics nomogram.



Methods

This study analyzed 74 samples of thymic cysts and 116 samples of thymic epithelial tumors as confirmed by pathology examination that were collected from January 2014 to December 2020. Among the patients, 151 cases (scanned at CT 1) were selected as the training cohort, and 39 cases (scanned at CT 2 and 3) served as the validation cohort. Radiomics features were extracted from pre-contrast CT images. Key features were selected by SelectKBest and least absolute shrinkage and selection operator and then used to build a radiomics signature (Rad-score). The radiomics nomogram developed herein via multivariate logistic regression analysis incorporated clinical factors, conventional CT findings, and Rad-score. Its performance in distinguishing the samples of thymic cysts from those of thymic epithelial tumors was assessed via discrimination, calibration curve, and decision curve analysis (DCA).



Results

The radiomics nomogram, which incorporated 16 radiomics features and 3 conventional CT findings, including lesion edge, lobulation, and CT value, performed better than Rad-score, conventional CT model, and the clinical judgment by radiologists in distinguishing thymic cysts from thymic epithelial tumors. The area under the receiver operating characteristic (ROC) curve of the nomogram was 0.980 [95% confidence interval (CI), 0.963–0.993] in the training cohort and 0.992 (95% CI, 0.969–1.000) in the validation cohort. The calibration curve and the results of DCA indicated that the nomogram has good consistency and valuable clinical utility.



Conclusion

The CT-based radiomics nomogram presented herein may serve as an effective and convenient tool for differentiating thymic cysts from thymic epithelial tumors. Thus, it may aid in clinical decision-making.
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Introduction

An increasing number of anterior mediastinal lesions has been incidentally found with the widespread application of computed tomography (CT) screening (1). Thymoma and thymic cysts are the most common lesions of anterior mediastinum (2, 3). Nam et al. (2) found that thymoma and thymic cysts account for 34.2% and 26.7%, respectively, of surgically resected anterior mediastinal lesions. The clinical treatment of thymic cysts and thymoma differs. In general, asymptomatic thymic cysts can be treated without surgical treatment, but early surgical resection is highly recommended if thymoma is definitively identified (4–6). Therefore, the correct preoperative diagnosis of thymic cysts and thymoma is important.

CT is the first choice of preoperative diagnosis of anterior mediastinal masses because of its high-density resolution and convenience for clinical use (7–9). However, discriminating thymic cysts from thymoma is often difficult, and many cysts had been misdiagnosed as thymoma that led to unnecessary surgery (2, 10–13). The primary reason attributed to misdiagnoses of thymoma is that thymic cysts with a high density (>20 Hu) are difficult to distinguish from non-invasive thymoma via unenhanced CT (11, 12). Even by contrast-enhanced CT, some small thymic cysts may be misdiagnosed as thymoma because of pseudo-enhancement, which is caused by their proximity to the aorta, and some non-invasive thymomas with low enhancement may be misdiagnosed as cysts (2, 14). Thus, new diagnostic methods must be developed to improve the performance in distinguishing these two types of lesions.

Radiomics, which extracts large quantitative features from medical images, can be used to evaluate the heterogeneity of lesions objectively and quantitatively, thereby overcoming the limitation of subjective visual image interpretation (15, 16). Radiomics methods are widely applied in the field of medicine to assist in disease diagnosis and prognosis (17, 18). Radiomics methods have been recently utilized in predicting histological subtype classification and staging of thymic epithelial tumors (19–22). However, studies that employ radiomics methods to differentiate thymic cysts from thymic epithelial tumors are limited. Yasaka et al. (23) used radiomics method to differentiate solid mediastinal masses from cysts. However, the number of their quantitative features and their sample size were relatively small, and they did not perform any type of validation. The current study aimed to develop a CT-based radiomics nomogram that incorporates radiomics features, clinical factors, and conventional CT findings to improve the accuracy of preoperative diagnosis of thymic cysts and thymic epithelial tumors.



Materials and Methods


Patients

This retrospective study was approved by the Institutional Ethics Committee. From January 2014 to December 2020, 240 patients who had anterior mediastinal lesions underwent contrast-enhanced CT examination and pathological examination after surgical resection at our hospital. The patient inclusion and exclusion criteria are presented in Figure 1. Ultimately, 190 eligible patients were included in this study. Among these patients, 151 cases (scanned at CT 1) were selected as the training cohort, and 39 cases (scanned at CT 2 and 3) served as the validation cohort.




Figure 1 | Flow chart of patients’ enrolment.



Various clinical factors, including gender, age, and myasthenia gravis, were recorded at baseline.



CT Protocols

The pieces of CT equipment used in this study were Philips iCT 256, GE Light Speed 64, and Philips Brilliance 64. The CT parameters were as follows: voltage was 120 kV, tube current was 120–250 mA, matrix was 512 × 512, layer thickness was 5 mm, reconstruction thickness was 1.25 or 1 mm, lung window width/level was 1,500/550, and mediastinum window width/level was 350/40. Plain and contrast-enhanced CT scans (Ultravist 370 with a dose of 1.5 ml/kg; bolus injection through the antecubital vein using a high-pressure syringe at a rate of 3–3.5 ml/s; three-phase scanning time windows of 30, 60, and 90 s after the injection of the contrast agent) were performed.



Analysis of Conventional CT Findings

The CT images were independently reviewed by two radiologists with over 10 years of experience in thoracic radiology. The radiologists were blinded to the clinical history of the patients or the final histopathology diagnosis. Consensus was reached through discussion.

The conventional CT findings included 1. location (right, left, or midline), which was determined according to the relationship between the lesion and the sternum; 2. size (average size of the maximum long axis, short axis, and coronal height); 3. lesion edge (smooth or rough); 4. shape (round, oval, or plaque)—when the ratio of the dimension of the long axis to the short axis dimension was <1.5, ≥1.5 and <3, and ≥3, it was considered round, oval, and plaque, respectively (24); 5. conformation to the shape of the adjacent mediastinum—the standard was the lesion was abutted to the adjacent mediastinal pleura with no protrusion toward the adjacent lung parenchyma; 6. lobulation (absent or present)—a lobulation margin was defined when the lesion’s surface showed convex contours with adjacent notches between lesion lobules (25); 7. calcification (absent or present); 8. CT value—the region of interest (ROI) was placed in the maximum uniform density area of the lesion on the pre-contrast CT at three different levels, and the average of the three values was calculated as the CT value; and 9. homogeneity—not counting calcification, if the density of the lesion was uniform on the pre-contrast CT, then it was defined as homogeneous; otherwise, it was defined as inhomogeneous.

Interobserver agreement of the conventional CT findings was measured by Kappa statistics and intraclass correlation coefficients (ICCs).



Image Segmentation, Feature Selection, and Radiomics Signature Construction

The radiomics workflow is presented in Figure 2. Lesion segmentation and feature extraction were performed on the RadCloud platform (Huiying Medical Technology Co., Ltd., http://radcloud.cn/). The RadCloud platform used the Pyradiomics v.2.1.2 package (https://pyradiomics.readthedocs.io/en/latest/) for feature extraction following the recommendations of the Image Biomarker Standardization Initiative. The volume of interest was segmented on the basis of transverse axial pre-contrast CT images. The CT images of 40 patients were randomly selected for ROI delineation and feature extraction to ensure intra- and interobserver reproducibility. The ROIs were manually delineated by the two radiologists mentioned above independently. The processes were repeated a month later by a junior radiologist. Agreement on feature extraction in the intra- and interobserver reproducibility was evaluated by ICCs, and features that had ICC values of >0.75 were used for further analysis. The remaining ROIs were completed by the junior radiologist, and all ROIs completed by the junior radiologist were selected for further feature extraction and analysis.




Figure 2 | Radiomics workflow of the study.



The optimal diagnostic-related features were selected by SelectKBest and the least absolute shrinkage and selection operator (LASSO). The radiomics signature (i.e., Rad-score) was computed for each lesion by a linear combination of the selected features as weighted by their respective quotient.



Radiomics Nomogram Building and Validation

The variables of clinical factors, conventional CT findings, and Rad-score between the samples of thymic cysts and epithelial tumors with significant differences were analyzed via multivariate logistic regression to build the radiomics nomogram. The nomogram’s performance was evaluated by plotting receiver operating characteristic curves. The classification accuracy between the predicted probability and the observed results was evaluated by calibration curves. Decision curve analysis (DCA) was performed to evaluate the clinical utility of the nomogram. The boundary was set to 2 and 3 cm, and the stratification performance of the nomogram in the validation cohort was further verified according to the size.

For comparison, the Rad-score and conventional CT model were also built and evaluated. The radiologists’ judgments were also recorded. The same radiologists mentioned above independently reviewed the pre-contrast and contrast-enhanced CT images with clinical information. They reached the final diagnosis by consensus.



Statistical Analysis

Statistical analysis was performed using the R software (version 3.4.1) and the SPSS software (Version 23.0). Quantitative variables are shown as mean ± SD. Categorical variables were assessed by χ2 or Fisher’s exact test, whereas differences in continuous variables were assessed by t-test or Mann–Whitney U test. The area under the receiver operating characteristic (ROC) curves (AUCs) of the nomogram, Rad-score, and conventional CT model were compared via DeLong test. Statistical significance was set at p < 0.05.




Results


Patients’ Characteristics and Conventional CT Findings

A total of 190 patients, namely, 74 patients with pathologically confirmed thymic cysts (4 of which were thymic bronchogenic cysts) and 116 patients with thymic epithelial tumors, were involved in this study. The specific pathological types of the 116 thymic epithelial tumors were as follows: type A (n = 13), type AB (n = 35), type B1 (n = 16), type B2 (n = 33), type B3 (n = 6), and thymic carcinoma (n = 13). The patients’ characteristics and their conventional CT findings are summarized in Table 1. No significant difference was observed in the ratio of the dimension of the thymic cysts to the thymic epithelial tumors between the training and validation cohorts (p = 0.944).


Table 1 | The patients’ characteristics and conventional CT findings of the two cohorts.



The interobserver agreement of the two radiologists in their analysis of the conventional CT findings was good (κ = 0.774–0.957, ICC = 0.851–0.988).



Radiomics Feature Selection and Radiomics Signature Construction

A total of 1,409 features were extracted using the RadCloud platform, including first-order statistics, shape- and size-based features, texture features, and higher order statistics features.

After assessing intra- and interobserver reproducibility, 1,358 robust features with ICCs >0.75 were retained. After SelectKBest analysis, 605 features were retained, and after LASSO feature selection, 16 features were retained (Supplementary Figure S1 and Table 2). The Rad-scores, which were calculated by the 16 features, were statistically different (p < 0.001) between the samples of thymic cysts and epithelial tumors, and the optimal cutoff value was 0.705.


Table 2 | Least absolute shrinkage and selection operator (LASSO) coefficient profiles of the 16 features.





Radiomics Nomogram Building

The variables of clinical factors, conventional CT findings, and Rad-score between the samples of thymic cysts and epithelial tumors with significant differences were analyzed via multivariate logistic regression. Among them, three conventional CT findings (including lesion edge, lobulation, and CT value) and the Rad-score were identified as independent predictors for differentiating thymic cysts from thymic epithelial tumors. A radiomics nomogram was constructed using the selected variables to provide a visualized outcome measure (Figure 3).




Figure 3 | Radiomics nomogram with Rad-score and three conventional CT findings, including lesion edge, lobulation, and CT value.





Performance of Conventional CT Model, Rad-Score, and Radiomics Nomogram

The AUCs of conventional CT model, Rad-score, and radiomics nomogram were 0.917, 0.909, and 0.980 in the training cohort, respectively, and 0.868, 0.953, and 0.992 in the validation cohort, respectively. Compared with conventional CT model and Rad-score, the radiomics nomogram had the best performance in the training cohort (p < 0.01). In the validation cohort, the radiomics nomogram performed better than the conventional CT model (p = 0.02), but its performance was not statistically different from that of Rad-score (p = 0.17). The AUC values diagnosed by the radiologists were lower than those in the conventional CT model, Rad-score, and the radiomics nomogram (Figure 4). The radiomics nomogram had a higher accuracy than Rad-score, conventional CT model, and the clinical judgment by the radiologists (Table 3). The diagnostic efficiency of the radiomics nomogram was excellent in the stratification verification according to the size in the validation cohort. The AUCs, sensitivity, specificity, and accuracy were 1.000, 0.800, 1.000, and 0.875 for the group of ≤2 cm, respectively; 1.000, 0.800, 1.000, and 0.933 for the group of 2–3 cm, respectively; and 1.000, 0.929, 1.000, and 0.938 for the group of >3 cm, respectively (Figure 5 and Table 4).




Figure 4 | ROC curves of radiomics nomogram, Rad-score, conventional CT model, and judgment by radiologists in the training (A) and validation (B) cohorts.




Table 3 | Predictive performances of radiomics nomogram, Rad-score, conventional CT model, and judgment by radiologists in the training and validation cohorts.






Figure 5 | ROC curves of radiomics nomogram in the stratification verification according to the size in the validation cohort.




Table 4 | Predictive performance of radiomics nomogram in the stratification verification according to the size in the validation cohort.



The calibration curves demonstrated good diagnostic consistency between the radiomics nomogram’s predictions and the actual observations of the samples of thymic cysts and thymic epithelial tumors (Figure 6). DCA revealed that the radiomics nomogram provided the greatest net benefit compared with “no treatment” or “all treatment” (Figure 7).




Figure 6 | Calibration curves of radiomics nomogram. The diagonal line represented the perfect prediction of the radiomics nomogram. The red and blue solid line represented the calibration curve of nomogram in the training and validation cohorts, separately. The calibration curves were close to the diagonal line, which indicated good prediction performance of the nomogram.






Figure 7 | Decision curve analysis (DCA) for the three models. The net benefit versus the threshold probability was plotted. The x-axis represents the threshold probability, while the y-axis represents the net benefits. The sensitivity and specificity of the model are calculated at each threshold to determine the net benefit. The DCAs showed that the net benefits of the nomogram model (green line) were superior to the benefits of the conventional CT model (blue line) and the Rad-score based model (red line) with the threshold probability range from 0 to 1.






Discussion

This study used a CT-based radiomics nomogram to distinguish anterior mediastinal thymic cysts from thymic epithelial tumors. In both the training and validation cohorts, the radiomics nomogram performed better with a larger AUC value and a higher accuracy than Rad-score, conventional CT model, and the clinical judgment of the radiologists. The calibration curves and DCA demonstrated the clinical utility of the radiomics nomogram developed herein.

Thymoma is the most common lesion of the anterior mediastinum, followed by thymic cyst (2, 3). Among the lesions included in this study, 58.8% were thymic epithelial tumors, and 30.8% were thymic cysts. The remaining 25 lesions, including 14 thymic hyperplasia, 3 thymic dysplasia, 4 lymphomas, and 4 mature teratomas, accounted for only 10.4%. Given the high incidence of thymic epithelial tumors and cysts in the anterior mediastinum, their correct preoperative diagnosis is important. Among our case series, all four mature teratomas were found to contain fat density, and they were all correctly diagnosed by CT. Malignant features were found in all four cases of lymphoma, which were easily differentiated from thymic cysts. CT images with a triangular or a quadrilateral shape with a convex, concave, or straight margin may be helpful in diagnosing thymus hyperplasia/thymus degeneration, but they are often misdiagnosed as thymoma and not cysts (26).

CT is widely used in the preoperative diagnosis of thymic cysts and thymic epithelial tumors. The typical CT features of thymic cysts are well-circumscribed anterior mediastinal mass with a homogeneous water attenuation and a thin or imperceptible wall (12, 27). However, CT attenuation increases when hemorrhage or inflammation occurs in the cysts as a complication, which presents as a soft tissue density (27, 28). Partial thymoma, especially non-invasive thymoma, usually shows homogeneous attenuation and has a smooth contour (7, 13, 29). Thus, distinguishing thymic cysts from thymoma is difficult in some cases, especially when dealing with high-density cysts. Xun et al. (11) reported that the CT value of >20 Hu is an independent factor of misdiagnosis of thymic cysts. Previous studies found thymic cysts with CT values of >20 Hu in 62.5%–83% of patients (2, 12, 13). The accuracy of CT in diagnosing anterior mediastinal lesions was 90.1% for thymoma and only 42.3% for thymic cysts. Among the misdiagnosed thymic cysts, 80.5% were misdiagnosed as thymoma (2). Xun et al. (11) correctly diagnosed thymic cysts via CT in 54.6% of the patients only. In the present study, the sensitivity, specificity, and accuracy of the diagnosis of the radiologists were 0.859, 0.373, and 0.669, respectively, for the training cohort and 0.792, 0.400, and 0.641, respectively, for the validation cohort. The specificity and accuracy were low, especially specificity. A probable reason was that many thymic cysts had been misdiagnosed as thymomas as in previous studies. Another possible reason was that the subjects with thymic epithelial tumors that showed malignant features on CT were excluded. Thus, distinguishing thymic cysts from thymic epithelial tumors via CT was more difficult in the present study than in previous works.

Jung et al. (7) used a nomogram based on conventional contrast-enhanced CT findings that included the degree of enhancement (HU) and lobulated contour to differentiate thymic cysts from thymoma. In the training cohort, their nomogram had an AUC of 0.929, sensitivity of 0.824, and specificity of 0.889. In the validation cohort, their nomogram correctly predicted 95% (19/20) of the thymomas. Radiomics methods have recently gained increased attention from radiologists. Yasaka et al. (23) used a radiomics method to differentiate solid mediastinal masses from cysts. Through logistic regression analyses, they found that their nomogram had an AUC of 0.869 for unenhanced CT and 0.997 for contrast-enhanced CT. However, they only selected texture features, their sample size was small, and they lacked any type of validation. In the present study, 1,409 features were extracted, including 1. first-order statistics, such as minimum, entropy, and range, which described the distribution of voxel intensity; 2. shape- and size-based features, such as elongation and maximum 2D diameter slice, which reflected the shape and size of the ROIs; 3. texture features, such as gray level co-occurrence matrix, gray level run length matrix, and gray level size zone matrix, which quantified regional heterogeneity differences; and 4. higher order statistics features, which were obtained by filter transformation of the original image. The filters used in this study were wavelet, logarithm, exponential, square, square root, gradient, and Ibp-2D. After feature selection via SelectKBest and LASSO, 16 features were retained. The majority of the features were found to have originated from digital filtering of the original images plus only two shape features. These results indicated that the higher order statistics features more accurately reflected the image features, making them more valuable for differentiating thymic cysts from thymic epithelial tumors than the other features. The radiomics nomogram that incorporated Rad-score and three conventional CT findings (including lesion edge, lobulation, and CT value) achieved a good diagnostic efficiency. The AUC, sensitivity, specificity, and accuracy of this radiomics nomogram were 0.980, 0.870, 0.983, and 0.914, respectively, for the training cohort and 0.992, 0.958, 0.933, and 0.949, respectively, for the validation cohort. Accurate diagnosis of small thymic nodules is very challenging in clinical settings. On the basis of the characteristics of cases included herein, 2 and 3 cm were set as the boundary, and the stratification performance of the radiomics nomogram was further verified according to the size. Its diagnostic efficiency was excellent in the stratification verification. Its AUC, sensitivity, specificity, and accuracy were 1.000, 0.800, 1.000, and 0.875 for the group of ≤2 cm, respectively; 1.000, 0.800, 1.000, and 0.933 for the groups of 2–3 cm, respectively; and 1.000, 0.929, 1.000, and 0.938 for the group of >3 cm, respectively.

The radiomics nomogram presented herein was developed on the basis of unenhanced CT, which can reduce a patient’s exposure to radiation and risk of allergy to the contrast media compared with multiphasic enhanced CT. Moreover, unenhanced CT is routinely scanned in clinical work. Thus, radiomics features based on unenhanced CT images can be easily obtained. In this study, three CT scanners were used. Thus, another advantage of the radiomics nomogram developed herein was that it performed well in both the training and validation cohorts, indicating that it was robust.

This study has several limitations. First, a selection bias may exist because of the retrospective nature of the study. Second, a multicenter study with more sample size is needed to achieve a more robust external validation. Finally, the ROIs were segmented manually, a process that is vulnerable to subjective factors and is time consuming. Semiautomatic or automatic segmentation methods should be applied in further works.

In conclusion, the CT-based radiomics nomogram developed herein that integrates Rad-score and conventional CT findings may serve as an effective tool for differentiating thymic cysts from thymic epithelial tumors. Thus, it can aid in clinical decision-making. Accordingly, patients can receive a reasonable intervention and treatment.
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Imaging is integral in the management of patients with thymoma and thymic carcinoma. At initial diagnosis and staging, imaging provides the clinical extent of local invasion as well as distant metastases to stratify patients for therapy and to determine prognosis. Following various modalities of therapy, imaging serves to assess treatment response and detect recurrent disease. While imaging findings overlap, a variety of CT, MRI, and PET/CT characteristics can help differentiate thymoma and thymic carcinoma, with new CT and MRI techniques currently under evaluation showing potential.
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Introduction

Imaging plays several roles in the management of patients with thymoma and thymic carcinoma. Imaging is integral in the initial diagnosis and staging of patients, emphasizing the detection of locally invasive disease and distant metastases, to properly stratify patients for therapy, and to establish prognosis. Following various modalities of treatment, imaging serves to assess therapy response and to identify recurrent disease. This is particularly important in that patients with resected recurrent disease have similar outcomes as patients without recurrence (1).



Routine Imaging Modalities

Chest radiographs are the most commonly performed imaging examination and can be the first modality to suggest a thymic mass. Larger thymic tumors can result in extra soft tissue projecting over normal anatomic structures. Radiographically, thickening of the anterior junction line can signal a thymic tumor in the prevascular space. Additionally, the “silhouette sign” is another useful radiographic sign. In patients with a normal chest radiograph, the air in the lungs delineates the structures that abut the lung, such as the heart or the mediastinum. When a mass is present, clear delineation of anatomic structures is limited given that the mass now abuts the normal structure instead of air. As the mass and normal mediastinal structures are of similar densities, thus cannot be distinguished one from another, this results in the obscuration of structures or loss of their silhouette, designated the “silhouette sign.” The lateral radiograph can help confirm the presence of thymic tumors in the prevascular space. The prevascular space is readily seen on the lateral radiograph behind the sternum and is normally lucent. When a mass is present in this space, it is dense and has a sharp border if the lung abuts it (Figure 1). It should be noted, however, that smaller prevascular lesions are often not radiographically apparent. Low sensitivity and specificity of routine radiographs in prevascular tumor detection offsets the advantages of low cost and low radiation exposure; therefore, cross-sectional imaging is invariably utilized.




Figure 1 | 53 year old woman with thymoma. (A, B) Frontal chest radiograph (A) shows left mediastinal contour abnormality (arrow) that results in loss of the silhouette of the upper left heart border. (B) The lesion is localized to the prevascular mediastinum in the retrosternal space (arrows) on the lateral chest radiograph (B).



Contrast enhanced computed tomography (CT) is the imaging modality of choice for imaging thymic tumors due to its high spatial and temporal resolution, ease of access, and convenience (2). CT can discern location, morphology, shape, margins, size, density, enhancement, and relationship to, or invasion of, adjacent structures (3) (Figure 2). Overall, CT has been found to be equal or superior to magnetic resonance imaging (MRI) in the evaluation of mediastinal masses with the exception of cysts or cystic components of tumors (4) (Figure 3).




Figure 2 | 80 year old woman with adenosquamous thymic carcinoma. (A) Contrast-enhanced CT shows right prevascular mediastinal tumor (arrow) invading the pericardium between the right atrium (RA), ascending aorta (A) and right ventricle (RV). (B) PET/CT shows the tumor is markedly FDG avid.






Figure 3 | 53 year old woman with thymoma. (A) CT shows the left prevascular mediastinal mass (arrow) is mostly homogenous, with low attenuation measuring 10 Hounsfield Units suggesting a cystic component, yet has a denser component of 48 Hounsfield Units along the anterior peripheral aspect suggesting some solid component. (B) PET/CT shows FDG uptake with SUVmax of 3.4 along the anterior peripheral aspect of the mass (arrow). At resection, pathology showed thymoma with cystic component and no invasion of the pericardium or lung.



While MRI is not routinely used in the evaluation of thymic tumors, there are certain scenarios where it is uniquely helpful, such as to distinguish solid from cystic lesions when CT is equivocal, to evaluate cystic or necrotic components of a mass, to evaluate for enhancing septae within cystic lesions, and to evaluate for areas of subtle local invasion (Figures 4, 5). Additionally, chemical shift imaging can be utilized to detect microscopic or intravoxel fat, which can help differentiate thymic neoplasm from benign thymic hyperplasia (5–7). MRI can be performed when limiting radiation exposure is of concern, such as in younger patients. Finally, unenhanced MRI can be performed in patients who cannot receive iodinated CT contrast due to contrast allergy or poor renal function.




Figure 4 | 67 year old man with right thymic cyst. (A) Contrast-enhanced CT shows a right prevascular mediastinal 2.2 cm lesion (arrow) with 34 Hounsfield units, which can represent solid or cystic lesion with proteinaceous material or hemorrhage. (B–D) MRI is useful to determine that this is a simple thymic cyst (arrow) with high signal intensity on T2 weighted (B) and short tau inversion recovery (STIR) (C) and no enhancement on the post contrast images (D).






Figure 5 | 44 year old woman with cystic thymoma. (A) Contrast enhanced CT shows solid component along the posterior aspect. MRI showed intermediate signal intensity on T1 weighted (B), high signal intensity on T2 weighted images (C) and DWI (D) consistent with cystic component. The small solid component (arrow) shows enhancement on post contrast T1 weighted images (E).



Fluorodeoxyglucose (FDG) positron emission tomography (PET)/computed tomography (CT) has a complicated and incompletely defined role in the evaluation of thymic masses. Some of the confounding variables related to FDG PET/CT usage include false-positive results, meaning FDG uptake within a non-neoplastic mass, which can be seen in infection, thymic hyperplasia, fibrosing mediastinitis, and other non-neoplastic processes. On the other hand, lack of increased FDG uptake is seen in some histological types of thymic malignancy, and there is lack of standardization in techniques which can result in quantitative variability between studies (8). Other neoplasms found in the prevascular mediastinum are also FDG avid, such as lymphoma or malignant germ cell tumors. Thus the presence of FDG uptake in a prevascular mass cannot distinguish between a thymic epithelial tumor and other tumors which commonly occupy this anatomical area. FDG uptake has been studied to predict tumor invasiveness and prognosis. Some studies reported FDG PET/CT as useful in differentiating low-grade from high-grade thymic malignancies, while other studies reported these observations as controversial owing to overlap in imaging findings and FDG uptake between low-grade and high-grade thymic tumors (9). The role of PET/CT is more clear in aggressive tumors, such as thymic carcinoma, due to higher overall tumor metabolism, with studies indicating that a maximum standard uptake value (SUVmax) of 6 possibly serving as a cutoff to separate thymic carcinoma from lower grade thymic tumors (10) (Figures 2, 3). Finally, PET/CT has a role in the detection of occult metastasis when the tumor is FDG avid.



Staging

While fifteen different staging systems have been proposed over the years, thymic tumors have predominately been staged using the Masaoka-Koga staging system as it has been shown to correlate with survival (11–13). Masaoka-Koga staging is based on gross and microscopic tumor properties with Stage 1 tumors being completely encapsulated; Stage II tumors demonstrating microscopic invasion through the capsule (IIa) or macroscopic invasion into surrounding fat (IIb); Stage III tumors invading into adjacent structures such as lung, great vessels, or pericardium; and Stage IV tumors demonstrating pleural or pericardial dissemination (IVa) or lymphatic-hematogenous metastasis (IVb) (1). Issues with this staging scheme were that it relied on a small series, of 96 patients from one institution, and was difficult to implement. A capsule was not always present or complete making implementation of the stage II problematic at pathology and impossible to see with imaging at clinical staging.

Given the need to more accurately stage patients prior to treatment (clinical staging) and the need to find a staging system with greater consistency at pathologic examination, as well as proven as a prognostic determinant on a large patient population from multiple institutions, the International Association for the Study of Lung Cancer (IASLC), the International Thymic Malignancies Interest Group (ITMIG), the European Society of Thoracic Surgeons, the Chinese Alliance for Research on Thymomas, and the Japanese Association of Research on Thymus partnered together to develop a TNM staging system for thymic tumors. While the Masaoka-Koga staging system was derived from retrospective series of only 96 patients, the retrospective database of thymic tumors included nearly 10,000 cases (14, 15). These cases were collected for the eighth edition of TNM classification for malignant tumors which has now been adopted by the American Joint Committee on Cancer and the Union for International Cancer Control (16).

In the new TNM classification system for thymic tumors, the T descriptor describes local invasion, and not size of tumor, as size was not found to be a prognostic factor, with T1 tumors demonstrating invasion into the mediastinal fat (T1a) or mediastinal pleura (T1b), T2 tumors demonstrating invasion into the pericardium, T3 tumors demonstrating invasion into the lung, brachiocephalic vein, superior vena cava, chest wall, or phrenic nerve, and T4 tumors demonstrating invasion into the aorta, intrapericardial pulmonary artery, myocardium, trachea, or esophagus. The N descriptor distinguishes anterior/perithymic lymph nodes as N1 and deep intrathoracic or cervical lymph nodes as N2. Pleural and pericardial nodules represent M1a disease and distant organ metastasis represent M1b disease (17–19). While the ultimate assigned stage may be the same with the TNM and Masaoka-Koga staging systems, TNM allows for a more detailed breakdown and reporting of the extent of disease (16). A few highlighted differences help contrast the two staging systems. In TNM, capsular and mediastinal pleural invasion are T1 disease, and in the absence of nodal disease, stage I, compared with stage II disease in Masaoka-Koga. Pericardial invasion is TNM T2/stage II instead of Masaoka-Koga stage III. Anterior/perithymic nodal involvement has been downgraded from Masaoka-Koga stage IVb to TNM stage IVa.

Ried et al. studied 76 patients to compare the Masaoka-Koga staging system with the recently proposed TNM staging system. They found that a number of Masaoka-Koga stage IIa and IIb tumors were reclassified as TNM stage I. Additionally, they reported the TNM system more accurately characterized the more heterogeneous Masaoka-Koga stage III disease to determine which patients were better surgical candidates. They concluded that the TNM staging system was overall clinically useful and applicable as compared with the Masaoka-Koga staging system (20).

A few limitations of the new TNM staging system for thymic tumors have been discussed, however. The number of patients who had nonsurgical treatment was small which could hinder staging predictive ability with higher stage disease. The nodal map was derived from Japanese practice patterns which are more empirically based with more consideration on feasibility of surgical sampling. Finally, due to the limited data available, differentiation between parenchymal nodules (M1b) and pleural/pericardial nodules (M1a) was made empirically, not statistically (16).



Assessment of Treatment Response

The most commonly utilized method to assess response to treatment is the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1. ITMIG does, however, recommend certain modifications and caveats to the use of RECIST version 1.1 in thymic tumors due to unique patterns of spread (8). First, ITMIG recommends pretreatment and posttreatment image interpretation be done by the same experienced radiologist to decrease interobserver variability when assessing the often large irregular tumors, vague borders, and local infiltration (21, 22). Second, because thymic epithelial tumors tend to spread along the pleura, ITMIG recommends using a modification of RECIST similar to that used for malignant pleural mesothelioma (MPM) (8, 12).

A summary of RECIST version 1.1, using the modification for MPM, would involve measuring up to a maximum of two lesions per organ and five lesions in total, representing all involved organs, as target lesions at baseline. Longest diameter measurements are used, with the exception of pleura and lymph nodes which are measured in short axis. When the pleura is used as a target organ, short axis (or perpendicular to the pleura) measurements are taken at two locations at three separate CT levels separated by at least 1 cm. The sum of these pleural measurements, up to a maximum of 6, is the overall pleural measurement, which is then added to non-pleural target lesions up to a total of five (8, 23).

The National Comprehensive Cancer Network (NCCN) recommends a surveillance regimen of CT of the thorax every six months for two years, then annually for ten years in thymoma and annually for five years in thymic carcinoma. Alternatively, ITMIG recommends surveillance frequency for patients after resection of any thymic tumor as annual CT of the thorax for five years following resection. From years six to eleven alternating yearly CT and chest radiograph is performed, and then yearly chest radiographs thereafter. For resected stage III or IVa thymoma, thymic carcinoma, incomplete resection, or other high-risk tumors, additional CT of the thorax is recommended every six months for the first three years with consideration of CT one to three months after surgery to obtain a new baseline after post-surgical inflammation has resolved (12, 24).

CT is the recommended modality of choice for tumor reassessment given that it is the most reproducible (25). In younger patients and in those who cannot be given CT contrast due to allergy or renal function, MRI can be utilized for tumor reassessment. Kerpel et al. evaluated 22 of 187 patients who underwent resection for thymic epithelial tumors to assess the accuracy of MRI compared with CT for follow-up assessment. They concluded that MRI was an adequate alternative to CT for reassessment with the caveat that in patients with sternotomy wires alternating CT with MRI was recommended given associated artifact (24).

In patients with R0 resection (microscopically margin negative resection) or in patients who demonstrate complete radiologic response to therapy, local recurrence in the prevascular mediastinum is defined as tumor in the thymic bed, pericardial, pleural, or pulmonary parenchymal tumor that is immediately adjacent to the thymic bed, lymph nodes immediately adjacent to thymic bed, or in the site of previous noncontiguous metastasis. Regional recurrence is defined as intrathoracic recurrence that is not contiguous with the thymic bed such as parietal pleural nodules, pericardial nodules, visceral pleural nodules, and lymph nodes not contiguous with the thymic bed. Distal recurrence is defined as extrathoracic recurrence or intraprenchymal pulmonary nodules that are not contiguous with the thymic bed (12).



Routine Imaging Characteristics of Thymic Tumors

The thymus normally appears as a triangular shaped structure in the prevascular space; however, a variety of normal morphological shapes may be seen. Benign and malignant pathologic processes can alter the size and shape of the thymus with considerable overlap which can pose a diagnostic dilemma. Generally, a variety of benign processes can be easily distinguished based on imaging characteristics. A brief review of benign entities will serve as a comparison to the more difficult to distinguish malignant thymic tumors.



Benign


Thymic Cysts

Congenital thymic cysts arise from remnants of the thymopharyngeal duct which can occur anywhere along the course of the thymic descent, but most often occur in the prevascular mediastinal space (26). Acquired thymic cysts are more common and are often multi-locular, complex, associated with neoplasm (such as thymoma, lymphoma, or germ cell tumors), radiation therapy, Sjogren syndrome, aplastic anemia, systemic lupus erythematosus, myasthenia gravis, acquired immune deficiency syndrome (AIDS) in children, and can occur after tumor resection (26, 27). In general, on CT, thymic cysts present as well circumscribed round or oval lesions in the prevascular space with fluid density Hounsfield units (HU) under 20, with no thickened, irregular, or enhancing walls. If HU are indeterminate, or if there is a question of enhancement, MRI can be helpful for further evaluation. On MRI, thymic cysts demonstrate increased T2 signal, variable T1 signal depending on protein content, and no appreciable wall or nodular enhancement (Figure 4).



Thymic Hyperplasia

True thymic hyperplasia, often referred to as “rebound” hyperplasia, is present when the thymic volume is increased by more than 50%, and is commonly seen after infection, surgery, burns, chemotherapy, radiation therapy, or steroid therapy (Figure 6). Lymphoid/follicular hyperplasia is present when there is an increase in the number of lymphoid follicles which is commonly associated with autoimmune diseases, myasthenia gravis (Figure 7), and human immunodeficiency virus infection (27–30). In thymic hyperplasia, there is generally symmetric thymic enlargement with smooth contour and margins; however, nodular or bulky appearance can be seen which cannot be readily distinguished from malignancy. In equivocal cases, MRI utilizing in-phase and out-of-phase gradient-echo sequences is performed to identify thymic hyperplasia. Loss of thymic signal during out-of-phase imaging corresponds with microscopic or intravoxel fat, which confirms thymic hyperplasia instead of thymic mass (31) (Figure 7).




Figure 6 | 13 year old boy with chondroblastic osteosarcoma of the femur, treated with methotrexate, doxorubicin, cisplatin (A) CT shows the normal thymus (arrow) at baseline. (B) CT 4 months later shows increase in size of the thymus consistent with rebound hyperplasia (arrow). Enlargement of the thymus gland due to hyperplasia during the recovery phase from physical stress such as after chemotherapy or recovering from burns, does not displace or change the contour of vessels surrounding it. In the appropriate clinical context of thymic hyperplasia, CT is adequate for diagnosis and MRI is not needed for confirmation.






Figure 7 | 42 year old woman with Grave’s disease and lymphoid thymic hyperplasia. (A) Contrast-enhanced CT shows mass-like thymic enlargement (arrow). With such an appearance, thymic hyperplasia, a thymic epithelial neoplasm or lymphoma involvement of the thymus cannot be distinguished one from another. (B, C) MRI with in and out of phase imaging shows drop in signal intensity consistent with thymic hyperplasia (arrow), obviating the need for further investigation or biopsy.





Thymolipoma

Thymolipoma is a benign, often large, slow growing tumor that arises from the thymus gland. Thymolipomas are composed mainly of adipose tissue with scattered soft tissue/thymic tissue interposed (32, 33). The classic CT appearance of a thymolipoma is a very large predominantly fat density mass in a cardiophrenic angle (Figure 8). Occasional symptoms related to compression or displacement of adjacent structures and association with Graves’ disease, myasthenia gravis, and hematological disorders may be seen (3, 30).




Figure 8 | 49 year old man with thymolipoma. (A, B) Axial and coronal contrast-enhanced CT shows large left prevascular mediastinal lesion with fat attenuation (arrow).





Malignant


Thymic Epithelial Tumors

Thymic epithelial neoplasms, including thymoma, thymic neuroendocrine tumor/carcinoid, and thymic carcinoma are predominantly prevascular mediastinal masses which can have a myriad of imaging findings, including homogeneous or heterogeneous, solid or solid/cystic, and well-circumscribed or irregular borders. While there is significant imaging overlap between various grades of thymoma and between thymoma and thymic carcinoma, there are clinical and imaging patterns that emerge that aid in differentiation. Malignant thymic tumors have a median age at presentation in the six decade, while more benign processes have a median age in the fourth to fifth decades (34–36). Clinical symptoms such as pain or shortness of breath are more common in higher grade and malignant tumors (36). Finally, benign tumors more often demonstrate intralesional fat, are midline, and retain normal thymic triangular shape, while malignant tumors are often larger and are more likely to be locally invasive (37–39). Imaging generalizations will be reviewed, followed by techniques being utilized and studied to more accurately differentiate various thymic tumors.




Thymoma

Thymoma typically presents on CT as a smooth or lobular mass involving one lobe of the thymus, with bilateral involvement more rarely occurring (40). The majority of thymomas demonstrate homogeneous contrast enhancement, however, approximately one third are more heterogeneous due to areas of hemorrhage, necrosis, or cystic change with punctate, linear capsular, or coarse intratumoral calcifications possible (1) (Figures 9, 10). CT characteristics of thymoma can vary according to lesion grade, with vascular invasion, pleural and pericardial involvement more common with higher-grade lesions (Figure 2). While imaging overlap is present, higher grade tumors tend to be larger, have lobular or irregular contour, areas of cystic or necrotic change, areas of calcification, and evidence of infiltration of surrounding fat (41–43) (Figure 11).




Figure 9 | 32 year old man with thymoma and myasthenia gravis. Contrast-enhanced CT shows right prevascular mediastinal mass (arrow).






Figure 10 | 43 year old woman with thymoma. (A) Contrast-enhanced CT shows right prevascular mediastinal mass (arrow). (B) FDG PET/CT shows FDG avid thymoma (arrow) with SUV of 16. Presence of intense FDG uptake suggests more aggressive type thymoma or thymic carcinoma.






Figure 11 | 70 year old man with WHO type B3 thymoma. Contrast-enhanced CT shows right prevascular mediastinal mass with heterogeneous attenuation and areas of necrosis (arrow), consistent with more aggressive WHO subtype identified pathologically.



On MRI, thymomas present as prevascular masses with low to intermediate signal intensity on T1 weighted images and high signal intensity on T2 weighted images with areas of cystic change or necrosis presenting as decreased T1 signal intensity and increased T2 signal intensity. Fat suppression imaging can be utilized to better delineate thymomas from surrounding mediastinal fat which facilitates more exact measurements and evaluation of enhancement. When compared to CT, MRI is more limited in the detection of areas of calcification. However, MRI excels in identifying nodules, thickened septae, and/or thickened capsule seen in cystic thymoma and differentiating this from a benign prevascular cyst. MRI also excels in identifying direct cardiac involvement due to its improved contrast resolution as compared to CT (44).

The role of PET/CT in thymoma imaging is limited by the presence of FDG uptake in the normal and hyperplastic thymus, especially in younger adults and children. Physiologic uptake in the thymus has been reported in 28% of patients under 40 years of age and up to 73% in children less than 13 years of age (45). While studies are small, PET/CT has not been demonstrated to reliably differentiate various grades of thymic tumors, although, higher grade tumors do tend towards higher FDG activity (46, 47) (Figures 2, 3). Indium-111 octreotide nuclear medicine scans, previously used to demonstrate which tumors may respond to octreotide, which is a second or third line therapy after chemotherapy failure (48), have now been replaced by 68Ga-labeled somatostatin analogues. This is because these 68Ga-labeled somatostatin analogues, such as 68Ga-DOTATATE, are used to image with a PET/CT scanner providing better resolution.




Thymic Carcinoma and Neuroendocrine Tumor/Carcinoid

Thymic carcinoma and thymic neuroendocrine tumors have similar imaging characteristics that can overlap with higher-grade thymomas, and are thus described together. Thymic carcinomas present as large prevascular masses with irregular poorly marginated borders, demonstrate a greater degree of necrosis, cystic change, and hemorrhage, with greater local invasion when compared to thymomas (1) (Figures 2, 12). Evidence of pleural or pericardial nodules, pleural effusion, or distant metastasis suggests thymic carcinoma or thymic neuroendocrine tumor as compared to thymoma (Figures 13, 14).




Figure 12 | 69 year old woman with thymic carcinoma. Contrast-enhanced CT shows left prevascular mediastinal mass (arrow) with small calcific focus.






Figure 13 | 46 year old woman with thymic carcinoma with pleural metastases. (A) Contrast-enhanced CT shows right prevascular mediastinal mass (arrow) with heterogeneous attenuation and calcifications. (B) CT shows nodular right diaphragmatic pleural metastases (vertical arrows) and right anterior diaphragmatic nodal metastasis (horizontal arrow).






Figure 14 | 29 year old woman with metastatic thymic carcinoma treated with peptide receptor radiotherapy (PRRT) with 177Lutetium. (A) Baseline contrast enhanced chest CT prior to PRRT treatment shows the primary prevascular mass (M), lung metastasis (straight arrow) and metastatic mediastinal lymphadenopathy (curved arrows). (B) Axial fused PET/CT scan at the same level as A, using a somatostatin analogue, Ga 68-DOTATATE, reveals DOTATATE uptake in the primary mass (M), lung metastasis (straight arrow) and mediastinal lymphadenopathy. (C) Contrast enhanced chest CT, following two peptide receptor radiotherapy (PRRT) with 177Lutetium sessions show an impressive partial response with a decrease in size of the primary mass (M) and of the lung metastasis (straight arrow), with resolution of the mediastinal lymphadenopathy. (D) Axial fused Ga 68-DOTATATE PET/CT scan at the same level as C, shows a corresponding marked decrease in DOTATATE uptake consistent with an impressive metabolic partial response.



In particular, aggressive thymic epithelial tumors can commonly invade or extrinsically compress the superior vena cava (SVC) resulting in SVC syndrome, which is a clinical syndrome marked by swelling of the neck, face, and upper extremities, cough, headache, and shortness of breath.

MRI imaging findings of thymic carcinoma and thymic neuroendocrine tumors are similar as described with thymomas. Thymic carcinomas, however, tend to have a more irregular contour, greater heterogeneity related to hemorrhage, necrosis, and cystic change, greater degree of local vascular and mediastinal invasion, and lymphadenopathy (44, 49, 50).

While FDG PET/CT does not reliably differentiate various grades of thymoma, several studies of up to 112 patients suggest that PET/CT can be utilized to differentiate thymoma from thymic carcinoma using various cutoffs of SUV max ranging between 4.6 and 6.3 (51, 52). Given increased levels of FDG uptake in higher grade tumors, FDG PET/CT can be useful in the assessment and follow-up of thymic carcinoma (53). Thymic neuroendocrine tumors can also be evaluated with 68Ga-DOTATATE PET/CT which may demonstrate improved sensitivity for lesion detection compared with FDG PET/CT and can additionally identify tumors that are candidates for peptide receptor radiotherapy (PRRT) with 177Lutetium (53) (Figure 14).



Primary Thymic Salivary Gland Tumors

Primary salivary gland tumors of the thymus are quite rare and must be differentiated from metastasis by detailed radiographic and clinical evaluation (54). Only a few dozen cases of primary thymic adenoid cystic carcinoma and mucoepidermoid carcinoma have been reported (55–57). Primary thymic salivary gland tumors have similar imaging characteristics as other thymic epithelial neoplasms with final diagnosis depending on histochemical evaluation.



Other Prevascular Mediastinal Masses

Other prevascular mediastinal masses can have overlapping imaging features with thymic epithelial tumors. Hodgkin and non-Hodgkin lymphomas can be seen in the prevascular space. In distinction from higher grade thymic epithelial tumors, however, lymphoma generally presents as a homogeneous smooth or lobulated soft tissue mass that may surround, but rarely invades, adjacent structures. Calcifications are rare in untreated lymphoma.

Additionally, a variety of germ-cell tumors including benign mature teratoma and malignant embryonal carcinoma, yolk sac tumor, choriocarcinoma, and mixed germ cell tumor can be seen in the prevascular space. Heterogeneously enhancing masses with areas of cystic change, necrosis, and calcification have overlapping imaging features with thymic epithelial tumors.



Advanced Imaging Options


CT

A variety of CT techniques are being evaluated to better distinguish various prevascular mediastinal masses. CT perfusion, a functional imaging technique, provides quantitative data on tissue perfusion by acquiring specific graphs for tissue blood flow (BF), blood volume (BV), and permeability surface (PS) which can be used to evaluate tumor angiogenesis, tumor infiltration, and response to therapy (58). Bakan et al. found that while CT perfusion values were not significantly different between thymoma and thymic hyperplasia, there were significant differences in BF and BV values between thymomas and malignant prevascular lesions, such as thymic carcinoma, demonstrating the role of CT perfusion imaging to aid in differentiation between thymoma and thymic carcinoma (59).

Dual-energy computed tomography (DECT) has been evaluated to differentiate prevascular masses with malignant tumors revealing higher iodine concentrations (IC) as compared to benign tumors (60). Testing this on 37 patients, Chang et al. found that iodine related Hounsfield units (IHU) and IC were different among low-risk thymomas, high-risk thymomas, and thymic carcinomas, with lower values noted in higher grade tumors, presumably due to the presence of necrosis (61). They concluded that DECT, using iodine concentration measurement derived quantitative analysis, could help differentiate between low-risk thymoma, high-risk thymoma, and thymic carcinoma.



MRI

It has been noted that routine contrast enhanced MRI cannot reliably differentiate low-risk from high-risk thymic epithelial tumors (50). Diffusion-weighted imaging (DWI) and apparent diffusion coefficient (ADC) values, which are generated using DWI data, are non-invasive functional MRI techniques that allow for quantitative evaluation of thymic epithelial tumors. Razek et al. demonstrated in a group of 30 patients with thymic epithelial tumor, that an ADC cutoff value of 1.22 x 103 mm2/sec could be used to differentiate low-risk thymoma from high-risk thymoma and thymic carcinoma with an 87% sensitivity, 85% specificity, and 86% accuracy (62). Generally, hot-spot regions of interest (ROI) are utilized for DWI/ADC measurements because of ease of use. However, given concern for errors in sampling, studies have shown that histogram analysis of ADC maps can be utilized for more accurate evaluation and continued ability to aid in differentiation between low-risk thymomas, high-risk thymomas, and thymic carcinomas (63, 64).

Dynamic contrast enhanced (DCE) MRI has also been studied in relation to prevascular mediastinal tumors. In a study comparing thymic epithelial tumors, lymphoma, and malignant germ cell tumors, Yabuuchi et al. found that only thymic epithelial tumors demonstrated a washout pattern on DCE-MRI, possibly due to high tumor cellularity and limited stroma, as compared to other tumor types (65, 66). Similarly, in a study evaluating the ability of DCE-MRI to differentiate thymic carcinoma from thymic lymphoma in 29 patients, Shen et al. reported that reflux rate constant from the extracellular extravascular space (EES) to the blood plasma (k ep) was lower in thymic carcinoma and that the volume fraction of the EES (v e) was higher in thymic carcinoma as compared to thymic lymphoma (67). While these results are interesting and promising, further research is needed to clarify if DCE-MRI can be utilized to differentiate between various grades of thymoma and between thymoma and thymic carcinoma. Finally, early work reveals that quantitative features derived from MRI images are related to biologic behavior and radiomics models (advanced mathematical analysis of existing data) could help facilitate predictions of pathologic classification and staging of thymic epithelial tumors (68).




Conclusion

Imaging plays an integral role in the management of patients with thymoma and thymic carcinoma. Imaging is used in the initial diagnosis and staging of patients, particularly in the detection of locally invasive disease and distant metastasis, to stratify patients for therapy, and to determine prognosis. Following various modalities of therapy, imaging serves to assess treatment response and to detect recurrent disease. While imaging findings overlap, a variety of CT, MRI, and PET/CT characteristics can help differentiate thymoma and thymic carcinoma, with new CT and MRI techniques currently under evaluation showing potential.
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Background and Objectives

The treatment of unresectable thymic epithelial tumours (TETs) remains controversial. Here, we present the efficacy and safety of induction therapy followed by surgery for unresectable TET.



Methods

Eighty-one patients with unresectable TETs treated with induction therapy followed by surgery were selected from a retrospective review of consecutive TETs from January 2005 to January 2021. Clinicopathological data were analyzed to assess tumour responses, resectability, adverse events, progression-free survival (PFS) and overall survival (OS).



Results

Induction therapy produced a major tumour response rate of 69.1%, a tumour response grade (TRG) 1-3 rate of 84.0% and an R0 resection rate of 74.1%. The most common toxic effects were all-grade neutropenia (35.8%) and anaemia (34.6%). The 10-year OS and PFS rates were 45.7% and 35.2%. Multivariate analysis showed that ypTNM stage, ypMasaoka stage, complete resection, and TRG were significant independent prognostic factors. Exploratory research revealed that different induction modalities and downstaging of T, N, M, TNM, or Masaoka classifications did not significantly alter the pooled hazard ratio for survival.



Conclusions

Induction therapy followed by surgery is well tolerated in patients with unresectable TETs, with encouraging R0 resection rates. Multimodality management provides good control of tumors for unresectable TET patients.
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Highlights

	Induction therapy followed by surgery had encouraging tumor response and complete resection rate for initially unresectable thymic epithelial tumors.

	ypTNM stage, ypMasaoka stage, complete resection, and tumor response grade (TRG) were all independent significant prognostic factors.

	Induction therapy followed by surgery provides good control of tumor for unresectable TETs patients.





Introduction

Thymic epithelial tumours (TETs), comprised of thymoma and thymic carcinoma, are the most common tumours in the anterior mediastinum (1). However, a notable proportion of patients with TETs present at advanced stages based on the International Thymic Malignancy Interest Group (2). Until now, TETs have generally been considered surgical diseases, and complete resection remains the mainstay of treatment. However, complete resection is challenging and unavailable for advanced lesions due to invasion of the mediastinal structures or diffuse pleural implants. Successful treatment of unresectable TETs involves multidisciplinary evaluation. A variety of chemotherapy regimens for TET have been reported. A majority of patients with TETs in the reported studies were able to proceed to resection with clinical response rates of 62%-100% and complete resection rates of 22%-92% (3, 4). Preoperative radiation has been used in locally advanced malignancies, and this strategy has also been examined in TETs. However, there was no survival difference between patients who underwent preoperative radiation and those who did not based on retrospective studies (5). Loehrer PJ Sr. et al. (6) reported that preoperative chemoradiation had encouraging clinical responses and potentially high pathological response rates. The opportunity to achieve complete resection after induction therapy followed by surgery has led to interest in pursuing this strategy in unresectable TETs.

In general, previous studies on induction therapy mainly comprised small retrospective case series. Investigators were unable to draw firm conclusions about the outcomes of induction treatment. Because of the rarity of TETs and their natural behaviour, it is difficult to reach definite conclusions with small samples. Currently, the standard management of unresectable TETs remains controversial. We performed a study with multimodal treatments to improve the resectability and responses of unresectable TETs. The objective of the present study was to retrospectively evaluate the tumour responses and prognosis of patients with unresectable TETs treated with induction therapy followed by surgery.



Methods


Patients Selection

From January 2005 to January 2021, we selected patients with TETs who underwent induction therapy followed by surgery. Approval was obtained from the Research Ethics Committee of Zhongshan Hospital, Fudan University. Informed consent was obtained, and this study was compliant with the Helsinki Declaration. The inclusion criteria were as follows: (a) primary mediastinal TETs were confirmed by pathological examination according to the World Health Organization classification (7). (b) Patients received multidisciplinary consultation for mediastinal tumours, and unresectable advanced TET patients were treated with induction therapy followed by resection. Patients were deemed to have primary unresectable TETs as judged by a joint consensus of a multimodality oncology team (thoracic surgeon, medical oncologist, radiation oncologist, radiologist, and pathologist). Patients were judged to be unresectable with radiographic findings of extensive invasion, large tumors with indistinct borders, or great vessel invasion. Deep intrathoracic or cervical nodal involvement, pleural or pericardial nodules, and pulmonary intraparenchymal nodule or distant organ metastasis were also defined as poorly resectable. (c) Tumours were dimensionally measurable lesions according to the Response Evaluation Criteria in Solid Tumours (RECIST) criteria. We excluded patients with (a) incomplete information regarding pathological variables and clinical data, (b) noncurative resection (i.e., biopsy only), and (c) surgical resection for recurrence after primary treatment. Tumour stage was determined using the Masaoka staging system and the 8th edition TNM classification of TETs (8, 9). Medical records and laboratory data were collected in accordance with the recommendation of the International Thymic Malignancy Interest Group (ITMIG) standard definitions and policies (10).



Treatment and Evaluation

Patients with inoperable disease were treated with induction therapy, as judged by joint consensus of a multidisciplinary mediastinal oncology team (thoracic surgery, medical oncology, pathology, neurology and radiology). All patients had an initial biopsy that confirmed the suspected TETs before induction therapy. Induction therapies were quite heterogeneous and individualized depending on each patient’s status, including chemotherapy, radiotherapy or sequential/concurrent chemoradiation. Chemotherapies included different cycles of chemotherapy using cisplatin-based regimens of CAP (cyclophosphamide, doxorubicin, cisplatin), TP (paclitaxel, carboplatin/cisplatin), DP (docetaxel, cisplatin), VP (etoposide, cisplatin) or GP (gemcitabine, cisplatin). Radiotherapy was performed with involved fields that covered the primary and metastatic tumours with margins of approximately 1–2 cm. Three-dimensional conformal or intensity-modulated radiation with a total dose of 60–70 Gy was administered for radiation alone, and lower doses of 40–50 Gy were administered for sequential/concurrent chemoradiation. After completion of induction therapy, TETs were reevaluated and restaged by CT, MRI or PET scan. The tumour response to induction therapy was evaluated as progressive disease (PD), stable disease (SD), partial response (PR) or complete response (CR). Specimens were evaluated by independent senior pathologists. All postoperative specimens were reviewed for tumour response grade (TRG) based on the percent necrosis and viable tumour on the entire tumour bed as following: TRG1: no viable tumor; TRG2: rare residual viable tumor cells scattered through fibrosis; TRG3: increase in number of residual tumor cells, fibrosis predominant; TRG4: residual viable tumor outgrowing fibrosis; TRG5: no regressive changes (11). The Common Terminology Criteria for Adverse Events (CTCAE 3.0) was used to grade the severity of adverse events (AEs). Total thymectomy was performed with the goal of complete removal of the tumour and all attached structures. The operation procedure was reported partially in our previous study (12). Complete surgical resection (R0) was defined as en bloc resection of the tumour without macroscopic (R2) or microscopic (R1) residuals.



Statistical Analysis

The chi-square test and Fisher’s exact test were used to compare categorical variables, and Student’s t-test was used to compare continuous variables. Overall survival (OS) was defined as the period from the date of treatment initiation to the date of death from any cause or the final follow-up. Progression-free survival (PFS) was defined as the time from surgery to the date of the first recurrence or metastasis. Clinicopathologic variables were entered in the univariate logistic regression analysis. Only variables with a P-value <0.1 were entered into the multivariable logistic regression analysis. Statistical analyses were performed using SPSS 22 software. A 2-sided P<0.05 was considered to be statistically significant.




Results


Patient Characteristics

From January 2005 to January 2021, 3191 patients were diagnosed with primary TETs and treated with surgery at Zhongshan Hospital, Fudan University. We excluded patients with incomplete information (153 patients) and those who underwent surgical resection for recurrence (377 patients). A total of 2,561 TET patients remained, and only 81 (2.5%, 81/3191) patients with unresectable TETs received induction therapies followed by surgery. The patient characteristics are presented in Supplemental Table 1.

The patients included 45 men and 36 women. At the time of presentation, 52 patients (64.2%) had one or more symptoms, including 19 with chest distress or pain (23.8%), 17 (21.0%) with myasthenia gravis (MG), 9 with cough (11.1%), 4 with fatigue (4.8%), 7 with superior vena cava syndrome (8.6%), and 2 with pure red cell aplastic anaemia (3.2%). The interval time from diagnosis to initial treatment ranged from 0.07 to 24 months (median 1.5). Radiologically, the diameters of TETs ranged from 4.0 cm to 19.0 cm (Supplemental Figure 1). The pathological subtypes are shown in Supplemental Table 1.



Treatment Modalities

Treatment strategies of induction therapy were individualized for each patient. The treatment modalities were shown in Table 1 and Supplemental Table 2. Induction therapies consisted of chemotherapy (41 patients, 50.6%), radiotherapy (12 patients, 14.8%), chemoradiotherapy (26 patients, 32.1%), and chemoimmunotherapy (2 patients, 2.5%). When the tumor was considered likely to be incompletely resected, the patients were treated with chemotherapy first. Of the 67 patients receiving chemotherapy, the most commonly used regimen was TP (29 patients, 43.3%). Other cisplatin-based regimens included CAP (15 cases, 22.4%), DP (6 cases, 9.0%), and VP or GP regimens (17 cases, 25.4%). Two patients received chemotherapy (one patient received CAP and one patient received TP) in combination with immunotherapy using camrelizumab. Similar to other malignancies, the addition of radiation to induction chemotherapy has been administered in unresectable TETs with deep intrathoracic or cervical nodal involvement, pleural or pericardial nodules, and pulmonary intraparenchymal nodule or distant organ metastasis. In this study, there were 26 (32.1%) patients received chemo-radiotherapy. Radiation therapy applied as a sole therapeutical induction therapy modality was not routinely suggested in our study. Of these 12 patients receiving induction radiotherapy alone, 8 patients who had huge tumor with pleural, pulmonary or pericardial invasion, but without great vessels invasion, extrathoracic nor intrathoracic metastasis, were deemed not to be a margin-negative surgical resection candidate. Induction radiotherapy was applied for another 4 patients, because they could not tolerate to chemotherapy or were allergic to cytotoxic drug. Induction therapy produced major responses in 56 patients, including 9 (11.1%) complete responses and 47 (58.0%) partial responses with a disease control rate of 95.1%. Pathological R0 resection was performed in 60 patients (74.1%), and 21 patients (25.9%) had incomplete resection. Postoperative pathology revealed that most TETs had improved TRG, with a TRG 1–3 rate of 84.0% (Supplemental Table 2).


Table 1 | Tumor responses and resectability according to induction therapy modalities.



After patients were evaluated to have recovered from induction therapy (4 to 8 weeks), they underwent surgical resection including the tumor, thymus, mediastinal fat, and all attached structures. However, debulking surgery were considered for thirteen patients to relieve symptoms or reduce tumor burden. Systematic mediastinal lymph node dissection was performed in 23 patients who presented with enlarged lymph nodes, otherwise, only the anterior mediastinal lymph node was resected en bloc with the tumor. Briefly, three different techniques have been suggested to achieve complete resection by reconstruction of the great vessels, including tangential resection and direct suture repair (10 cases), localized resection and repair with pericardial patch (3 cases), and circumferential resection with replacement by polytetrafluoroethylene (PTFE) graft (23 cases). Fifteen patient required pleurectomy for confluent pleural disease. Nine patients received partial sternal resection and chest wall reconstruction. Other structures resected included lung (42 cases), pericardium (32 cases), phrenic nerve (23 cases), brachiocephalic vein (18 cases), diaphragm (10 cases). Twenty-one patients had an incomplete resection, owing to extensive or multi-site infiltration of chest wall (5 cases), main pulmonary artery (2 cases), aorta or arch vessels (7 cases), myocardium (4 cases), trachea (2 cases) or pleural metastasis (13 cases). Nine patients had all gross tumor resected and were thought to be pathological R1 resection and twelve patients had R2 resection.

The decision to use postoperative chemotherapy and/or radiotherapy was individualized for each patient. Briefly, for patients with incomplete resection, adjuvant chemotherapy and/or radiotherapy was performed routinely for a limited time. For those with a close margin or at high risk for recurrence, adjuvant treatment was performed routinely, even if the tumor was completely resected. Postoperative adjuvant treatment was not recommended for patients had complete response and pathological TRG1 with complete resection. Both physiological and psychological conditions of the individual patient were fully taken into account. Adjuvant treatment was not planned for patients receiving induction therapies with maximum tolerated dose of chemotherapy and radiotherapy. Close follow-up without postoperative treatment was also acceptable for patients with intolerance, anaphylaxis or refusing treatment. In this study, thirty-seven patients (45.7%) did not receive postoperative therapy, including 9 cases of TRG1 with R0, 19 cases of maximum tolerated dose of induction chemotherapy and radiotherapy, 4 cases of intolerance or anaphylaxis, and 5 cases of refusing treatment. While, 44 patients (54.3%) underwent postoperative treatment. Detailed information on postoperative treatment is described in Supplemental Table 2. Adjuvant therapy was performed in 9 cases of chemotherapy, 23 cases of radiotherapy, 9 cases of chemo-radiotherapy. One patient received postoperative chemotherapy with sintilimab, while two patients received postoperative tyrosine kinase inhibitor (TKI) therapy with surufatinib or anlotinib.



AEs From Induction Therapy

The common AEs are summarized in Supplemental Table 3. The major toxic effects were all-grade haematologic AEs, including anaemia (34.6%) and neutropenia (35.8%). Thirty patients (37.0%) experienced grade ≥ 3 haematologic AEs. The most common all-grade nonhaematologic side effects were weight loss (13.6%) and fatigue (12.3%). Major grade ≥ 3 nonhaematologic toxicities included vomiting (3.7%) and oesophagitis or stomatitis (3.7%). None of the patients had myocardial toxicity or ototoxicity, and no mortalities occurred. The AEs from induction therapy were modest and well tolerated.



Postoperative Complications and Survival

There were no perioperative deaths in this study. The postoperative length of hospital stay was between 3 and 61 days, with an average of 9.4 ± 7.5 days. There were twelve cases (14.8%) of postoperative complications, including four cases of bleeding, five cases of hydrothorax, two cases of atelectasis and one case of unhealing wounds.

The OS rate was 88.2% at 3 years and 77.8% at 5 years. As shown in Supplemental Table 4, univariate analysis revealed that cM stage (P=0.036), cTNM stage (P=0.076), cMasaoka stage (P=0.026), pathological type (P=0.048), ypT stage (P=0.047), ypN stage (P<0.001), ypM stage (P=0.045), ypTNM stage (P<0.001), ypMasaoka stage (P=0.018), complete resection (P=0.001), and TRG (P=0.012) were significant prognostic factors. To rule out confounding factors, we performed multivariate analysis using the Cox proportional hazards model (Supplemental Table 5). Multivariate analysis revealed that ypTNM stage (P=0.025), ypMasaoka stage (P=0.031), complete resection (P=0.001), and TRG (P=0.007) were significant independent prognostic factors of OS (Figure 1).




Figure 1 | Overall survival curves of unresectable TETs treated with induction therapy followed by surgery, according to ypTNM stage (A), ypMasaoka stage (B), complete resection (C), and tumor response grade (D).



The 3- and 5-year PFS rates were 58.6% and 46.2%. Univariate analysis revealed that cM stage (P=0.015), cMasaoka stage (P=0.004), pathological type (P=0.033), ypT stage (P<0.001), ypN stage (P<0.001), ypM stage (P<0.001), ypTNM stage (P<0.001), ypMasaoka stage (P=0.004), complete resection (P<0.001), TRG (P=0.001) and postoperative radiotherapy (P=0.018) were significant prognostic factors of PFS. Multivariate analysis showed that ypTNM stage (P=0.001), ypMasaoka stage (P=0.022), complete resection (P<0.001), and TRG (P<0.001) were significant independent prognostic factors of PFS (Figure 2).




Figure 2 | Progression-free survival curves of unresectable TETs treated with induction therapy followed by surgery, according to ypTNM stage (A), ypMasaoka stage (B), complete resection (C), and tumor response grade (TRG) (D).



Survival analyses indicated patients received radical thymectomy with extended resections had similar OS (P=0.065) and PFS (P=0.071) compared to those without extended resection. We also found resected structures were not significant prognostic factors for OS (P=0.136) and PFS (P=0.086), including pericardium, lung, phrenic nerve, chest wall, innomate vein, vena cava, aorta, main pulmonary artery or myocardium.



Subgroup Analyses of Induction Therapy

In this cohort study, radiotherapy produced the highest objective response rate (ORR) (83.3%) and complete resection rate (83.3%) compared with chemotherapy (ORR: 70.7%, R0: 78.0%) and chemoradiotherapy (ORR: 61.5%, R0: 61.5%) (Table 1). Of the 67 patients receiving chemotherapy, the CAP regimen produced the highest ORR (86.7%) and complete resection rate (80.0%) compared with the TP (ORR: 58.6%, R0: 75.9%), DP (ORR: 50.0%, R0: 50.0%), and VP or GP regimens (ORR: 64.7%, R0: 64.7%) (Table 2). Patients with thymoma had a better ORR (69.4%) and complete resection rate (75.5%) than those with thymic carcinoma (ORR: 68.9%, R0: 71.9%) (Table 3). Induction chemotherapy (P=0.592 for OS, P=0.237 for PFS), induction radiotherapy (P=0.714 for OS, P=0.784 for PFS) and different induction modalities (P=0.645 for OS, P=0.303 for PFS) were not prognostic variables. For the 67 patients receiving chemotherapy, different chemotherapy regimens did not significantly alter the pooled hazard ratio for OS (P=0.887) or PFS (P=0.656) (Supplemental Table 4).


Table 2 | Tumor responses and resectability according to induction chemotherapy regimens.




Table 3 | Tumor responses and resectability according to pathological types.





The Values of Clinical and Pathological Downstaging After Induction Therapy

The preinduction treatment clinical (c) stages, postinduction treatment clinical (yc) stages and postoperative pathological (yp) stages are shown in Figure 3. Based on the Masaoka stage, clinical downstaging of TETs occurred in 20 patients (24.7%), and pathological downstaging occurred in 35 patients (43.2%). For the TNM staging system, 38 patients (46.9%) had clinical downstaging of disease and 48 patients (59.3%) had pathological downstaging of disease. Exploration research revealed that pathological downstaging of T, N, and M classifications occurred in 42 patients, 18 patients, and 6 patients, respectively. Pathological upstaging was found in 5 patients (6.2%) because of tumour progression or pleural dissemination. Survival analyses indicated that clinical downstaging of the T, N, M, TNM, and Masaoka classifications was not a prognostic factor. Pathological downstaging of the T (P=0.046 for OS, P<0.001 for PFS), N (P=0.003 for OS, P=0.035 for PFS), M (P=0.040 for OS, P=0.048 for PFS), TNM (P=0.018 for OS, P<0.001 for PFS), and Masaoka (P=0.031 for OS, P=0.022 for PFS) classifications had prognostic significance (Supplemental Table 4). However, pathological downstaging of neither the TNM classification (P=0.409 for OS, P=0.630 for PFS) nor the Masaoka classification (P=0.708 for OS, P=0.784 for PFS) were independent prognostic variables.




Figure 3 | Stage alternations of unresectable TETs treated with induction therapy followed by surgery according to Masaoka (A), TNM (B), T (C), N (D), M (E) classifications.






Discussion

Complete resection is frequently unfeasible in patients with advanced-stage TETs. Induction therapy has been shown to be effective for advanced TETs due to four distinct advantages: (1) producing objective clinical responses and shrinking tumours to relieve symptoms; (2) downstaging tumours and converting unresectable tumours to resectable tumours; (3) improving early local and systemic disease control; and (4) providing evidence of the feasibility and efficacy of drugs or therapies. However, until now, standard induction therapeutic modalities have not been established. Our study further recognizes the clinicopathological features of unresectable TETs and promotes the development of treatment standards and options.

This study was the largest retrospective report to date with favorable long-term outcomes at a single centre. With the use of induction therapies, the R0 rate was 74.1%, with an ORR of 69.1%. These results are in accordance with those of previous studies. In the literature, the range of the ORR in the large series was wide: 62% (13), 73% (14), and 100% (15). The R0 rate reported was also a wide range depending on the study: 22% (16), 43% (13), 69% (15), and 77% (14). The difference among studies might result from the selection of patients, treatment modality, race, and limited number of cases. To date, the recognized results of chemotherapy for TETs have been obtained from the ADOC (doxorubicin, cisplatin, vincristine, cyclophosphamide) regimen, with a 92% ORR and a 43% R0 rate (17). However, which regimens are the best for TETs is unclear thus far. Even worse, direct comparisons between regimens are difficult because of the scarcity of cases and heterogeneity of pathology. Our exploration results showed that the CAP regimen had the highest ORR (86.7%) and R0 rate (80.0%), while the DP regimen had the lowest ORR (50.0%) and R0 rate (50.0%). Although the number of cases was limited, differences in tumour responses and resection among regimens were obvious. The CAP regimen might facilitate complete surgical resection, resulting in a higher cure rate. Discouragingly, our data revealed that the CAP regimen had no survival benefit compared with the other regimens, and different induction chemotherapy regimens did not produce survival differences. Consequently, although this study demonstrated that induction chemotherapy was active against unresectable TETs, we did not definitively draw a conclusion about which regimens offer significant survival advantages.

Based on the European Society of Thoracic Surgeons database, only 1% of TET patients receive radiation alone (18). Induction radiotherapy is an attempt to enhance radical complete resection, but induction radiation has only been reported in small retrospective series. A few studies reported that TET patients treated with preoperative radiation had variable outcomes, with R0 rates ranging from 50% to 75% (5, 18, 19). In this study, 12 of 81 (14.8%) patients received induction radiotherapy alone. We found that induction radiotherapy had a slightly better ORR (83.3%) and R0 rate (83.3%) than chemotherapy. Induction radiation allows more precise radiation planning than postoperative radiation because the initial tumour volume is undisturbed and natural tumour margins can be dimensioned without disturbance. Our data implied that radiation had an important role in the local control of TETs. However, there were no differences in OS and PFS between patients who received induction radiation and those who did not. Our data shed light on the rationale for induction radiotherapy in unresectable TET patients.

The combination of induction radiation and chemotherapy has been used in TETs, with a wide range of ORRs (40%-70%) and R0 rates (60%-80%) (4, 6, 20). All patients with unresectable TETs received multidisciplinary consultation for mediastinal tumours in our centre. In this series, 26 patients (32.1%) received chemoradiotherapy, with an ORR of 61.5% and an R0 rate of 61.5%. This retrospective study demonstrated that chemoradiotherapy did not achieve better tumour control and surgical resection rates than chemotherapy or radiotherapy alone. Unsurprisingly, we also found that chemoradiotherapy did not offer a survival benefit compared with chemotherapy or radiotherapy alone. Induction therapy facilitates tumour control and surgical removal. However, induction strategies need further research to achieve successful treatment of unresectable TETs. The tricky problem of induction therapy is the toxicity of induction. In the current study, our results demonstrated that AEs from induction therapy were modest and well tolerated. The efficacy and safety of induction therapy should be established by randomized trials to essentially decide optimal treatment.

Theoretically, the potential benefit of induction therapy is the downstaging of bulky tumours. In fact, clinical Masaoka downstaging only occurred in 24.7% of patients, and 46.9% of patients had clinical TNM downstaging. Our results seemed to be in line with the low clinical downstaging rate in a previous report by Park et al. (21) Moreover, we found that patients who were clinically downstaged after induction therapy had similar clinical outcomes compared with those who were not. Most importantly, many variations make it difficult to evaluate clinical stage alterations, such as research subjectivity, observation of lymph node metastasis, and measurement bias of tumour size. We analyzed T, N, M and TNM classifications to provide granularity of tumour stages. Our data showed that clinical and pathological downstaging of the Masaoka, TNM, T, N, or M classifications were not independent prognostic variables. Pathological examination is the gold standard to assess tumour downstaging from induction therapy. Consequently, clinical downstaging could be underestimated and has no clear survival implications for unresectable TETs.

Only a few studies have reviewed the histologic response of TETs to induction treatment (11). We classified a reproducible five-tier TRG system for TET specimens after induction treatment. Previous studies reported the percentage of viable tumours after preoperative therapy for both resectable and unresectable TETs. The results were quite variable, with 0% to 100% viable tumour cells (11, 13, 15, 20). The cause for pathological response differences is not entirely clear but could be due to diverse induction treatment modalities. In this study, we found that the morphological response to induction treatment correlated with TRG. All patients with TRG 1 had a complete radiologic response, whereas those with TRG 5 did not show any radiologic response but had tumour progression. Moreover, patients with radiologic PR had a better TRG and a lower percentage of viable tumours than those with SD. Given the close correlation of radiologic response and TRG, we selected TRG as a prognostic variable in survival analyses. TRG was not only a prognostic factor but also a significant independent prognostic factor for OS and PFS by multivariate analyses. The completeness of resection significantly increases the survival time, even for primary unresectable TETs. Among various clinical factors, R0 resection was the most important independent prognostic factor of OS and PFS for unresectable TETs. However, tumour regression does not guarantee the achievement of R0 resection. In our study, the incomplete resection rate was 25.9%, although only 13 patients (16.0%) had TRG 4–5. The success of R0 resection depends on whether involved structures can be removed or reconstructed. R0 resection is our primary goal, and every effort should be made to achieve resectability.

There were considerable challenges in this study. First, the data were retrospectively reviewed from a single centre. Thus, there was inevitable selection bias. Second, a wide variety of induction therapies were used in our patients. Chemotherapy regimens were not the uniform protocol owing to heterogeneous histological subtypes. Third, although this study gave a rough indication of distinct responses to different induction therapies, direct comparisons between regimens were limited. Given the rarity of the tumour, enrolling a large number of patients with complete survival data will unavoidably take many years. To establish a more effective formula for induction therapy, multicentre randomized controlled trials with the best supportive care are necessary.



Conclusion

In this study, we retrieved 81 patients with unresectable TETs received induction therapy followed by surgery. We found induction therapy produced major tumor responses of 69.1% and tumor response grade (TRG) 1-3 of 84.0%. Moreover, R0 resection rate was 74.1% with the 10-year OS of 45.7% and 10-year PFS of 35.2%. We also found ypTNM stage, ypMasaoka stage, complete resection, and TRG were all independent significant prognostic factors. Exploratory research revealed different induction modalities and different chemotherapy regimens had no significant survival difference. Neither clinical nor pathological downstaging of T, N, M, TNM, Masaoka classifications were independent prognostic variables. Therefore, induction therapy followed by surgery provides good control of tumor for unresectable TETs patients.
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Background

Our study investigated a special series of thymoma with autoimmune hepatitis and myocarditis and tried to reveal the gene expression profiles of this series of thymoma.



Methods

From 2011 to 2019, a total of 13 special thymoma patients presented with autoimmune hepatitis and myocarditis, accounting for about 1.26% of thymoma patients undergoing surgery in Beijing TongRen Hospital. Clinical data were retrospectively collected. All samples were harvested during surgical procedures, and analyzed to identify changes in gene expression using the CapitalBio mRNA microarray analysis, the Whole exome sequencing analysis (WES), qPCR and immunohistochemistry (IHC) tools.



Results

After surgery, patient symptoms were relieved gradually. Levels of lactate dehydrogenase (LDH), creatine kinase MB (CK-MB), aspartate transaminase (AST), and alanine amiotransferase (ALT) increased to some extent within 1 to 3 months after surgery, and fluctuated, and then, gradually decreased close to normal within 6 months after surgery. Enrichment analysis of Kyoto Genome and Genome Encyclopedia (KEGG) pathway was performed and enrichment results were visualized. It indicated that gene expression of 5 signaling pathways, including cell cycle and p53 signaling pathway, were generally abnormal. P53 expression was up-regulated in all tumor tissues. However, IHC and qPCR analysis showed that there was no significant difference in p21 expression between normal and tumor tissue. Results of WES showed that only one driver gene-MDM4 amplified 4 fold in 53.2% thymoma cells. Further qPCR and IHC analysis confirmed the up-regulation of the expression of p53 and mdm4 in 13 thymoma patients with autoimmune hepatitis and myocarditis.



Conclusion

Our study reveals the clinical and genetic characteristics of thymoma patients with autoimmune hepatitis and myocarditis. For this special category of thymoma, the up-regulation of p53 and mdm4 plays an important role in the occurrence of thymoma and autoimmune hepatitis/myocarditis.
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Introduction

Thymoma is the most common type of neoplasms of the anterior mediastinum. It’s often associated with a variety of autoimmune diseases (1). The most common autoimmune diseases is the myasthenia gravis (MG), which is characterized by weakness and fatigability of skeletal and extraocular muscles (2). Other thymoma-related autoimmune diseases include Good’s syndrome, dermatomyositis, Addison’s disease, rheumatoid arthritis, and so on (3–6). Autoimmune hepatitis and myocarditis are uncommon presentations of thymoma. The association between thymoma and autoimmune hepatitis/myocarditis has been found in very few cases. Extended thymectomy is an effective way to treat these patients (7). However, the mechanism underlying the development of autoimmune hepatitis/myocarditis in patients with thymoma is unclear. Here, we report a special series of 13 thymoma patients with autoimmune hepatitis and myocarditis, and investigate their clinical and genetic characteristics.



Materials and Methods

Clinical data were retrospectively collected from the department of thoracic surgery of Beijing TongRen Hospital. From 2011 to 2019, there were 1030 thymoma patients who underwent surgery at Beijing TongRen Hospital. Among these patients, a total of 13 special thymoma patients presented with autoimmune hepatitis and myocarditis, accounting for about 1.26% of thymoma patients undergoing surgery in our department. The diagnostic criteria was according to NCCN Clinical Practice Guidelines in Oncology, American Heart Association and American Association for the Study of Liver Diseases. Diagnostic criteria remained the same in this study. Among the 13 patients, 8 (61.5%) were male and 5 (38.5%) females with an overall median age of 47 years (range 22-72). The patients underwent thymoma resection. Primary thymomas were classified according to the World Health Organization (WHO) criteria as follows: type AB, B1, B2, and B3 (8). The modified Masaoka’s classification was used to stage for these primary thymic tumors.

Laboratory test parameters, such as routine biochemistry and lymphocyte count, were obtained from the Clinical laboratory of Beijing Tongren Hospital. All thymoma samples were harvested during surgical procedures from Beijing Tongren Hospital. Normal thymus tissue and adjacent tumor tissue were used as the control groups. The specimens were immediately frozen in liquid nitrogen and stored at −80°C until use. The protocol for sample collection was approved by the Institutional Review Board of Beijing Tongren Hospital, China. Informed written consent was obtained from each patient before sample collection. All study procedures were conducted in line with the approved protocol.


Sample Collection and Determination of Lymphocyte Subsets

Fasting venous blood (1-2ml) was collected from thymoma patients before and after operation. 50μl heparin and 20μl of six color fluorescent monoclonal antibodies were added to the blood and mixed at room temperature in the dark for 15 minutes. 450μl hemolysin was added to each tube and BD FACS Lysing was used to dilute it. Samples were mixed at room temperature for 10 minutes and then analyzed by flow cytometry and lymphocyte subsets analysis software. T lymphocyte surface markers were CD3+, CD4+, CD8+, and NK cells markers were CD16+ and CD56+.



RNA Extraction, Labeling, and Hybridization

Total RNA, containing small RNA, was extracted from thymoma and paraneoplastic thymic carcinoma tissues using the Trizol reagent (Invitrogen) and purified using mirVana miRNA Isolation Kit (Ambion, Austin, TX, USA) following the manufacturer’s instructions. Next, the purity and integrity of RNA were determined using gel electrophoresis whereas RNA concentration was determined spectrophotometrically. Only total RNA samples with RNA integrity number (RIN) values >6 was selected for subsequent analysis.



Microarray Imaging and Data Analysis

Data from mRNA array was used to analyze data summarization, normalization, and quality control using the GeneSpring software V13.0 (Agilent). Differentially expressed genes were selected if the change of threshold values was ≥2 or ≤−2-folds and if the Benjamini-Hochberg corrected p-values were 0.05.



KEGG Analysis

The differentially expressed genes obtained from the above analyzes were imported into DAVID 6.8 database (https://david.ncifcrf.gov/) to further examine the differentially expressed pathways. By entering the name list of target genes and selecting species as “Homo Sapiens”, the official names of all target genes were identified. Enrichment analysis of Kyoto Genome and Genome Encyclopedia (KEGG) pathway was performed and enrichment results were visualized.



RNA Isolation, cDNA Synthesis, and Quantitative PCR Analysis

Tissue samples were homogenized in 1 ml of TRIzol reagent (Invitrogen) using a PowerGen tissue homogenizer. Then, total RNA was isolated from all samples according to the manufacturer’s recommendations. Subsequently, complementary DNA (cDNA) was synthesized from 1µg total RNA using the MMLV Reverse Transcriptase cDNA kit (TAKARA) following the manufacturer’s instructions. Next, quantitative PCR (qPCR) was performed in a 96-well reaction plate using SYBR premix Ex Taq (TAKARA) on a Bio-RadCFX96 real-time PCR detection system (Bio-Rad). The comparative Ct (ΔΔCt) method was used to analyze relative mRNA expression.



Histologic and Immunohistochemical (IHC) Testing

Immunohistochemical (IHC) staining was performed on 4-μm-thick slides with anti-p53 (ab26, Abcam), anti-p21 (ab109520, Abcam) and anti-mdm4 (ab49993, Abcam) using an automated immunostainer (BenchMark XT, Ventana Medical Systems, Tucson, AZ, USA) following the manufacturer’s protocol. The p53, p21 and mdm4 IHC were interpreted in three tiers: strong nuclear staining in more than 10% of the tumor cells was considered strong positive staining, samples without any nuclear staining of tumor cells (complete absence) were interpreted as negative staining, and cases exhibiting weak, scattered, or patchy positivity were regarded as weak positive staining. Representative images for each category are shown in Figures 6, 8.



Statistical Analysis

The expression level of p53 in tumor tissues, normal tissues, and tissues adjacent to the tumor was determine using the SPSS 23.0 (IBM, Armonk, NY, USA) and statistical analyses were conducted using Graphpad prism 8 software (Graphpad Software Inc., San Diego, CA, USA). Significance level and misjudgment rate of each KEGG term were estimated by Fisher’s exact and chi-squared (χ2) tests. Measurement data with normal distribution were expressed as mean ± standard deviation, and groups were compared using t-tests. For measurement data that did not conform to the normal distribution, rank sum test was used for comparison between groups. Differences were considered statistically significant at a p-value of <0.05.




Results


Abnormal Symptoms and Auxiliary Examination Results Were Observed in All Patients

Clinical and demographic data of the study population are summarized in Table 1. The common clinical characteristic identified in these thymoma patients was that all of them had autoimmune hepatitis and myocarditis. Some patients also presented with other autoimmune diseases, such as autoimmune enteritis, dermatomyositis, Graves’ disease and rheumatoid arthritis. The patients experienced symptoms, such as diarrhea, shortness of breath and fatigue without any known precipitating factors.


Table 1 | Patients’ information.



Ultrasonic cardiogram revealed that most patients had an ejection fraction (EF) of 70%, with a slightly enlarged left atrium, aortic sinus expansion, and aortic valve regurgitation. However, the echocardiography results of several patients demonstrated a diffuse myocardial wall hypokinesis with reduced left ventricular ejection fraction (LVEF) of less than 35%.

Laboratory examination showed that all patients who received preoperative examination had multiple autoantibody-positive statuses for antinuclear antibody (ANA), anticardiolipin antibody (ACA), antimitochondrial antibody (AMA), Ro52, etc. Their serological tests showed abnormally elevated levels of myocardial enzymes like LDH, AST, ALT, and CK-MB before surgery. Immunophenotyping tests on lymphocyte subsets identified some abnormal cells, such as CD3+CD4+ helper T cells (TH), CD3+CD8+ suppressor T cells (TS).



Extended Resection of Thymoma Relieved Symptoms of Autoimmune Diseases and Reduced Hepatic and Cardiac Injury

All patients underwent extended resection of thymoma. After surgery, abnormal symptoms disappeared gradually. It was observed that levels of LDH, CK-MB, AST, and ALT increased to some extent within 1 to 3 months after surgery, and fluctuated, and then, gradually decreased close to normal within 6 months after surgery (Figure 1). As shown in Table 2, the same trend was observed in the percentages of total CD3+ T cells and CD4+/CD8+ T cells ratio.




Figure 1 | Changes of different enzymes’ levels after surgery.




Table 2 | T lymphocyte subsets analysis of 13 patients (  ± s).





mRNA Profiles Differing Between Thymoma and Controls

To further investigate molecular mechanisms, mRNA samples from 13 thymoma patients and 13 normal thymus tissue controls were analyzed using the Agilent Whole Human Genome Microarray. A scatter plot revealed notable differences between the two groups as illustrated in Figure 2.




Figure 2 | The mRNA expression profile in thymoma patients and normal thymic tissue controls. Red and green dots stand for up-regulated and down-regulated genes, respectively.





Disease Analysis

KEGG analysis was conducted for the significantly differential expression genes. Significantly altered mRNAs were analyzed from our microarray datasets. Results showed that the top 30 diseases included immune system diseases (Figure 3), which is consistent with the basic information of the 13 patients.




Figure 3 | KEGG database analysis identified the top 30 diseases in 13 patients with thymoma unlike control patients. Among such diseases were epidermolysis bullosa, primary immunodeficiency, congenital generalized lipodystrophy, classic complement pathway component defects, and immune system diseases.





Several Pathways Had a Close Relation With the 13 Patients

Pathway’s analysis revealed top 5 abnormal signaling pathways in thymoma tissues. Among the pathways, cell cycle pathway has been shown to play a vital role in the formation of thymoma tumor cells (Figure 4).




Figure 4 | KEGG database analysis indicated that gene expression of 5 signaling pathways including cell cycle, p53 signaling pathway, progesterone mediated oocyte maturation, systemic lupus erythematosus and oocyte meiosis were generally abnormal.





P53 and p21 Gene Which Mainly Regulate Cell Cycle Pathway Were Tested in Thymoma Tumor Cells

The expression of p53 and p21 in thymoma tissues of 13 patients was determined using qPCR and IHC assays.

Firstly, the expression of p53 and p21 at the RNA level was explored using real-time qPCR. The results indicated that p53 expression was up-regulated in all tumor tissues from the patients. However, there was no significant difference in p21 expression between normal and all tumor tissues (Figure 5).




Figure 5 | (A, C) The expression of p53 was higher in all tumor tissues than in normal tissues. (p<0.05), but it was similar between tumor tissue with autoimmune hepatitis and myocarditis and tumor tissue without autoimmune disease. (p>0.05) (B, D) The expression of p21 was similar between normal and all tumor tissues. (p>0.05).



P53-positive cells were observed in the frozen sections of the tumor tissues with autoimmune hepatitis/myocarditis and the tumor tissues without autoimmune disease based on immunohistochemistry. As shown in Figure 6, p53-positive cell was not detected in some epithelial-like cells located in the medulla for normal thymus tissues, whereas for thymoma tissues, p53-positive cells were detected in medulla regions. On the contrary, there weren’t p21-positive cells in both normal and tumor tissues (Figure 6).




Figure 6 | (A) Normal thymus tissue immunostained with p53 antibodies. Score=0, low expression. (B) Thymoma tissue with hepatitis/myocarditis immunostained with p53 antibodies. The p53-positive cells are presented in the field. Score=9, high expression. (C) Tumor tissue without autoimmune disease immunostained with p53 antibodies. Score=2, low expression. (D) Normal thymus tissue immunostained with p21 antibodies. Score=0, low expression. (E) Thymoma tissue with hepatitis/myocarditis immunostained with p21 antibodies. Score=0, low expression. (F) Tumor tissues without autoimmune disease immunostained with p21 antibodies. Score=0, low expression. (×400).





Mdm4 Expression Was Up-Regulated in Tumor Tissue With Autoimmune Hepatitis and Myocarditis

The expression of mdm4 was explored at the RNA level using qPCR. The result indicated that the level of mdm4 was up-regulated in tumor tissues with autoimmune hepatitis and myocarditis comparing to the normal thymus tissue and tumor tissues without autoimmune disease (Figure 7).




Figure 7 | (A, B) Results of qPCR showed that mdm4 was up-regulated in tumor tissues comparing with normal tissue and tumor tissue without autoimmune disease. (p<0.05).



Using IHC, mdm4 staining was negative in epithelial-like cells located in the medulla for the normal thymus tissue and tumor tissues without autoimmune disease. In contrast, more mdm4-positive cells were found in medulla regions for tumor tissues with autoimmune hepatitis and myocarditis (Figure 8).




Figure 8 | (A) Normal thymus tissue immunostained with mdm4 antibodies. Score=0, low expression. (B) Thymoma tissue with hepatitis/myocarditis immunostained with mdm4 antibodies. Mdm4-positive cells were shown in the field. Score=12, high expression. (C) Tumor tissues without autoimmune disease immunostained with p21 antibodies. Score=0, low expression. (×400).






Discussion

Thymoma, a mediastinal malignant tumor, has often been associated with autoimmune diseases. Previous studies have shown that many autoimmune diseases, such as Hashimoto’s thyroiditis, Isaac’s syndrome, and Morvan syndrome were caused by thymoma (9). Sometimes, surgical treatment might result in good prognosis of thymoma combined with non-myasthenia gravis autoimmune diseases (10–13). Here, we report the clinical and genetic characteristics of 13 special thymoma patients with autoimmune hepatitis and myocarditis.

Before surgery, these 13 patients had abnormal assay index of LDH, CK-MB, AST, ALT and lymphocyte subsets, which might be attributed to thymoma, autoimmune hepatitis and myocarditis. We continued to trace on the change of these enzymes’ levels for 6 months after extended resection for thymoma. The follow-up results indicated that levels of LDH, CK-MB, AST, and ALT rose to some extent within 1 to 3 months after surgery, and then, gradually decreased close to normal. It provided evidence that there exists a link between thymoma and autoimmune hepatitis/myocarditis.

To interpret the results at the genetic level, we conducted microarray analysis to examine differential gene expression profiles of human mRNAs in patients with thymoma and autoimmune hepatitis/myocarditis. And then, we took the differential genes a step further.

As a transcriptional factor, p53 is activated in response to cell stress and regulates many genes involved in cell cycle control, apoptosis, angiogenesis, and cell senescence (14). P53 was reported to be one of the most significantly mutated gene in thymic carcinoma and thymoma (15). Our study revealed that p53 was highly expressed in thymoma patients with autoimmune hepatitis/myocarditis. Results of KEGG database analysis also indicated that cell cycle, p53 signaling pathway and so on were abnormal, similar to our previous study.

Next step, we selected the downstream gene of p53 pathway, p21, to try further revealing the mechanism between thymoma and autoimmune hepatitis/myocarditis. The p21 gene is located on the short arm of chromosome 6 downstream of the p53 pathway. Usually, an abnormal expression of its protein affects the regulation of Cyclin, CDK, and kinase activity, thus affecting cell proliferation and differentiation (16). Previously, some researchers proved that this gene was up-regulated in dermatomyositis (17). But in our study, there was no obvious difference of p21’s expression between thymoma and normal tissue.

Meanwhile, the whole exome sequencing analysis (WES) result indicated that the MDM4 amplifified in this thymoma cells (18). Mdm2 and mdm4 proteins form heterodimers that are much more effective in regulating p53 (19). We ever tested that mdm4/mdm2 heterodimers were down-regulated in thymoma patients without autoimmune hepatitis/myocarditis. However, we used the qPCR assay and IHC test to measure mdm4 levels in these 13 thymoma patients with autoimmune hepatitis/myocarditis, and discovered that mdm4 level was up-regulated. Jonathan P. McNallya’s research group found that potentiation of p53 (via inhibition of mdm2) led to the selective elimination of activated and pathological T cells in vivo, which had an impact on the immune system (20). It has also been reported that the mdm4/mdm2 heterodimers are upregulated not only in the brain and nerve tumor tissues, breast cancer, soft tissue sarcomas, type 1 diabetes, and systemic lupus erythematosus (21–23), but also in the parathyroid glands of patients with renal secondary hyperparathyroidism (24). Therefore, we think that there was a strong association between the up-regulation of p53 and mdm4 and thymoma, as well as autoimmune hepatitis/myocarditis. We can also infer that abnormal p53-mdm4 pathway may promote the occurrence and development of thymoma, which further cause autoimmune hepatitis and myocarditis.



Conclusion

Our study reveals the clinical and genetic characteristics of thymoma patients with autoimmune hepatitis and myocarditis. For this special category of thymoma, the up-regulation of p53 and mdm4 plays an important role in the occurrence of thymoma and autoimmune hepatitis/myocarditis.
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Platinum-based chemotherapy is the de facto standard treatment for metastatic or unresectable thymic carcinoma. The optimal chemotherapy regimen has not yet been determined, including whether this should be combined with a second- or third-generation anti-cancer agent. We retrospectively evaluated the data of patients with metastatic or unresectable thymic carcinoma who were treated with a combination of cisplatin and irinotecan as first-line chemotherapy between 2002 and 2021 (trial registration UMIN000012175). The primary endpoint was response rate according to the RECIST criteria version 1.1. Secondary endpoints were disease control rate, progression-free survival (PFS), overall survival (OS), and toxicity (adverse events). Some patients analyzed in this study were also included in the previous trial, which was terminated early. For this analysis, we included 18 patients with a median age of 56 years and an Eastern Cooperative Oncology Group performance status of 0 or 1. All patients had clinical stage IVa or IVb thymic carcinoma according to the Masaoka-Koga staging system. The response rate was 44% and the disease control rate was 89%. The median PFS was 8.4 months (95% confidence interval (CI): 2.7–11.6 months) and the median OS was 45.6 months (95% CI: 15.7–69.1 months). Grade 3 or worse hematological toxicity was observed in 5 patients and grade 3 or worse non-hematological toxicity was observed in 3 patients. None of the patients developed febrile neutropenia, and no treatment-related deaths occurred. Thus, the combination of cisplatin and irinotecan as first-line chemotherapy for metastatic thymic carcinoma showed efficacy and acceptable toxicity.
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Introduction

Thymic carcinoma is a rare cancer arising from the mediastinum originating from thymic epithelial cells, accounting for approximately 5% of all thymic epithelial tumors (1). Thymic carcinoma tends to metastasize with invasive growth, but without associated immunological symptoms such as type B thymoma; therefore, it is often diagnosed at an advanced stage and has a poor prognosis (2).

The standard of care for metastatic thymic carcinoma is palliative chemotherapy. The key drugs for treating thymic malignancies include platinum and doxorubicin containing chemotherapy used in the Einhorn protocol (3) including CAP (cisplatin, doxorubicin, cyclophosphamide, and prednisone) (4), CODE (cisplatin, vincristine, doxorubicin, and etoposide) (5), ADOC (cisplatin, doxorubicin, vincristine, and cyclophosphamide) (6), and VIP (etoposide, ifosfamide, and cisplatin) regimens (7, 8). Doxorubicin does not tend to be beneficial in the treatment of thymic carcinoma; therefore, a combination of carboplatin and paclitaxel is now commonly used owing to its satisfactory response rate, time-to-event data, and toxicity profile (9–11). However, given the rarity of this cancer, data are only available from phase II or retrospective studies with small sample sizes. There is minimal evidence of the effectiveness of first- or later-line chemotherapy for thymic malignancies. With respect to later lines of chemotherapy, recent phase II trials have shown an increase in the clinical effectiveness of cytotoxic chemotherapy, molecular-targeted agents, and immune checkpoint inhibitors. The key drugs or optimal strategy for the treatment of thymic carcinoma are gradually being revealed, but there is still ample room for development.

Our cancer center previously reported a retrospective single-center analysis that demonstrated the efficacy and mild hematological toxicity of combination treatment with cisplatin and irinotecan as the first-line chemotherapy for patients with metastatic/unresectable thymic carcinoma (12). We performed a phase II clinical trial of irinotecan and cisplatin for thymic carcinoma. Although the clinical trial was interrupted because of late accrual (UMIN000012175), we reported all treated patients with irinotecan and cisplatin for thymic carcinoma. The purpose of the current study was to evaluate the efficacy and toxicity of this combination therapy as first-line chemotherapy for irinotecan and cisplatin for metastatic/unresectable thymic carcinoma by including additional cases over a longer follow-up time.



Patients and Methods


Study Cohort and Data Acquisition

This retrospective observational study included patients with metastatic/unresectable thymic carcinoma who received a combination of cisplatin and irinotecan as first-line chemotherapy between January 2002 and December 2021 at Tokyo Metropolitan Cancer and Infectious Disease Center Komagome Hospital. All patients had histologically confirmed stage IVa or IVb thymic carcinoma based on the Masaoka-Koga staging system (13). The inclusion criteria were as follows: <75 years of age, Eastern Cooperative Oncology Group Performance Scale status (ECOG PS) of 0 or 1, adequate organ function for chemotherapy, neutrophil count of 1500 cells/mm³ or higher, hemoglobin concentration of 9.0 g/dL or higher, platelet count of 10.0 × 10⁴/mm3 or more, and adequate renal and liver function. Patients with resectable tumors and those who had previously undergone treatment were excluded. The Institutional Review Board of Komagome Hospital approved the present study (IRB number 2415), and the study protocol adhered to the principles of the Declaration of Helsinki.

Between October 30, 2013 and March 22, 2019, our cancer center performed a prospective phase II trial of cisplatin and irinotecan for patients with previously untreated thymic carcinoma; however, the trial had to be terminated because of late accrual. For the current analysis, further patients were enrolled in the trial (UMIN000012175) who were treated with cisplatin and irinotecan, thereby enabling data collection according to the same study protocol. This prospective study has also been approved by the Institutional Review Board of Komagome Hospital (IRB number 1306). 



Treatment Procedure

The included patients were treated with combination chemotherapy of cisplatin (60 mg/m2 or 80 mg/m2) on day 1 and irinotecan (60 mg/m2) on days 1, 8, and 15 every 4 weeks for up to 6 cycles if the patients did not exhibit unacceptable toxicities or disease progression. The dose of cisplatin was reduced from 80 mg/m2 to 60 mg/m2 at the physician’s discretion.



Evaluation and Statistical Analysis

The primary endpoint of this study was response rate based on the Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 (14). Objective response was defined as a complete response plus partial response, and disease control was defined as an objective response plus stable disease. The secondary endpoints were progression-free survival (PFS), overall survival (OS), and disease control rate (DCR) to assess the efficacy and toxicity of this regimen. PFS was assessed from the date of the first chemotherapy cycle until the date of progressive disease first detected by the investigators’ assessments or loss to follow-up. OS was assessed from the date of the first cycle of chemotherapy until death or loss to follow-up. Disease assessment was evaluated by computed tomography after every two cycles of chemotherapy. After the last chemotherapy cycle, computed tomography was performed once every two to three months until the disease progressed.

Safety was assessed according to the Common Terminology Criteria for Adverse Events version 4.0 (CTCAE v4.0). We also collected and evaluated data on second- and later-line chemotherapy.

All statistical analyses were performed using the JMP 14.3.0 statistical software for Windows (SAS Institute, Cary, NC) with a two-sided α value set at 0.05.




Results


Patient Characteristics

Eighteen patients with previously untreated metastatic/unresectable thymic carcinoma were treated with irinotecan and cisplatin. One of eighteen patient has been enrolled in the prospective analysis (trial registration UMIN000012175). Clinical characteristics of the patients are summarized in Table 1. There were 7 patients (39%) with an ECOG PS of 0 and 11 (61%) with an ECOG PS of 1. Three patients (17%) had Masaoka-Koga stage IVa and fifteen (83%) had stage IVb disease. The most common metastatic site was the lungs. With respect to the pathological diagnosis, 14 patients (77%) had squamous cell carcinoma, 3 (17%) had undifferentiated carcinoma, and 1 (6%) had large cell neuroendocrine carcinoma. There were no instances of paraneoplastic syndrome or immunological complications, including myasthenia gravis, pure red cell anemia, or Good syndrome.


Table 1 | Patient characteristics.





Treatment Delivery

The delivery mode for the irinotecan and cisplatin treatment is summarized in Table 2. Cisplatin was administered at a dose of 80 mg/m2 in 3 patients (17%) and 60 mg/m2 in 15 (83%). The average number of cycles of cisplatin and irinotecan combination therapy was 3.6 (range, 1–6). Two patients discontinued chemotherapy due to progressive disease, and three patients discontinued chemotherapy because of adverse events. The average number of later lines of chemotherapy was 2.8. S-1, carboplatin, and paclitaxel combination therapies were commonly used in the second-line setting (Figure 1A). One patient received nivolumab as part of an investigation with the PREMIER (15) study and one patient received lenvatinib through the REMORA study (16).


Table 2 | Delivery methods of first- and later-line chemotherapy and response to cisplatin and irinotecan combination therapy.






Figure 1 | (A) Swimmer’s plot of progression-free survival in individual patients at each chemotherapeutic line. (B) Change in tumor size from baseline (%) in thymic carcinoma patients treated with the cisplatin and irinotecan combination regimen as the first-line chemotherapy. TC, carboplatin and paclitaxel; GV, gemcitabine and vinorelbine; DOC, docetaxel; AMR, amrubicin; CPT-11, irinotecan; PEM, pemetrexed; ADOC, cisplatin, doxorubicin, vincristine, and cyclophosphamide; GEM, gemcitabine; CBG, carboplatin and gemcitabine; CA, cisplatin and adriamycin; PE, cisplatin and etoposide.





Treatment Efficacy

Among the 18 patients, 8 (44%) had a partial response and 8 (44%) had stable disease. The objective response and disease control rates were 44% and 89%, respectively. Progressive disease was observed in only two patients (Table 2). The best response and change in tumor size for each patient are shown in Figure 1B. Only 2 of the 18 patients exhibited tumor growth based on baseline measurements. Eight patients showed a tumor reduction rate of 30% or more. The median follow-up time was 29.5 months. The median PFS was 8.4 months [95% confidence interval (CI): 2.7–11.6 months] (Figure 2A). The median OS was 45.6 months (95% CI: 15.7–69.1 months) (Figure 2B).




Figure 2 | (A) Progression-free survival and (B) overall survival for 18 patients with unresectable thymic carcinoma who received cisplatin and irinotecan combination therapy.



A Swimmer plot is shown in Figure 1A. Fifteen patients received S-1 as the second- or later-line regimen, with a response rate of 33% and median PFS of 8.1 months (95% CI: 0.7–10.3 months) (Table 3). Eight patients received carboplatin and paclitaxel as the second- or the later-line regimen, with a response rate of 38% and median PFS of 4.1 months (95% CI: 0.9–7.7 months). One patient (number 17) was treated with nivolumab as third-line chemotherapy, with a PFS of 25 months. One patient (number 14) received lenvatinib as the fifth-line chemotherapy with a PFS of 3.4 months.


Table 3 | Efficacy of second- or later-line regimen.





Toxicities

The toxicity results are shown in Table 4. Grade 3 hematological toxicity was observed in six patients. The major treatment-related adverse events were nausea (73%), neutropenia (72%), and leukocytopenia (45%). Three patients showed grade 3 neutropenia; however, none of the patients developed febrile neutropenia. Grade 3 non-hematological adverse events were observed in five patients and grade 3 diarrhea was observed in one patient. No patient exhibited Grade 4 adverse events and there were no treatment-related deaths. Three patients discontinued the cisplatin and irinotecan regimens because of gastrointestinal adverse events.


Table 4 | Treatment-related hematological and non-hematological adverse events.






Discussion

In the current analysis, our long-term experience with cisplatin and irinotecan combination chemotherapy for unresectable or metastatic thymic carcinoma demonstrated clinical effectiveness and tolerability, which is in line with previous studies (Table 5). It is worth noting that the 5-year survival rate for patients with metastatic or recurrent thymic carcinoma in this trial was 26.8%, and the 1-year PFS rate was 22.1%.


Table 5 | Previously reported platinum-combination chemotherapy for unresectable/metastatic thymic carcinoma.



The National Comprehensive Cancer Network (NCCN) Clinical Practice Guidelines in Oncology (17) lists platinum-containing agents (including carboplatin, paclitaxel, ADOC, VIP, and CAP) as the recommended first-line chemotherapy options for thymic carcinoma. The guideline also suggests carboplatin and paclitaxel combination therapy as a de facto standard first-line chemotherapy, owing to its mild toxicity but similar efficacy. The present study also showed that cisplatin and irinotecan combination therapy had good efficacy and mild toxicity; moreover, the rate of grade 3 or 4 toxicities was 33% in the present study. However, it was more than 40% in the other regimens (Table 5). This combination appears to have lower toxicity than the carboplatin and paclitaxel combination regimen given the lack of peripheral neuropathy and that the patients can survive for more than 5 years. Thus, fewer adverse events could be a reason for choosing a cisplatin-based regimen. In terms of efficacy, cisplatin irinotecan therapy, as the first-line regimen, showed positive activity for thymic carcinoma. The ORR and PFS were 44% and 8.4 months, respectively. Xue et al. reported the efficacy of gemcitabine and platinum regimen as a first-line chemotherapy for stage IV thymic carcinoma (11). The PFS was 12.0 months, which seems long; however, 64.5% of patients treated with gemcitabine and platinum regimens received radiotherapy after chemotherapy. Furthermore, the ORR of the gemcitabine and platinum regimens was 29%. Therefore, it is not possible to conclude that the gemcitabine and platinum regimens are better than cisplatin and irinotecan regimens. Additionally, we also believe that irinotecan is a key drug for treating thymic malignancies. Antibody-drug conjugates with topoisomerase I inhibitor (irinotecan) payload are potentially going to be active agents for thymic malignancies. Moreover, cisplatin and irinotecan combination therapy showed therapeutic activity as a second-line regimen, with a response rate of 29% and mild toxicity (18). These results suggest that irinotecan and cisplatin combination therapy may be a useful regimen for advanced thymic carcinoma.

Based on the results of a randomized controlled phase 3 trial performed in Japanese patients (JCOG9511) (19), cisplatin and irinotecan combination therapy had been widely used as a first-line regimen for extensive-disease small-cell lung cancer (ED-SCLC) in Japan until the era of oncoimmunotherapy. In the JCOG9511 trial, the cisplatin and irinotecan regimen resulted in longer survival and milder hematological toxicity than the cisplatin and etoposide regimen for ED-SCLC. After the results of the JCOG9511 trial were published, a randomized controlled trial (SWOG S0124) in North American patients (20) failed to show the superiority of cisplatin and irinotecan chemotherapy for ED-SCLC over cisplatin and etoposide, as both exhibited comparable efficacy. The toxicity profiles, including diarrhea, differed in the cisplatin and irinotecan regimen arms in the SWOG S0124 and JCOG9511 trials, but there were no significant differences in treatment delivery between the two arms. Therefore, cisplatin and irinotecan combination therapy is not suggested as a suitable treatment option for North American patients with small-cell lung cancer, whereas it is feasible in Japanese patients in terms of tolerability.

In the present study, the response rate, PFS, and OS of cisplatin and irinotecan chemotherapy for thymic carcinoma were 44%, 8.4 months, and 45.6 months, respectively. In the previous study on carboplatin and paclitaxel, the response rate, PFS, and OS were 36%, 7.9 months, and 22.7 months, respectively (9). We did not conduct a comparative study; therefore, this was only compared with published data, the PFS in the present study was similar to that in the study on carboplatin and paclitaxel regimen. In contrast, the response was higher, and the median OS was longer than as compared to the that in the study on carboplatin and paclitaxel. With regard to platinum-based treatments, it is controversial whether cisplatin- or carboplatin-based chemotherapy treatment is preferred for patients with thymic malignances (21, 22). These studies showed that a cisplatin-based regimen was superior to a carboplatin-based regimen with respect to the response rate and OS. However, carboplatin tended to be used in elderly patients and in patients with low performance status, and there has been no comparative trial or clear survival data. We speculate that the reason for the longer OS observed in this study was the inclusion of post-treatment regimens and the ability of patients to register in other clinical trials, such as carboplatin and paclitaxel combination therapy, S-1 (23), lenvatinib (16), and nivolumab (15). In particular, 15 patients who received S-1 showed a longer PFS (8.1 months), and 3 of these 15 patients had a long-term response of over 10 months. A recent phase II trial of S-1 as a second- or later line-regimen for 23 patients with thymic carcinoma demonstrated moderate activity, resulting in a 30.8% response rate (90% CI, 18.3–46.9), an 80.8% disease control rate (90% CI, 65.4–90.3), a median PFS of 4.3 months (95% CI, 2.3–10.3 months), and a median OS of 27.4 months (95% CI, 16.6–34.3) (23). The present study also supports the effectiveness of S-1 as a second- or later-line chemotherapy.

In the current era of molecular-targeted drugs and immuno-oncology, focusing only on a cytotoxic chemotherapy regimen is no longer necessary. Lenvatinib, a multi-kinase inhibitor that inhibits receptor tyrosine kinases such as VEGFR1 (FLT1), VEGFR2 (KDR), VEGFR (FLT4), FGFR, PDGFR, KIT, and RET FGR1, showed an objective response of 38% and a disease control rate of 95% (16). Sunitinib, a multitargeted kinase inhibitor that inhibits certain receptor tyrosine kinases, has been reported to have a moderate effect on thymic carcinoma (24). Pembrolizumab demonstrated a mild objective response (23%) with several long responders (25). Currently, chemoimmunotherapy is considered to be the optimal strategy for non-small cell lung cancer (26–30) and small-cell lung cancer (31, 32). The biological plausibility of targeted drugs for thymic carcinoma is currently unknown because there is no known biomarker for thymic carcinoma. It is important to identify the oncogenic drivers for lenvatinib and a biomarker for selecting patients that would benefit from pembrolizumab and to reduce the immunological toxicities of immunotherapy. The present milestone of chemotherapy is based on single agents for second-line chemotherapy and platinum-containing cytotoxic chemotherapy for first-line chemotherapy. In the future, finding the best combination regimen with key drugs in first-line therapy is crucial, even in rare cancers. In fact, the paradigm of immunochemotherapy focuses on the combination of other agents, including lenvatinib, in non-squamous non-small cell lung cancer (MK-7902-006/E7080-G000-315/LEAP-006) [NCT04716933]. Irinotecan and cisplatin could be considered as key drugs in combination therapy with immunotherapy or molecular-targeted drugs based on the present and previous studies.

The present study had several limitations. First, this study was a retrospective analysis of phase 2 trial data obtained from a single center. Second, we evaluated only a small number of patients. The broad range of 95% confidence interval was due to the small sample size. However, this is an unavoidable limitation as thymic carcinoma is a rare disease; therefore, the sample sizes for such studies are generally small. Moreover, given the current direction of the field with an increasing focus on immuno-chemotherapy, a detailed discussion of conventional chemotherapy for thymic malignancies is no longer be relevant. Thymic carcinoma is characterized by high expression of PD-L1; thus, immune checkpoint inhibitors may also be a key drug for this malignancy. Combination therapies including lenvatinib, pembrolizumab, or sunitinib for patients previously treated with chemotherapy for thymic carcinoma are currently being investigated, and chemoimmunotherapy is expected to become the first-line treatment in the future. However, further biological investigations to identify the origins of thymic carcinoma and potential actionable targets must continue to conquer this disease.

In summary, the combined use of cisplatin and irinotecan as first-line chemotherapy for metastatic or recurrent thymic carcinoma revealed efficacy and acceptable toxicity. Therefore, we propose that this combination chemotherapy is a feasible option as first-line chemotherapy for thymic carcinoma. However, it is important to further investigate combination chemotherapies and immunotherapies for thymic malignancies.
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Metastatic thymic carcinomas have a poor prognosis. Pembrolizumab, an anti-PD-1 antibody, has recently been evaluated for patients with metastatic thymic carcinomas progressing after at least one line of platinum-based chemotherapy. The antitumor activity of immunotherapy appears to be promising for these patients and pembrolizumab in monotherapy is actually a treatment option in second metastatic line. To the best of our knowledge, we report the first case of a patient treated for metastatic thymic adenocarcinoma with a combination of chemotherapy–immunotherapy. The patient is a 46-year-old man with metastatic thymic adenocarcinoma treated in third metastatic line with a combination of pembrolizumab plus platinum-based chemotherapy with a very good metabolic tumor response. He had a progression-free survival of 7.9 months and did not experience any severe side effects related to pembrolizumab. The association of immunotherapy and chemotherapy, as in non-small cell and small cell lung cancers, could be of interest for future therapeutic trials evaluating the survival of patients with metastatic thymic carcinoma.
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Introduction

Thymic carcinomas are a rare and heterogeneous subgroup of thymic tumors registered according to the 2015 World Health Organization (WHO) classification (1). For unresectable metastatic or recurrent tumors, exclusive chemotherapy is recommended. Standards of first metastatic line chemotherapy regimens are carboplatin area under curve (AUC) 6 + paclitaxel 200 mg/m2 (2, 3) or CAP [cisplatin (50 mg/m2), Adriamycin (50 mg/m2), cyclophosphamide (500 mg/m2)] both administered every 3 weeks intravenously (4). In a cohort of 54 patients treated by chemotherapy in first line for a metastatic thymoma or thymic carcinoma, the objective response rate was 37% for thymic carcinoma with a median progression-free survival (PFS) of 6.2 months (5).

Pembrolizumab is a humanized monoclonal antibody blocking the interaction of programmed cell death 1 (PD-1) with its ligand (PD-L1). It has been tested in two phase 2 trials for patients with thymic epithelial tumors (TETs) progressing after a first line of platinum-based chemotherapy. The median PFS was 6.1 months on a cohort of 33 patients (26 thymic carcinomas and 7 thymomas) and 4.2 months on a cohort of 40 thymic carcinomas (6, 7). These trials show encouraging results and pembrolizumab is actually a treatment option in monotherapy proposed for patient in second metastatic line with thymic carcinoma according to the National Comprehensive Cancer Network (NCCN) guidelines. There are actually no recommendations for the concomitant administration of platinum-based chemotherapy with PD-1 or PD-L1 immune checkpoint inhibitor.

We report to the best of our knowledge the first case of a patient treated in third metastatic line by chemotherapy combined with immunotherapy for a thymic carcinoma.



Case Report

The patient, a 46-year-old man, was referred in December 2019 in our institute for a mucinous thymic adenocarcinoma with enteric flexion and neuroendocrine differentiation revealed by a painful metastasis of the right humerus. He had no significant medical history and never smoked. The Eastern Cooperative Oncology Group performance status was classified as 1. The clinical examination only revealed a functional impotence of the right shoulder due to pain, requiring morphine titration. He had no paraneoplastic manifestations of his TET, especially no myasthenia gravis and no other autoimmune disorder at baseline.

His disease was classified as stage IVb according to the eighth edition of the TNM classification proposed by the International Association for the Study of Lung Cancer (IASLC) and the International Thymic Malignancies Interest Group (ITMIG) (8). Immunohistochemistry analysis showed CK-20-positive expression. TTF1, CD-5, and CD-117 expressions were negative. CD-56 and synaptophysin were positive indicating neuroendocrine differentiation. All markers suggesting a tumor of the digestive tract or urothelial tract or germ cell tumors were negative. PD-L1 expression was 2% according to the tumor proportion score (TPS). The next-generation sequencing (NGS) panel performed on the tumor sample found a BRAF V600E mutation. The imaging assessment concluded to an oligometastatic disease with three bones sites involved. Endoscopic digestive explorations did not reveal any suspicious lesions which may suggest a primary to the digestive tract.

The patient received five cycles of carboplatin–paclitaxel in the first line until April 2020 associated with analgesic irradiations of metastatic bone lesions. Given a good response to chemotherapy and the oligometastatic status, the patient benefited from radiotherapy by proton therapy delivering 60 Gy to the primary tumor after induction chemotherapy. He did not experience any side effects related to these treatments.

A second line was initiated on bone progression in August 2020 with sunitinib 37.5 mg/day, showing poor efficacy with rapid metastatic progression on bone, pleura, and adrenal gland as detected by positron emission tomography (PET/CT) in November 2020.

A third line associating carboplatin AUC 6, pemetrexed 500 mg/m2, and pembrolizumab 200 mg was then initiated intravenously every 3 weeks. After two cycles, we observed a significant reduction of pain related to bone involvement allowing morphine withdrawal. This clinical benefit was associated to a very good partial metabolic response on PET/CT from the second cycle of chemo-immunotherapy onwards. He was treated with four induction cycles of chemotherapy–immunotherapy until February 2021. Afterwards, he received a double maintenance treatment with pembrolizumab and pemetrexed every 3 weeks, with a total of 8 cycles administered every 3 weeks until August 2021 (Figure 1). Unfortunately, the PET/CT performed at this time showed a dissociated response with a multimetastatic progression (on the left pleura, right adrenal gland, retroperitoneum, and various bone sites) despite the stability of the antero-superior mediastinal mass (Figure 2). The PFS under chemo-immunotherapy was 7.9 months. The maintenance treatment was therefore discontinued and the patient was switched to a fourth line with lenvatinib.




Figure 1 | Timeline of the disease course. (A) Previous treatment modalities. (B) Third metastatic line regimen with pembrolizumab plus chemotherapy.






Figure 2 | Thoracic (top) and pelvic (middle) transaxial images and whole-body PET/CT (bottom) illustrating the morphometabolic evolution. From left to right on each image: PET/CT 11/26/2020: baseline; PET/CT 04/16/2020: partial response; PET/CT 06/18/2020: maintenance of partial response with very discrete bone progression; PET/CT 08/23/2020: left pleural, soft tissues and bone morphometabolic progression. Blue arrows: soft tissue involvement; greens arrows: pleura involvement; red arrows: bone involvement.





Discussion

Our patient presented a PFS of 7.9 months in the third metastatic line for a thymic carcinoma treated by a combination of chemo-immunotherapy by carboplatin AUC 6, pemetrexed 500 mg/m2, and pembrolizumab 200 mg intravenously every 3 weeks followed by double maintenance with pemetrexed–pembrolizumab. There is currently no recommendation to propose a combination of immunotherapy and chemotherapy for metastatic TETs. Our decision was based on the aggressiveness of the disease, the fact that this combination is a standard of care for metastatic lung adenocarcinoma, and the preexisting data on the individual efficacy of chemotherapy and anti-PD-1 therapy for thymic carcinomas. This decision was also based on manageable safety profile of this combination based on trials evaluating metastatic non-small cell lung cancer (NSCLC) (9). Our patient did not experiment any severe side effects related to chemotherapy or immunotherapy. This result is encouraging compared with patients treated in first metastatic line by chemotherapy with a median PFS of 6.2 months on the RYTHMIC prospective cohort (5).

Giaccone et al. studied 40 patients treated with pembrolizumab in monotherapy after at least one previous chemotherapy regimen. In this cohort, progression-free survival was longer in patients with high PD-L1 expression (>50% of tumor cells) than those with low or no expression (median 24 months, 95% CI 5.8–42.3 versus 2.9 months, 95% CI 1.7–4.1) (7). For metastatic NSCLC, the benefit of the combination of chemotherapy and immunotherapy is found in patients with PD-L1 >50% and also with lower PD-L1 expression (9, 10). These results should be evaluated for TETs in dedicated trials to select the population benefiting from chemo-immunotherapy in this type of tumor. The benefit obtained by our patient with a PD-L1 of 2% seems to suggest that the benefit of chemo-immunotherapy is not limited to patients with a PD-L1 >50% for metastatic thymic carcinomas.

BRAF mutation is known as an oncogenic addiction with significant immunogenicity in patients with NSCLC (11). This is considered to be more significant for non-V600E BRAF mutations. Indeed, in the IMMUNOTARGET database, non-V600E mutations tended to be associated with better response rates and PFS than V600E mutations, likely due to its epidemiologic association with tobacco use compared with V600E patients (12). Our patient had a BRAF V600E mutation which may have been a factor influencing the good therapeutic response observed.

There are currently several published or ongoing trials evaluating the use of immunotherapy in the management of TETs. Published trials evaluate immunotherapy as monotherapy after at least one line of systemic treatment. Ongoing trials are evaluating doublets of immunotherapy or combinations of immunotherapy with antiangiogenic agent or chemotherapy (Table 1). The benefits of immunotherapy in the management of TETs seem promising, and in the coming years, it could have an important place in the management of first-line metastatic and even non-metastatic patients.


Table 1 | Completed and ongoing trials evaluating immunotherapy in thymic epithelial tumors.



Particular attention should be taken for patients with metastatic TETs with frequent autoimmune myasthenia gravis associated with the diagnosis of their disease. A pre-immunotherapy autoimmune checkup should be carried out systematically, and treatment by immunotherapy should probably not be introduced in case of myasthenia gravis requiring specific treatment.

The combination of anti-PD-1 plus platinum-based chemotherapy appears to be an interesting therapeutic option which should be evaluated for metastatic thymic carcinoma in dedicated prospective trials.
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CD70 – a ligand protein of CD27 on lymphocytes – is expressed in a large spectrum of malignancies. It is an attractive target for antibody-based therapy and several clinical trials are currently being conducted. However, there is no evidence regarding the expression of CD70 and its relationship with expression of programmed death ligand-1 (PD-L1) and CD27+ tumor-infiltrating lymphocytes (TIL) in formalin-fixed paraffin-embedded (FFPE) tissues of thymic tumors. FFPE tissues of thymic squamous cell carcinoma (TSCC) (operative specimens, n = 31; biopsy specimens, n = 11), thymoma (n = 60), thymic carcinoid (n = 3), and lung squamous cell carcinoma (LSCC) (n = 30) were analyzed immunohistochemically. Immunoreactivity for CD70 was semi-quantitatively scored according to the proportion of positive tumor cells. Moreover, the densities of CD27-positive intratumoral TIL (iTIL) and stromal TIL of TSCC were assessed and survival was compared. Most TSCC cases (87%; 27/31) were CD70-positive. In contrast, all thymoma and thymic carcinoid cases were CD70-negative. In LSCC cases, CD70-positivity was significantly lower than TSCC cases (20%; 6/30). Biopsy and resected specimens obtained from the same patients demonstrated a consistent staining pattern (6/6 patients). The proportion of CD70-positive TSCC was comparable with those of CD5 (87%) and CD117 (90%). Correlation between CD70 and PD-L1 expression score was observed. There was no significant difference in survival between the CD70-high and CD70-low expression groups. Meanwhile, patients with CD27-positive iTIL-high tumors exhibited better survival than those with iTIL-low tumors. This tendency was weaker in the CD70-high subset. CD70 immunohistochemistry is useful in diagnosing TSCC. CD70 may prevent anti-tumor immunity via CD27. Immunotherapy targeting the CD70–CD27 axis may be a promising option for the treatment of TSCC.
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Introduction

CD70 belongs to the tumor necrosis factor family of proteins and acts as a ligand of CD27. Thymic epithelium and activated T-cells and B-cells are known to express CD70 (1), which promotes differentiation to effector or memory T-cells by expressing CD27 on lymphocytes (2). CD70–CD27 pathway is demonstrated to promote survival of FOXP3-positive regulatory T-cells (3). Hematological malignancies and solid tumors have also been shown to express CD70, leading to the development of antibodies against CD70 as therapeutic agents (4–6).

Thymic carcinoma is a rare disease, accounting for 14% of thymic epithelial tumors according to the International Thymic Malignancy Interest Group database (7). Thymic squamous cell carcinoma (TSCC), which accounts for the majority of thymic carcinoma cases, has some histological mimickers, such as type B3 thymoma and lung squamous cell carcinoma (LSCC). Immunohistochemical (IHC) analysis of CD5, CD117 (KIT), GLUT-1, and MUC1 is useful in differentiating TSCC from type B3 thymoma (8–19). In addition, CD5 and CD117 are helpful in distinguishing TSCC from LSCC (13, 14, 18).

Using IHC analysis in a limited number of frozen TSCC sections, we previously demonstrated that positive staining for CD70 was observed frequently in neoplastic epithelial cells of TSCC, unlike in those of thymoma and LSCC (20). Recently, an anti-CD70 antibody for formalin-fixed, paraffin-embedded (FFPE) tissues became commercially available; however, the diagnostic value of this antibody in TSCC is currently not well documented.

Programmed death ligand-1 (PD-L1) interacts programmed death-1 (PD-1) and inhibits antitumor immunity by T-cells. PD-L1 and PD-1 have become established targets of immunotherapy for various types of cancer. Several clinical trials of immune checkpoint inhibitors targeting PD-1/PD-L1 axis for thymic epithelial tumors have been conducted (21–23). These reagents seemed effective especially in thymic tumor with high-PD-L1 expression (21, 22).

Tumor-infiltrating lymphocytes (TIL) have been associated with favorable prognosis in various types of solid tumors (24–30). CD27-positive TIL are indicated to correlate with activated T-cell response in non-small cell lung cancer and renal cell carcinoma, both of which are known as CD70-expressing tumors (6, 31–33). However, currently, no studies examine the CD27+ TIL status in thymic carcinoma.

In the present study, we performed an IHC analysis for CD70 in TSCC and compared the results with those obtained in thymoma and LSCC. We also assessed the correlation between CD70 and PD-L1 expression in TSCC tissue. In addition, the correlation of the CD70-positivity of tumor cells and CD27-positive TIL on survival was analyzed.



Materials and Methods


Tissue Preparation and Patient Characteristics

TSCC (n = 31), thymoma (type A: n = 5, type AB: n = 20, type B1: n = 9, type B2: n = 9, type B3: n = 17), thymic carcinoid (n = 3), and LSCC (n = 30) resected at a single institution between 1987 and 2017 were analyzed retrospectively. Metastatic squamous cell carcinoma is excluded with clinical information. Biopsy specimens of TSCC (n = 11) and LSCC (n=12) were also analyzed. The diagnosis was based on hematoxylin and eosin staining of FFPE tissues. In addition, the diagnosis was reviewed and confirmed by two pathologists (J.K. and T.H.) according to the 4th Edition of the World Health Organization Classification of Tumours of the Lung, Pleura, Thymus & Heart. The clinical characteristics of the patients were retrospectively obtained from the electronic medical records. Written informed consent was acquired from the patients. This study was approved by the Institutional Review Board of the Tokyo Metropolitan Cancer and Infectious Diseases Center Komagome Hospital (approval number: 2120).



IHC Evaluation

FFPE tissues were subjected to IHC analysis. Sections (3.5 μm in thickness) were cut and stained with the avidin–biotin–peroxidase complex method using the ABC Elite Kit (Vector, Burlingame, CA, USA). The antibodies used in this study were CD70 (clone 301731, R&D Systems, Minneapolis, MN, USA; 1:50 dilution), CD5 (4C7, Leica Biosystems, Wetzlar, Germany; 1:70 dilution), CD117 (YR145, Epitomics, Burlingame, CA, USA; 1:2,000 dilution), PD-L1 (E1L3N, Cell Signaling, Danvers, MA, USA; 1:100 dilution), CD8(C8/144B, Nichirei, Tokyo, Japan; 1:100 dilution), FOXP3 (236A/E7, Abcam, Cambridge, UK; 1:150 dilution), and CD27 (HPA038936, Sigma-Aldrich, St. Louis, MO, USA; 1:50 dilution). To evaluate the positivity of each marker, the proportion of positive cells in random spots was estimated and graded as follows: CD70: score 0 (<1% positivity), score 1 (1–25% positivity), score 2 (26–50% positivity), score 3 (51–75% positivity), or score 4 (76–100% positivity); PD-L1: score 0 (<1% positivity), score 1 (1–49% positivity), or score 2 (50–100% positivity). Intratumoral TIL (iTIL) and stromal TIL (sTIL) were defined as infiltrating lymphocytes within tumor nests and tumor stroma, respectively. The average counts (cells per mm2) of CD8-, FOXP3-, and CD27-positive iTIL and stromal sTIL in triplicate high-magnification images obtained with Nikon DS-Ri2 (Nikon, Tokyo, Japan) and counted with NIS-Elements D Imaging Software (Nikon, Tokyo, Japan).



Gene Expression Analysis

Analysis of gene expression was performed with real-time quantitative reverse transcriptase polymerase chain reaction (RT-PCR) using first-strand cDNA derived from RNA isolated from frozen tissues of TSCC (n = 12) and thymoma with few non-neoplastic lymphocytes (type A: n = 4, type B3: n = 5), as described previously (30). SYBR green sequence detection reagents (Applied Biosystems, Foster City, CA, USA) and sense and anti-sense primers were used. All reactions were performed in duplicate. The CD70 primers used were as follows: F, gctgctttggtcccattggtcg (exon 1); R, gaggtcctgtgtgattcagctg (exon 2/3 junction; 141-bp product). Reaction products were assayed on a LightCycler 480 Real-Time PCR Instrument (Roche Diagnostics, Rotkreuz, Switzerland) and the PCR product was measured in real time as the increase in SYBR green fluorescence. Data were analyzed using the LightCycler 480 Software version 1.5 (Roche Diagnostics). The CD70 copy number was standardized against the β-actin copy number in each sample.



Survival Analysis

Survival was defined as the period from tissue acquisition of TSCC to death by any cause. We adopted only overall survival to see the prognostic value of CD70 and other immune-related factors in limited number of patients for two reasons. First, more than 40% of the patients enrolled in this study had stage IVa or IVb diseases, and many of them received palliative-intent surgery. Moreover, our study also enrolled patients with thymic carcinoma resected almost 30 years ago, when the following-up frequency after surgery and available images were heterogenous, which might have biased progression free survival. One case was excluded from survival analysis due to the lack of data. We compared the survival of patients with TSCC between two groups defined according to the CD70 IHC score (CD70-low: IHC score 0 or 1; CD70-high: score 2, 3, or 4), the number of CD27-positive iTIL (iTIL-low: iTIL<median; iTIL-high: iTIL≥median), and the number of CD27-positive sTIL (sTIL-low: sTIL<median; sTIL-high: sTIL≥median).



Statistical Analysis

Tumor positivity, revealed by IHC (i.e., the proportion of tumors with a CD70 IHC score ≥1), was compared between TSCC and LSCC using Fisher’s exact test. Relation between CD70 and PD-L1 positivity score, and between CD8, FOXP3 and CD27-positive TIL were assessed using Spearman’s rank correlation test. Quantitative comparison of CD70 expression determined by RT-PCR between thymoma and TSCC, and comparison of TIL levels between CD70-high and low TSCC were performed using the Mann–Whitney U-test. Survival curves were generated using the Kaplan–Meier method. The univariate Cox proportional hazards regression model was employed to assess the hazards ratio according to age, while the log-rank test was used for categorical values (Masaoka–Koga staging, CD70-low/high, CD27-positive iTIL-low/high, and sTIL-low/high). Factors with p < 0.10 were included in the multivariate analysis. Subsequently, a multivariate Cox proportional hazards regression model was employed to estimate the relationship between variables and survival. A p-value < 0.05 denoted statistical significance. All calculations were performed using the R version 3.3.3 (Vienna, Austria).




Results


Patient Characteristics

The characteristics of patients with TSCC and thymoma are summarized in Table 1. A total of 31 patients with TSCC underwent surgical tumor resection. Of those, six patients also underwent biopsies prior to surgery. Notably, five patients with advanced disease underwent only biopsy. The cases with notable lymphocyte infiltration underwent Epstein-Barr virus encoded small RNA in situ hybridization to confirm the diagnosis of TSCC. None of the patients received immune checkpoint blockade after surgery.


Table 1 | Patient characteristics.





IHC Analysis of CD70, CD5 and CD117


CD70 in the Healthy Thymus

The immunoactivity of CD70 was detected as coarse-granular staining in scattered medullary epithelial cells or dendritic cells, which are indistinguishable from each other morphologically, of the adult thymus (Figures 1A, B). In contrast, thymocyte and epithelial cells in the cortex or subcortex did not show CD70 staining.




Figure 1 | Normal adult thymus tissue stained with anti-CD70 antibody. Thymic medullary epithelial cells or dendritic cells were positive for CD70 (A, B). Immunostaining of CD70 in thymic squamous cell carcinoma (TSCC) (C).  CD70-positivity was scored according to the proportion of positive tumor cells (score 0: <1%; score 1: 1–24%; score 2: 25–49%; score 3: 50–74%; score 4: 75–100%). Schematic summary of immunohistochemical analysis (D).The numbers indicate the positive cases of each staining. The numbers in the parentheses are the total number of the positive cases. Immunostaining of CD70 (score 4), CD5 and CD117 in TSCC (E).  In contrast, thymoma showed the absence of CD70 expression (F). The CD70 score in lung squamous cell carcinoma was relatively low.





IHC Analysis in TSCC, Thymoma, and LSCC

The immunostaining of CD70 in TSCC is shown in Figure 1C. Most TSCC (87%, 27/31) showed a score ≥1 for positivity: score 1: 12 cases (39%); score 2: four cases (13%); score 3: eight cases (26%); and score 4: three cases (10%) (Table 2 and Figure 1C). The majority of CD70-positive TSCC revealed a coarse-granular pattern similar to that observed in the normal thymus. A minority of TSCC showed both granular and membranous staining patterns. CD5- and CD117-positive cases accounted for 87% (27/31 patients) and 90% (28/31 patients) of TSCC, respectively (Figures 1D, E). Twenty-nine cases (94%) were positive for at least two of the markers.


Table 2 | Immunohistochemical analysis of CD70 in surgical specimens.



On the other hand, all cases of thymoma and thymic carcinoid were negative for CD70. Six of 30 LSCC were CD70-positive; however, the score was ≤2 and the staining pattern showed intratumoral heterogeneity (Figure 1F).

In addition, the diagnostic utility of CD70 IHC analysis in small biopsy specimens were assessed, because score 1 positivity was observed in as many as 39% of operative specimens. A large proportion of TSCC was immunoreactive for CD70 (81%), CD5 (91%), and CD117 (100%). Six patients underwent both biopsy and resection of TSCC, and all specimens (biopsy and resection) were CD70-positive (Table 3). On the other hand, only one biopsy specimen of LSCC was positive for CD70 (8.3%), and the positivity was significantly lower compared to TSCC (p < 0.001).


Table 3 | CD70, CD5, and CD117 immunostaining concordance between surgical and biopsy specimens.






Gene Expression Analysis of CD70 by RT-PCR

The mRNA extracted from frozen tissues of TSCC (n = 12) and thymoma (type A: n = 4; type B3: n = 5) was quantified using RT-PCR for CD70 (Figure 2). The expression levels of CD70 in TSCC were significantly higher than those observed in thymoma (p < 0.001). This finding was consistent with the IHC score.




Figure 2 | CD70 expression analysis using real-time reverse transcriptase polymerase chain reaction (RT-PCR). A, type A thymoma; B3, type B3 thymoma; C, thymic squamous cell carcinoma; TSCC, thymic squamous cell carcinoma.





Association Between Tumor CD70/PD-L1 Expression and FOXP3/CD27-Positive Lymphocytes

PD-L1 was positive (≥1%) in 74% of TSCC (Supplementary Table 1). Tumors with high PD-L1 score tended to have high CD70 score (p = 0.013). Some tumors were diffusely positive for both PD-L1 and CD70; however, distribution of PD-L1 positive cells and that of CD70 positive cells did not seem correlated.

CD27 was scantly stained in a small proportion of lymphocytes infiltrating the thymoma. In contrast, in TSCC, CD27-positive lymphocytes were observed in tumor nests and rather prominent in the fibrous stroma (Figure 3A). Correlation between the number of CD8-positive TIL and that of CD27-positive TIL, and correlation between the number of FOXP3-positive TIL and that of CD27-positive TIL were observed (Supplementary Table 2). Neither the number of CD8, FOXP3, nor CD27-positive TIL showed difference between CD70-high and low tumor, whereas the number of FOXP3-positive iTIL in CD70-high TSCC was slightly higher than CD70-low (p = 0.07, Supplementary Table 3). On the other hand, significant correlation was observed between PD-L1 score and the level of CD27-positive iTIL (Table 4).


Table 4 | Correlation between CD27-positive TIL and PD-L1 expression.





Survival Analysis of Patients With TSCC

We compared the postoperative survival of patients with TSCC between the CD70-high and CD70-low groups. Patient characteristics are shown in Supplementary Table 4. The median survival time in the CD70-high and CD70-low groups was 74 and 101 months, respectively. There was no significant difference in survival observed between the two groups (p = 0.53, Figure 3B).




Figure 3 | CD27 staining of thymic squamous cell carcinoma (A). CD27-positive intratumoral tumor-infiltrating lymphocytes (iTIL, arrow) and stromal TIL (sTIL, arrowhead). Overall survival of patients with thymic carcinoma according to the CD70 expression status (B), the number of CD27-positive iTIL (C) and sTIL (D). Stratified survival curve in the CD70-low group (E) and CD70-high group (F). x-axis: days.



On the other hand, patients with CD27-positive iTIL-high tumors were associated with longer survival than those with iTIL-low tumors (p = 0.024, Figure 3C). Moreover, the CD27+ sTIL-high and -low groups showed a slight, non-statistically significant difference in the survival curve (p = 0.096, Figure 3D).

PD-L1 expressional score neither showed potential for stratification of survival in the cohort (median overall survival: 74.0 months in score 0, 68.5 months in score 1, and 89.7 months in score 2, p=0.97).

The univariate Cox proportional hazard model for all clinicopathological variables revealed that the Masaoka–Koga stage IV, FOXP3-positive sTIL and CD27-positive iTIL status showed p-value <0.10 (p = 0.022, p = 0.008 and p = 0.033, respectively) (Supplementary Table 5), while high PD-L1 expression (≥50%) did not show significant correlation with survival (p = 0.88). Neither Masaoka–Koga stage IV, FOXP3-positive sTIL or CD27-positive iTIL status was shown to be statistically significant in the multivariate analysis (p = 0.24, p = 0.36 and p = 0.73, respectively) (Supplementary Table 6).

Preferable survival of iTIL-high tumor seemed more obvious in the CD70-low group than in the CD70-high group. However, the difference observed between these two subsets was not statistically significant (p = 0.12 and p = 0.15, respectively) (Figures 3E, F).




Discussion

In this study, using IHC analysis of FFPE tissues, we showed that CD70 was expressed in 87% of TSCC. The percentage of TSCC with >50% (score 3 and 4, 36%) was consistent with a recent study by Flieswasser et al., whereas the sample size of our study is six times as large (34). In contrast, all cases of thymoma were negative for CD70. We also demonstrated good agreement with IHC score and mRNA expression levels of CD70 by quantitative RT-PCR in TSCC and thymoma. These results indicate that CD70 can be utilized as a specific marker discriminating TSCC from thymoma.

The IHC analysis revealed the characteristic staining pattern (coarse-granular or membranous) observed in CD70 (Figure 1). Notably, CD70 has been shown to be expressed in the thymic medulla (3, 20). The current study showed a consistent expression of CD70 in the normal thymic medulla adjacent to the tumor, which was also retained in <1% of tumor cells observed in the medullary island of type B1 thymoma. Thus, CD70 is one of the specific markers of medullary differentiation, along with CD40 and claudin-4 (35).


Diagnostic Potential of CD70 IHC

Positivity for CD5 and CD117 was similar to that observed for CD70. The present findings are consistent with those reported in our previous study involving IHC analysis of CD70 in frozen sections (20). All cases of thymoma were negative for CD70. Previous studies showed that 0–7% and 0–18% of thymoma were positive for CD5 and CD117, respectively (9, 10, 12, 13, 16, 18, 36). Although the percentage of CD70 positive cells in each case was rather small, the sensitivity and specificity of CD70 in distinguishing TSCC from thymoma are comparable with those of CD5 and CD117.

In the present study, 20% of LSCC cases were positive for CD70. This percentage is similar to that reported in a previous study of LSCC (27%) (6). CD5 and CD117 are utilized as diagnostic markers of TSCC; however, LSCC occasionally expresses CD5 (0–15%) or CD117 (6.2–20%) (18, 37). In the present study, we observed one CD70-positive and CD5/CD117-negative case. These findings indicate that each marker does not independently enable complete discrimination between TSCC and LSCC. Combining IHC analyses of CD70, CD5, and CD117 might enhance the diagnostic ability, while it needs larger scale studies to confirm.

Morphological analysis using biopsy specimens is sometimes limited due to the amount of tissue. In this study, all six biopsy specimens from the patients whose surgical specimens was CD70-positive were also positive for CD70. In addition, the CD70-positivity in biopsy specimens of LSCC was significantly lower than that of TSCC. Although the sample size was small, these results may imply that adding CD70 to the IHC panel has a potential to improve the specificity and sensitivity of TSCC diagnosis, especially when biopsy is the only source of tumor tissue.



Biological Meaning of CD70 and CD27 Expression in TSCC Tissue

The CD27-positive iTIL-high group exhibited significantly longer overall survival than the CD27-positive iTIL-low group. The sTIL-high and -low groups also showed a similar difference. These results are consistent with those of previous studies showing a favorable prognosis in solid tumors, including thymic carcinoma, with high numbers of TIL (24–30, 38). The number of CD8-positive TIL, on the other hand, was not significant prognostic factor in the univariate analysis. The effector T-cell response associated with CD27-positive TIL might partially explain the phenomenon as previously discussed (31). We also showed that the survival curves of the CD27-positive iTIL-high and -low groups became closer in the CD70-high subset. This trend suggests that CD70 expressed in tumor tissue represses anti-tumor immunity via CD27. In the meantime, CD27 is known to be cleaved off when interacted by CD70 (32). Therefore, another possible explanation for the trend and for the irrelevance between CD70 score and CD27+TIL is that CD27-positive iTIL-low subset of CD70-high cases may be a mixture of those with TIL-low cases and with activated CD27-CD70 axis.

Previous studies revealed the aberrant expression of CD70 in several hematological malignancies and solid malignant tumors, including lung cancer, renal cell carcinoma, glioblastoma osteosarcoma, nasopharyngeal carcinoma and ovarian carcinoma (6, 39–44),. The role of the CD70–CD27 axis in anti-tumor immunity is controversial. In physiological conditions, CD70 is expressed transiently in lymphocytes and dendritic cells and affects its receptor, CD27, leading to differentiation into effector or memory T-cells (2). On the other hand, the constitutive expression of CD70 observed in chronic viral infection and lymphoma leads to immune exhaustion (45, 46). Moreover, the expression of CD70 in renal carcinoma cell lines induces apoptosis of lymphocytes (47). We could not detect the significant difference between CD70-high and -low tumor in the levels of CD8-positive TIL or FOXP3-positive TIL; however, the number of FOXP3-positive iTIL in CD70-high TSCC was marginally larger than CD70-low TSCC. This result may reflect activation of CD70–CD27 axis and subsequent maintenance of regulatory T-cells. The impact of the amount of such TILs in TSCC to patient survival is still unclear. We suspect that CD70-expressing tumor induces immune suppressed state via CD70–CD27 pathway, which warrants further studies to confirm.



CD70 as Immunotherapeutic Target

Some anti-CD70 reagents have been developed for cancer. For example, SGN-CD70A underwent phase I trial in CD70-positive renal cell carcinoma patients (48). In addition, CD70 expression on malignant pleural mesothelioma and lower CD27–positive TIL accumulation are reported to correlate with poor prognosis (49). The present study showed that the survival curves of the CD27-positive iTIL-high and -low groups became closer in the CD70-high subset. This implies that CD70-targeted reagent may be beneficial for TSCC patients.

PD-L1 expression levels in thymic epithelial tumors and the correlation between survival have been examined in some studies but the results varied (50–53). Our study demonstrated no evident correlation between PD-L1 score and survival. It may be derived from small sample size, while PD-L1 expression alone might not be prognostic factor in thymic carcinoma patients who did not receive immunotherapy.

Patients with thymoma/thymic carcinoma have been shown that those with high-PD-L1 expression (>50% of tumor cells) appeared to have responded better to pembrolizumab (an anti-PD-L1 reagent), compared to those with low-PD-L1 expression (21, 22). Our result showed that CD70 and PD-L1 expression is correlated in TSCC. Therefore, combination of anti-CD70 and anti-PD-L1 reagents may be beneficial for many of the TSCC patients with high-PD-L1 expression. In addition, low-PD-L1 expression TSCC tended to have lower CD70 score and lower number of CD27-positive iTIL. In such cases, CD27-agonsitic treatment which is expected to facilitate immunity may be beneficial.

Chimeric antigen receptor (CAR) T cell therapy has achieved great success in the　treatment of several hematologic malignancies. Recent evidence revealed that CAR T cells targeting CD70 could inhibit the growth of glioma (54), head and neck squamous cell carcinoma (55), and multiple solid tumors (56) as well as hematologic malignancies (57) in vitro and in vivo. CD70-targeting CAR T cell therapy may also be a new candidate for immunotherapy in thymic carcinoma.



Limitations

There were some limitations to our study. First, TSCC is a rare type of cancer; thus, the number of analyzed patients was small. Additional replication and collaboration studies are required. The multivariate analysis failed to show an independent survival effect of TIL or Masaoka–Koga staging, which also might partially be due to the small number of patients. Studies involving larger numbers of cases are warranted to assess the prognostic value of TIL. Second, sampling bias could not be excluded because we performed only IHC analysis in the representative specimens of each tumor. We confirmed the concordance between the staining pattern of CD70 in TSCC and expression using quantitative RT-PCR. Therefore, we suppose that a small amount of TSCC tissue may be sufficient to evaluate the expression of CD70.




Conclusion

CD70 was specifically positive in TSCC versus thymoma. In addition, in TSCC, a significantly higher positivity was observed than in LSCC. The CD70–CD27 axis is a potentially useful diagnostic marker and a promising therapeutic target.
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Somatostatin receptor 2 (SSTR2) has been shown to be expressed in a subset of neuroendocrine tumors and carcinomas and plays a role in imaging studies and guiding therapy. Patients with tumors expressing SSTR2 may be successfully treated with somatostatin inhibitors or radiolabeled somatostatin analogues. We studied SSTR2 expression in TET and correlated it with 68Ga-DOTATATE PET/CT or 68Ga-DOTATATE PET/MR results and treatment outcome. An institutional database of TET was searched for thymoma, thymic carcinoma, and thymic neuroendocrine tumor (TNET) with available resection specimens. Cases were subtyped (2021 WHO classification) and staged (8th AJCC/UICC staging). A section was stained with anti-SSTR2 antibody (clone UMB1). Percent tumor cells with membranous staining was recorded if present in ≥1% of tumor cells. Medical records were searched for 68Ga-DOTATATE PET scans and treatment. Statistical analysis was performed. Eighty patients (1969-2021) with a median age of 61.3 years (range, 19.1-87.3) (37 males, 46.3%) had thymic carcinoma (N=33), TNET (N=7), or thymoma (N=40). SSTR2 expression was identified in 29 (of 80, 36.3%) TET including 2/2 (100%) small cell carcinomas, 2/5 (40.0%) atypical carcinoid tumors, 16/23 (69.6%) squamous cell carcinomas, 2/2 (100%) lymphoepithelial carcinomas, 1/1 (100%) adenosquamous carcinoma, and 6/40 (15.0%) thymomas. SSTR2 expression in ≥50% of tumor cells (vs 1-49%) was associated with younger age (p=0.023) and shorter recurrence/metastasis-free survival (p=0.007). 68Ga-DOTATATE PET scans (N=9) revealed a Krenning score of 3 in patients with atypical carcinoid tumor, small cell carcinoma, and squamous cell carcinoma (N=1 each) with SSTR2 expression in 95, 100, and 5% of tumor cells, respectively. Scans with Krenning scores of ≤2 (N=5) were seen in tumors with no SSTR2 expression in 80% of cases and a single atypical carcinoid tumor with SSTR2 expression in 10% of tumor cells. One scan resulted as “increased uptake” was in a patient with no SSTR2 expression. In conclusion, 68Ga-DOTATATE PET scans correlated with SSTR2 expression in TET in most patients and appeared to be useful to identify patients with TET who may be amenable to treatment with somatostatin analogues. Larger studies including more patients with 68Ga-DOTATATE PET scans are necessary to independently and prospectively validate our findings.
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Introduction

Thymic epithelial tumors (TET) including thymomas, thymic carcinomas, and thymic neuroendocrine tumors (TNET) are malignant neoplasms. Although these tumors are rare, they together represent the most common solitary lesions in the prevascular mediastinum (1). Specifically thymic carcinomas and TNETs are often diagnosed at high stage and their large size and infiltration of vital organs commonly prevents complete resection. For instance, 71 to 79% of patients with thymic carcinoma present at stages III or IV and complete resection is reported in only 46 to 69% of patients with 5-year overall survival rates of 52 to 64% and disease-free survival of 41% (2–6). In TNET, the outcome depends on the histologic subtype with 5-year overall survivals of 50 to 70% for typical and atypical carcinoid tumors, 30 to 66% for large cell neuroendocrine carcinomas, and 0% with a median survival of 13-26 months for small cell carcinomas (7).

Predictive biomarkers are scarce in TET and therefore options for targetable therapy are currently very limited. Thymomas and thymic carcinomas have very low tumor mutational burdens with 0.48 mutations and 1.2 mutations/Mb, respectively with a rare thymic carcinoma reported to harbor 21.3 mutations/Mb (8–10). GTF2I mutation is the most common molecular alteration in TET, specifically in type A and AB thymomas where it occurs in 70 to 100% of cases. In contrast to thymomas, GTF2I mutation is only identified in 0 to 8% of thymic carcinomas, and has not been described in TNETs (8, 10, 11). Moreover, no therapies are currently available to target GTF2I. KIT mutations occur in 6 to 20% of thymic carcinomas although only a few tumors harbor an activating KIT mutation and therefore only some patients may benefit from receptor tyrosine kinase inhibitors (12–14). Other mutations in thymic carcinomas include TP53, CDKN2A, cyclin D1, FGFR3, and ALK among others, some of which may potentially be targetable (8, 12, 13, 15, 16). While PD-L1 expression has been identified in 27 to 80% of thymic carcinomas and 23 to 54% of thymomas, given the unique immune status of the thymic gland, immune checkpoint inhibitor treatment requires further investigation (9, 17–20). Taken together, predictive biomarkers are still strongly sought to predict tumor responsiveness of TET to targeted therapy.

Somatostatin receptor 2 (SSTR2) is a G protein-coupled cell surface receptor in the family of somatostatin receptors that has multiple roles via adenylate cyclase, calcium influx, and has effects on cell cycling angiogenesis, apoptosis, and growth factor signalling (21, 22). The activation of the receptor by extracellular ligands has been shown to lead to inhibition of cell proliferation (23). In contrast, in a study of small cell lung carcinomas in which 48% of tumors expressed SSTR2, high SSTR2 expression (defined in that study as SSTR2 expression in tumor tissue 1+ or greater or immunohistochemical score ≥ 1) was associated with worse 2-year survival when compared to low expression of SSTR2 (21). These results were largely attributed to limited stage disease and not seen in patients with extensive stage disease. The authors concluded that SSTR2 signaling in small cell lung cancer may support tumor growth and maintenance. Indeed, that study further showed that downregulation of SSTR2 leads to increased apoptosis and decreased tumor growth in small cell lung carcinoma (21).

SSTR2 has also been recognized as an imaging and treatment target in various neoplasms including neuroendocrine tumors such as paragangliomas and small cell lung carcinomas, but also other malignancies such as thyroid carcinomas, and EBV-driven and non-EBV-driven nasopharyngeal carcinomas (22, 24–26). There are two primary mechanisms by which treatment may be delivered including 1) SSTR2 analogues that rely on SSTR2 signaling-induced changes and 2) the use of SSTR2 as a targeting molecule to deliver a cytotoxic or radioactive payload in form of an antibody-drug conjugate (22). For instance, DOTATATE and DOTA-Tyr-octreotide (DOTA-TOC) are clinically available somatostatin analogues that bind to SSTR2 (26). Patients with tumors expressing SSTR2 have been shown to be successfully treated with peptide somatostatin inhibitors such as octreotide or DOTATATE (27). These agents can be linked to radionuclides like 68-gallium (68Ga) and 177-lutetium (177Lu) for both imaging and therapeutic applications respectively. For instance, Thakur et al. found that SSTR2 is higher expressed in thyroid carcinomas and medullary carcinomas than in normal thyroid tissue and most patients with metastatic thyroid cancer showed positive 68Ga-DOTATATE uptake indicating that SSTR2 is expressed by these tumors (28). Treatment of mice with 177Lu DOTATATE resulted in tumor growth reduction (28). Furthermore, in a randomized, placebo-controlled study of the somatostatin analogue lanreotide in patients with SSTR-positive (by scintigraphy) grade 1 or 2 neuroendocrine tumors with a Ki-67 proliferative index of <10% originating in the pancreas, midgut, or hindgut or of unknown origin lanreotide treatment was associated with significantly prolonged progression-free survival of 65% at 24 months when compared to 33% for the placebo group (29).

Although DOTATATE PET scans are part of the clinical workup of some TET, specifically TNETs and octreotide treatment has been used in a subset of TET including thymomas, thymic carcinomas, and TNETs, SSTR2 expression has only been studied in small case series or case reports (30–32). Furthermore, the correlation between SSTR2 expression and results of 68Ga-DOTATATE PET scans in TET is largely unknown. Therefore, we studied the expression of SSTR2 in TET and its correlation with results of DOTATATE PET scans and treatment outcome.



Methods


Patients

In this retrospective study, an institutional database of TET (1941-2021) was searched for thymoma, thymic carcinoma, and TNET from patients who underwent surgery. All cases were reviewed by a thoracic pathologist (ACR) to confirm the diagnosis. TETs were subtyped according to the 2021 WHO classification (33) and staged using the 8th AJCC/UICC staging manual (34). To avoid possible misinterpretation of SSTR2-expression on tumor cells due to potentially high numbers of SSTR2-expressing thymocytes only type A and B3 thymomas, micronodular thymomas with lymphoid stroma, thymic carcinomas, and TNETs were included in the study. Patient demographics and outcomes were recorded from medical records. Medical records were also searched for 68Ga-DOTATATE PET scans and treatment. The study was approved by the Mayo Clinic Rochester Institutional Review Board (#10-003525).



Immunohistochemistry

Formalin-fixed paraffin-embedded tissue blocks were cut at 4μm and stained with anti-SSTR2 antibody (clone UMB1, Abcam, Boston, MA). Percent tumor cells with membranous staining was recorded if present in ≥ 1% of tumor cells. The staining evaluation was modified from the evaluation used by Volante et al. (35) Similar to the evaluation system by Volante et al. no expression or focal or diffuse cytoplasmic expression of SSTR2 were regarded as negative. Membranous SSTR2 staining in 1 to 49% of tumor cells and 50 to 100% of tumor cells were considered positive. Staining intensity was noted as negative, weak, moderate, or strong.



68Ga-DOTATATE PET Scans

Available 68Ga-DOTATATE PET/CT and PET/MR scans were reviewed by a nuclear medicine physician and radiologist (GBJ) and a Krenning score was applied. Briefly, Krenning score is a qualitative measure of relative uptake of 68Ga-DOTATATE in tumors versus the physiologic uptake in the internal organs of the liver and spleen, with a Krenning score of 1 being negative and tumor activity far below liver activity, a Krenning score of 2 being mildly positive with activity slightly less than liver, a Krenning score of 3 being positive with activity higher than liver, and a Krenning score of 4 being very positive with activity above spleen. Scans were performed on GE Discovery 710, GE Discovery MI and Siemens Vision 600 PET/CT or GE Signa PET/MR scanners. Uptake was 60 minutes plus or minus 5 minutes in all patients, and the injected dose was 5.2 mCi 68Ga-DOTATATE IV +/- 10% IV.



Statistical Analysis

Continuous and ordinal characteristics were compared between SSTR2 expression groups with Wilcoxon rank-sum tests, and categorical characteristics were compared with Fisher’s exact tests. The WHO type was compared using the following compressed categories: thymoma, thymic carcinoma, and thymic neuroendocrine tumors (including small cell carcinomas and atypical carcinoid tumors). Recurrence/metastasis-free survival (RFS) and overall survival (OS) were compared between groups with likelihood ratio tests from Cox proportional-hazards regression models. Five-year RFS and OS were summarized using the Kaplan-Meier method along with 95% confidence intervals (CI). P-values less than 0.05 were considered statistically significant. All analyses were performed using SAS version 9.4 (SAS Institute Inc., Cary, NC).




Results


Patient Characteristics and Tumor Histology

Eighty patients surgically treated between 1969 and 2021 were included in the study. Demographics of the study population are summarized in Table 1. These 80 patients carried thymomas (N=40, 50%), thymic carcinomas (N=33, 41.3%), and TNETs (N=7, 8.8%). Tumor histology is detailed in Table 2.


Table 1 | Demographics, treatment, and outcome of study population.




Table 2 | Histopathologic features and expression of SSTR2 in thymic epithelial tumors.



The median age of the study population was 61.3 years with a slight female predominance (53.7%). Patients with thymoma were significantly older at time of surgery than patients with thymic carcinoma (median age [range], 64.6 years [28.1-87.3] vs 52.8 [19.1-79.6], respectively) (p=0.02) and patients with TNET (median age [range], 64.6 years [28.1-87.3] vs 44.1 [29.7-61.4], respectively) (p=0.004). There was no difference in age between patients with thymic carcinoma and patients with TNET (p=0.11). Most patients (85%) underwent complete resection. The median tumor size of resected tumors was 5.0 cm. Most tumors (52.8%) were of stage I. Additional neoadjuvant and/or adjuvant therapy was given in 42.9% of patients; 3 patients also received octreotide.

Follow up was available in 78 patients for a median of 3.1 years (range, 0.1-19.6). The outcome of patients is detailed in Table 1. Twenty-three patients had a metastasis and/or recurrence within 0.2 to 4.5 years after resection of the primary tumor (5-year rate of metastasis/recurrence, 41.3%, 95% CI: 27.4%-55.2%). Most patients (43 of 78) were alive without disease at the time of last follow-up. Ten (of 78) died due to TET. All patients who died due to disease had either thymic carcinoma or TNET. The 5-year overall survival was 68.1% (95% CI: 55.5%-80.7%).



SSTR2 Expression of Tumors

SSTR2 expression (1-100%) was identified in 29 (of 80, 36.3%) TET. Results of SSTR2 expression are detailed in Table 2. SSTR2 expression was more common among thymic carcinomas (57.6%) and TNET (57.1%) as compared to thymomas (15.0%, p<0.001) (Table 2). Furthermore, among those expressing SSTR2, there was a trend of higher expression of SSTR2 (≥ 50%) in thymic carcinomas (10 of 19, 52.6%) and TNETs (2 of 4, 50%) than in thymomas (0 of 6) (p=0.07) (Table 2).

SSTR2 expression was strong in 19 (of 29, 65.5%), moderate in 7 (24.1%), and weak in 3 (10.3%) TET. Weak expression was seen in 2 thymomas with 1% of tumor cells expressing SSTR2 and in an adenosquamous carcinoma with 5% of tumor cells expressing SSTR2.

As compared to those with lower SSTR2 expression (1-49% of tumor cells), those with ≥ 50% tumor cells expression were younger in age (p=0.023). Also, SSTR2 expression in ≥ 50% of tumor cells trended to be more common in thymic carcinomas when compared to TNET and thymoma (p=0.056). SSTR2 expression (1-100%) was more commonly seen in TET of patients with high stage (stages IIIA-IVB; 13 of 24, 54.2%) compared to patients with low stage (stage I; 8 of 28, 28.6%) tumors although that was not statistically significant (p=0.10). The distribution of tumor stage in relationship to the subtype of TET is summarized in Table 3.


Table 3 | Stage distribution of thymic epithelial tumors of the study population (N=53)a.



SSTR2 expression in ≥ 50% of tumor cells was associated with worse RFS with an estimated 5-year RFS of 11.4% (95% CI: 0%-32.5%) vs 72.7% (95% CI: 46.4%-99.0%) in patients with 1-49% of tumor cells expressing SSTR2 (p=0.007). The estimated 5-year RFS among patients with <1% SSTR2 expression was 67.8% (95% CI: 51.3%-84.3%; p=0.10 for <1% vs 1-100% SSTR2 expression). SSTR2 expression was not associated with 5-year OS (estimated 66.3% [95% CI: 34.4%-98.2%], 67.9% [95% CI: 41.7%-94.1%], 69.2% [53.5%-84.9%] for patients with ≥ 50%, 1-49%, <1% tumor cells expressing SSTR2, respectively; p=0.71 for <1% vs 1-100% SSTR2 expression; p=0.96 for ≥ 50% vs 1-49% SSTR2 expression).



Results of 68Ga-DOTATATE Scans and Correlation With Clinicopathologic Features and SSTR2 Expression

68Ga-DOTATATE PET scans were available in 9 patients. The results of the scans are presented in Table 4. Scans were available from 6 patients with TNET including 5 patients with atypical carcinoid tumor and 1 patient with small cell carcinoma. In addition, scans were available from 2 patients with squamous cell carcinoma and one patient with type B3 thymoma. In 3 patients the scan was performed at some time after resection of the primary tumor. Krenning score 3 was identified in cases of atypical carcinoid tumor, small cell carcinoma, and squamous cell carcinoma (N=1, each). The small cell carcinoma also showed strong expression of SSTR2 in 100% of the tumor cells (Figure 1), the atypical carcinoid tumor showed moderate SSTR2 expression in 95% of tumor cells and the squamous cell carcinoma exhibited strong SSTR2 expression in 5% of tumor cells. “Increased uptake” was reported in an additional squamous cell carcinoma which had 0% of tumor cell staining with SSTR2. However, that scan was not available for re-review. Krenning score 2 was identified in 2 atypical carcinoid tumors, score 1 in an atypical carcinoid tumor (Figure 2), and no uptake was seen in an atypical carcinoid tumor and the type B3 thymoma. Interestingly, while all tumors with scans showing Krenning scores 1 or 2 or no uptake had no expression of SSTR2, the atypical carcinoid tumor with no uptake on 68Ga-DOTATATE PET scan did show strong SSTR2 expression in 10% of the tumor cells. However, that scan was also not available for review.


Table 4 | Summary of patients with available DOTATATE scan.






Figure 1 | Patient #8. (A) A computed tomography scan shows a prevascular mediastinal lesion (arrow) that takes up 68Ga on a DOTATATE PET scan which was interpreted as Krenning score 3 (B). (C) The resection specimen shows sheets and nests of neoplastic cells (right side) in a background of thymic gland (left side). (D) The neoplastic cells are round with high nuclear-to-cytoplasmic ratio and high mitotic activity. The neoplastic cells are positive for keratin CAM5.2 (focal), synaptophysin, chromogranin (focal), and TTF-1 and negative for p63; Ki-67 shows a high proliferative index (stains not shown). (E) SSTR2 expression is diffuse and strong in virtually all tumor cells in a membranous and cytoplasmic expression pattern (F). Magnification, H&E x 20 (C), x 400 (D), SSTR2 x 40 (E), x 400 (F).






Figure 2 | Patient #4. (A) A computed tomography scan shows a prevascular mediastinal lesion (arrow) that shows 68Ga take up on a DOTATATE PET scan that is much lower than liver (interpreted as Krenning score 1) (B). (C) A nested neoplasm is comprised of round to oval cells with a small amount of cytoplasm and associated with focal necrosis (D, arrow). (E) There is no expression of SSTR2 in tumor cells. (F) Note SSTR2 expression in endothelial cells serving as internal control. Magnification, H&E x 40 (C), x 400 (D), SSTR2 x 40 (E), x 400 (F).



All 3 patients with Krenning score 3 were treated with octreotide; none of the other patients received a somatostatin analogue treatment. One of these 3 patients who were treated with octreotide and had an atypical carcinoid tumor was metastasis and recurrence-free for 3.3 years after neoadjuvant chemotherapy, complete resection, adjuvant radiation, and adjuvant octreotide. Another patient was treated with octreotide when the thymic squamous cell carcinoma recurred. However, the patient was only treated for 3 months at which time a breast carcinoma was diagnosed and the treatment regimen was altered accordingly. Whether her disease progressed or regressed during those 3 months is unknown. The patient with small cell carcinoma was treated with octreotide for 3 months after bone metastases had developed; however, her disease progressed and therefore she underwent chemoradiation therapy 3 months later. All 3 patients were alive with disease at last follow up. None of the patients who did not undergo a 68Ga-DOTATATE PET scan were treated with octreotide.

Both lymphoepithelial carcinomas which were EBV-associated showed strong and diffuse expression of SSTR2. A poorly differentiated squamous cell carcinoma with marked tumor infiltrating lymphocytes, morphologically reminiscent of a lymphoepithelial carcinoma but without EBV association also showed expression of SSTR2 in 90% of tumor cells. These cases are detailed in Table 4. Results of DOTATATE PET scans are also detailed in Table 4.




Discussion

Our study of 80 retrospectively collected TET including 33 thymic carcinomas and 7 TNETs revealed expression of SSTR2 in all thymic small cell carcinomas, lymphoepithelial carcinomas, and the single adenosquamous carcinoma, three-fourths of thymic squamous cell carcinomas, and 40% of atypical carcinoid tumors. Indeed, significantly more thymic carcinomas and TNETs expressed SSTR2 than thymomas. In slightly more than half of thymic carcinomas and TNETs SSTR2 was expressed in 50% or more tumor cells. In contrast, SSTR2 was only expressed in 15% of type A and B3 thymomas and micronodular thymomas with lymphoid stroma with expression in 5% or less of tumor cells. We also found that in all patients in whom a 68Ga-DOTATATE PET scan was available and the Krenning score was 3, the TET also expressed SSTR2 while in almost all cases of 68Ga-DOTATATE PET scan Krenning score 1 or 2 the tumor was negative for SSTR2 expression. Our results indicate that 68Ga-DOTATATE PET scan may serve as a screening tool for SSTR2 expression in TET although confirmation of SSTR2 expression in a resection specimen may reveal an occasional TET that is negative on 68Ga-DOTATATE PET scan. Our results suggest that at least a subset of thymic carcinomas and TNETs may be responsive to somatostatin analogue treatment or SSTR2 antibody-drug conjugates while type A and B3 thymomas and micronodular thymomas with lymphoid stroma are less likely to express SSTR2 and may not respond to such treatments.

Despite our findings of low SSTR2 expression in thymomas, literature has suggested that thymomas may show response to treatment with octreotide. For instance, in a study of 15 patients with unresectable or locally recurrent thymoma and 2 patients with thymic carcinoma at Masaoka stage III who had a positive octreotide scan and who were treated with octreotide and prednisone, a treatment response was found in 15 (88%) patients with a median reduction of tumor volume of 51% after 12 weeks of treatment; subsequent complete surgical resection was achieved in 9 (52%) patients (30). No response was observed in one of the carcinomas and a single AB thymoma. However, it is not clear whether the observed response in that study was indeed due to octreotide, a combined effect of prednisone and octreotide or a prednisone-only effect as studies have shown that prednisone by itself may lead to reduction in tumor volume of thymomas (36). In a similar study of 16 patients with advanced thymoma (N=10), thymic carcinoma (N=3), and thymic small cell carcinoma (N=3) unresponsive to conventional chemotherapy and positive octreotide scan, treatment with octreotide and prednisone resulted in a response rate of 37% with 1 complete response, 5 partial responses and 6 stable diseases (31). In a third clinical trial including patients with invasive, recurrent, or metastatic thymoma (N=32), thymic carcinoma (N=5), and thymic carcinoid tumor (N=1) not amenable to curative therapy and positive octreotide scan, all patients were treated with octreotide for 2 cycles (32). Patients with complete or partial response would continue to be treated with octreotide, patients with stable disease received prednisone and octreotide and patients with progressive disease were removed from the study. Two (5.3%) patients had complete response and 10 (25%) had partial response with an overall response rate of 30.3%. Fourteen (36.8%) patients had stable disease. Of 38 patients treated with octreotide alone, only 4 (10.5%) had a partial response. In 21 patients in whom prednisone was added there were 2 complete and 6 partial responses. All responses occurred in patients with thymoma. While these studies did not investigate the expression of SSTR2 in the tumor tissue, conceivably thymomas did express SSTR2 given the positive octreotide scans and the response to octreotide treatment in a small subset of patients. However, since tissue was not examined for SSTR2 expression in these thymomas it remains unclear whether SSTR2 was expressed in thymocytes, tumor cells or both. That may be one of the reasons for the discrepancy with our findings as we only included thymomas that were rich in neoplastic cells and either lacked or contained very few thymocytes. Furthermore, because none of the studies disclosed how many patients had undergone octreotide scan before patients were selected for these trials the incidence of SSTR2 expression in thymomas could not be estimated.

Both of our lymphoepithelial carcinomas, which were associated with EBV, showed strong and diffuse expression of SSTR2. This finding is consistent with a recent study by Lechner et al. that showed that in EBV-driven nasopharyngeal carcinomas the expression of SSTR2 is induced by EBV latent membrane protein 1 via the NF-κB pathway (23). Indeed in that study 252 of 311 (81%) nasopharyngeal carcinomas expressed SSTR2 and SSTR2 expression was enriched in EBV-positive and in non-keratinizing nasopharyngeal carcinomas. Similarly, Viswanathan et al. in a study of primary, recurrent, and/or undifferentiated nasopharyngeal carcinomas, showed multifocal to diffuse strong SSTR2 expression in 90% of tumors including 8 of 9 EBV-associated and one EBV-negative nasopharyngeal carcinoma (37). While one HPV-positive sinonasal carcinoma also showed patchy SSTR2 staining, the remaining HPV-positive sinonasal carcinomas, HPV-positive oropharyngeal squamous cell carcinomas, or oral cavity head and neck squamous cell carcinomas did not reveal any significant SSTR2 staining. Similarly, SSTR2 expression and 68Ga-DOTATATE uptake were observed in pulmonary lymphoepithelial carcinomas which also were associated with EBV (23, 38). However, not all carcinomas and TNETs that expressed SSTR2 in our and other studies were EBV-related and therefore other pathways for expression of SSTR2 must exist in these tumors. Interestingly, one of our study cases, a poorly differentiated thymic squamous cell carcinoma with marked lymphocytic tumor infiltrate at least suggestive of lymphoepithelial carcinoma but without EBV expression also showed strong and diffuse expression of SSTR2.

SSTR2 has been shown to be expressed in a subset of neuroendocrine tumors. A study by Popa et al. suggested that SSTR2 expression may be more common in low grade than in high grade neuroendocrine tumors (39). That study showed that 96% of G1, 71% of G2 and only 23% of G3 tumors expressed SSTR2. In addition, only 33% of neuroendocrine carcinomas were SSTR2 positive which was significantly lower than in well differentiated neuroendocrine tumors. We could not confirm that finding in TNETs as we found that only 40% of atypical carcinoid tumors expressed SSTR2 while 100% of small cell carcinomas expressed that marker. However, our overall number of TNETs was low which could have at least contributed to that discrepancy.

Evidence also suggests that SSTR2 expression may be more common in early than in late tumor stages in neuroendocrine tumors. In the study by Popa et al. of gastrointestinal neuroendocrine tumors, SSTR2 expression was 100% in tumors of early stage while only 56% of advanced stage tumors expressed SSTR2 (39). Interestingly, in our study SSTR2 expression was overall more commonly seen in advanced stage tumors (stages IIIA, IVA, IVB) than in stage I tumors although there was no statistically significant difference. However, that finding may have been biased by the case distribution as carcinomas and TNET were more commonly of high stage while thymomas were of low stage in our study. In addition, most of our cases were not neuroendocrine tumors in contrast to the study by Popa et al. Unfortunately, we were not able to compare the expression of SSTR2 between low and high stage for thymic carcinomas and TNETs separately due to the relative low number of cases.

In 9 of our cases 68Ga-DOTATATE PET scans were available. The results of the 68Ga-DOTATATE PET scans appeared to correlate with the expression of the SSTR2 protein by immunohistochemistry. Indeed in 2 patients with Krenning score of 3 tumors showed strong and diffuse SSTR2 expression. A third patient with a scan of Krenning score 3 had strong SSTR2 expression in 10% of tumor cells. In contrast, all cases with Krenning score 2 and lower had no SSTR2 expression in tumor cells except one atypical carcinoid tumor in which the scan reportedly did not show any uptake but the tissue showed moderate expression of SSTR2 in 10% of tumor cells. A potential reason for that apparent discrepancy may be that standard uptake value (SUV) per voxel is used to create a PET scan in 3D. SUV is a mathematical best estimate of how much radiotracer is in each voxel at a given point in time. In the case of a 68Ga-DOTATATE PET scan the point in time is 60 minutes after injection. SUV is not a direct measure of how many tumor cells express SSTR2. Nor is SUV a measure of how many copies of SSTR2 are expressed on a given cell. SUV is a measure of both and other factors as well. SUV is a measure of radiotracer per voxel, which is likely correlated to the amount of SSTR2 expressed on cells in a voxel. Therefore, if the tumor cells expressing SSTR2 are spread out in 3D space, perhaps due to dead cells, extracellular fibrosis or other structures in the voxel, the SUV will go down, and as such the Krenning score will go down. Our findings of the correlation between 68Ga-DOTATATE PET scan and SSTR2 expression in tissue are supported by the study by Lechner et al (23) of nasopharyngeal carcinomas. In that study the authors found a significant correlation between SSTR2 expression levels and uptake of 68Ga DOTATATE suggesting that this imaging modality may have potential as a noninvasive marker to monitor SSTR2 expression and as a target for SSTR2 receptor-targeted radionuclide therapy. This was also shown in an earlier study by Miederer et al. that evaluated a variety of neuroendocrine tumors of the gastrointestinal and pancreatobiliary tract, lung, thyroid, and thymoma and confirmed that the SUV of the 68Ga-DOTATATE scan correlated with the score of SSTR2 expression in the respective tissue (40). In a study of lung neuroendocrine tumors, SSTR2 expression in tissue correlated with octreotide scintigraphy in 71% of cases (41).

In our study, age was associated with SSTR2 expression in that patients with TET that expressed SSTR2 in at least 50% of the tumor cells were significantly younger than patients with TET that expressed SSTR2 in 1-49% of tumor cells. While this appears to be a new finding it may, at least in part, be because patients with thymic carcinomas and TNETs were younger than patients with thymoma and SSTR2 was more commonly expressed in thymic carcinomas and TNETs than in thymomas. A multivariate analysis could not be performed given the relative low number of patients.

Our study has several limitations. Although this is one of the largest case series of TET, the overall number of patients who had a 68Ga-DOTATATE PET scan available was relatively small. Furthermore, a comparison group of patients with TET treated with octreotide despite a negative 68Ga-DOTATATE PET scan was not available. Given the low number of cases survival analysis was limited. Also, because of the paucity of TET, patients included in this study were recruited between 1969 and 2021, a relatively long time span during which treatment regimens may have changed. Furthermore, while antigen expression is in general relatively stable in formalin-fixed paraffin-embedded tissue, various fixatives used over time and some degradation are possibilities and could potentially account for lower or lack of expression of SSTR2 in some tumors.



Conclusions

SSTR2 expression in TET, specifically lymphoepithelial carcinomas, squamous cell carcinomas, atypical carcinoid tumors, and small cell carcinomas may be a biomarker to identify patients who may respond to octreotide therapy. G68-DOTATATE PET scan may be useful to predict expression of SSTR2 in tissue; however, it cannot predict whether SSTR2 is expressed in tumor cells or other cells such as inflammatory cells. Larger, ideally multi-institutional studies are necessary to independently and prospectively validate our results and to correlate SSTR2 expression in TETs and/or 68Ga-DOTATATE PET scans with response to octreotide therapy.
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Introduction: To evaluate the different pathological and clinical characters of thymoma with and without myasthenia gravis (MG) and to determine whether the presence of MG influences the prognosis in patients with thymoma.

Methods: Four hundred and twenty-five consecutive patients operated was analyzed. A median sternotomy was used in 189 cases, and video-assisted thoracoscopic thymectomy was used in 236 cases. These patients with thymoma were subdivided into two groups: thymoma with myasthenia gravis MG (n = 220) and thymoma without MG (n = 205). All thymic epithelial tumors were classified according to the WHO histologic classification and the Masaoka clinical staging system. The result was evaluated according to the Myasthenia Gravis Foundation of America's criterion. The clinical features of the 2 test were compared between the two groups, and the survival analysis of Cox treatment effects was compared between the two groups.

Results: There were no perioperative deaths. The proportions of type A and thymic carcinoma were 0% in the group with MG and 10.7% (22/205) and 11.2% (23/205), respectively, in the group without MG. Thymic hyperplasia around the thymoma was 29.1% (64/220) in patients with MG and only 6.3% (13/205) in patients without MG (χ2 = 23.63, P = 0.000). The overall survival curve showed that the 5- and 10-year survival rates in the group without MG were 89.2 and 77.4%, respectively, while those in the MG group were 91.1 and 80.5%.

Conclusions: The existence of MG has little influence on the prognosis of thymomas, but it is suitable for early diagnosis and treatment. Extended thymectomy should be performed on all patients with thymoma, whether they have MG or not.

Keywords: thymoma, myasthenia gravis, prognosis, surgical options, pathological features


INTRODUCTION

Thymoma is often accompanied by paraneoplastic syndromes, such as hyperthyroidism, pure erythrocyte aplasia anemia, MG, and endocrinopathy. MG is the most common of these. Domestic and foreign data show that the proportion of MG combined with thymoma is 11.2–29.8%, while the proportion of thymoma combined with MG is 14.9–60.3%. There are differences in clinicopathological characters between thymoma combined with MG and thymoma alone. Academic circles have had disagreements about their outcome (1, 2). We retrospectively analyzed 425 patients with thymoma who underwent surgery in our hospital from January 2003 to December 2010 and discussed their clinical characteristics.



MATERIALS AND METHODS


Study Subjects

From January 2003 to December 2010, 425 cases of thymoma were treated by thoracic surgery in Beijing Tongren Hospital, including 198 males and 227 females, aged 23 to 80, with a median age of 53. The course of disease ranged from 18 days to 4.5 years, with a median course of 9 months. Based on whether myasthenia gravis was combined, 220 patients were divided into a myasthenia gravis thymoma group (thymoma with MG group), and 205 patients were divided into a thymoma without MG group. The specific conditions of the two groups are shown in Table 1. Anti-acetylcholine receptor antibodies were positive in 141 patients (64.1%) in the MG group. The MG group was divided into 74 cases of type I, 43 cases of type IIa, 47 cases of type IIb, 24 cases of type IIIa, 25 cases of type IIIb, four cases of type IVa and three cases of type IVb according to the clinical classification of the American Myasthenia Gravis Foundation of America (MGFA) (3, 4). In the pre-operative MG group, 185 patients (84.1%) were treated with bromo-pyridostigmine, and 89 patients (40.5%) were treated with glucocorticoids.


Table 1. Comparison of clinicopathological features between thymoma patients with and without myasthenia gravis.
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Research Methods

Surgical approach: 189 patients underwent median sternotomy (5). Double-lumen endotracheal intubation was used for the operation. The patient was placed in the supine position, and a median incision was made from the upper sternal notch to the xiphoid process. The sternum was split longitudinally from bottom to top along the median line with an electric saw, and distracted by a sternal retractor to expose the mediastinal area. The bilateral phrenic nerves were clearly distinguished, the mediastinal pleura was opened, and the right inferior pole of the thymus was freed upward to the confluence of the right internal mammary vein into the superior vena cava. The right upper pole was completely removed at the angle between the superior vena cava and the intramammary vessels. The innominate vein was carefully dissected, the thymus nourishing vessel was found, and the proximal end was clipped with a titanium clip and cut off with a supersonic knife. The left lobe of the thymus was treated with the same method. The thymus and thymic tumors were completely excised, and the fat of each group of the anterior mediastinum was removed. Partial pericardiectomy or pulmonary wedge resection is necessary for tumors invading pericardium and lung tissue (see Figure 1).


[image: Figure 1]
FIGURE 1. (A) Tumor invasion of pericardium; (B) Tumor invasion of lung tissue; (C) The tumor invaded the innominate and superior vena cava, and the tumor was resected followed by artificial vascular replacement.


Another 236 patients underwent enlarged thymectomy and thymoma resection by thoracoscopy (6). All patients in the thoracoscopic surgery group underwent a unilateral thoracic approach. General anesthesia/double-lumen intubation was used for the operation. The left or right approach was decided according to the location of the thymic tumor. In the right approach, the patient was placed in the left lateral decubitus position. Under the guidance of thoracoscopy after lung collapse, 1.5 cm incisions were made at the 2nd intercostal space and the 4th intercostal space of the ipsilateral axillary anterior line, respectively, as the operation hole. The mediastinal pleura was opened and the thymus was completely free from the sternal surface. The right upper pole was completely removed at the angle between the superior vena cava and internal mammary vessels. The innominate vein was carefully dissected, the thymus nourishing vessel was found, and the proximal end was clipped with a titanium clip and cut off with a supersonic knife. The left lobe of the thymus was treated in the same way. The thymus was completely excised, and the fat in each group of the anterior mediastinum was removed. Fat removal at the base of the neck was performed through a 2–3 cm transverse incision at the neck to remove fat from the pretracheal fascia (see Table 1 for details). Extended thymectomy refers to the removal of adipose tissue and ectopic thymus in the cervical root and anterior mediastinum groups in addition to complete thymectomy (3). Unresected cases included partial tumor resection and simple biopsy.

Tumor classification, staging and treatment: All thymic tumors were classified and staged according to WHO (2004 Edition) tissue classification (7) and modified Masaoka clinical stage (8). Type A and stage I thymoma need no adjuvant treatment except an operation. Patients with type AB, B1, or stage II and III thymomas were treated with mediastinal radiotherapy. Radiotherapy and chemotherapy were started 1 month after operations for stage IV thymoma and thymic cancer. The curative effect for patients with MG was evaluated according to MGFA standards (4).



Follow-Up Method

Follow-up was completed by telephone, letter, email, and outpatient service. The follow-up time was 3, 6 months, 1, 2, 3, 5, and 10 years after the operation. The follow-up period was 7–12 years, with an average of 9.5 years. The follow-up included checking current symptoms, medication, imaging data, and blood examination.



Statistical Methods

SPSS 19.0 software was used to analyze the data. The measurement data of normal distribution was expressed with, and the comparison between groups was conducted by t-tests. The measurement data of non-normal distribution was expressed by M (QR), and the comparison between groups was conducted by rank–sum test. The count data were expressed by frequency and percentage, and the comparison between groups was conducted by Chi-square tests. The survival curve was compared by Cox survival analysis. The difference was statistically significant (P < 0.05).




RESULTS


Surgical Results

There was no intraoperative death in any patients. Among 32 patients with unresectable thymoma (12 with MG, 20 without MG), 11 patients with thymoma invading superior vena cava or pulmonary vessels, and 21 patients with pleural and pericardial metastasis. In 393 cases, the thymus and tumor were completely removed. There were 47 cases (12.0%) of thymoma invaded pericardium, 35 cases (8.9%) of lung adhesion, and 29 cases (7.4%) of left innominate vein invaded. There was no difference in patients' ICU and hospital stays between the two groups. In 75 cases (19.1%), patients had post-operative complications, including 43 patients with MG who experienced myasthenic crisis, and 19 cases of pneumonia, six cases of pulmonary embolism, and seven cases of sternal incision infection (see Table 2).


Table 2. Surgical results and complications data.
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Pathological Examination Results

The proportion of type A thymoma and thymic carcinoma in the combined group was 0%, while that in the thymoma without MG group was 10.7 and 11.2%, respectively. The results of pathological examination of thymus tissue around the tumor showed that the proportion of thymus hyperplasia was 29.1% (64/220) in the MG group and 6.3% (13/205) in the group without MG (χ2 = 23.63, P = 0.000). In the MG group, a small thymoma was found in seven cases around the tumor, with a maximum diameter of 2–5 mm.

Masaoka clinical staging results: in the MG group, stage III and IV thymoma accounted for 25.5% (56/220). In the group without MG, stage III and IV accounted for 34.6% (71/205) (χ2 = 1.785, P = 0.163).



Follow-Up Results

There were 50 patients lost to follow-up. Among 375 patients who were followed up, 208 cases were in the MG group and 167 cases in the group without MG. The overall survival curve showed that the 5- and 10-year survival rates in the group without MG were 89.2 and 77.4%, respectively, while those in the MG group were 91.1 and 80.5%. Eight patients died of non-thymoma related diseases (four of heart disease, two of kidney disease, and two of cerebral vascular disease). Within 5 years of the operation, 17 patients in the MG group died. Of these, 10 died of myasthenic crisis (three patients died of myasthenic crisis during radiotherapy, and seven patients died of recurrence and metastasis of thymoma). In the group without MG, 12 patients died. Of these, nine died from stage III or IV thymoma or thymic carcinoma.

In the MG group, the complete remission (CR) rate of myasthenia gravis was 21.6% (45/208) in the second year after the operation. The CR was increased to 31.3% (65/208) in the fifth year after the operation. In the second year after the operation, the effective rate was 75.9% (158/208), with no change in MG in 41 cases and aggravation in nine cases.



Correlation Between Histological Type, Clinical Stage, and Prognosis

No recurrence was found in patients with type A thymoma. Among the 183 cases with complete resection, 22 cases (10.5%) relapsed in the MG group and 20 cases (12.1%) relapsed in the group without MG. There was no significant difference between the two groups (χ2 = 0.256, P = 0.637). According to the analysis of thymomas in the group without MG, the proportion of stage III and IV increased with the increase of the malignant degree of thymic tumors, which was 33.96% for type B2, 57.58% for type B3 and 100% for type C (see Table 3). Tumor stage directly determines the survival and prognosis of patients. The 5- and 10-year survival rates of stage III and IV thymoma patients without MG were 86.23 and 68.41%, respectively, which were significantly lower than 98.56 and 89.48% of stage I and II patients (P = 0.023).


Table 3. Analysis of histological and clinical types of thymomas in patients without MG.

[image: Table 3]

Through the study of the survival curves of the two groups, it is found that although the follow-up data after 5 years show that the survival time of thymoma patients without MG is slightly lower than that of thymoma patients in MG group, there is no significant difference in the long-term survival rate between the two groups, and the existence of myasthenia has no significant impact on the prognosis of thymoma patients (see Figure 2).


[image: Figure 2]
FIGURE 2. Comparison of survival curve between thymic tumor and thymoma with myasthenia gravis (P = 0.784).





DISCUSSION

The impact of MG on the prognosis of thymoma has been the focus of debate in academia for some time. Academia has considered MG as an unfavorable prognostic factor of thymoma, which increased perioperative and post-operative mortality by inducing myasthenic crisis, and other issues. Moreover, the tumor classification has a certain impact on the occurrence of perioperative myasthenic crisis. The incidence of perioperative myasthenic crisis in type A thymoma is lower, while the incidence of type AB and B is higher (9–11). However, in recent years, some scholars believe that the occurrence of MG is conducive to early diagnosis, a high success rate of surgical resection, and a good prognosis (2, 3, 9). We retrospectively analyzed 425 thymoma patients who underwent surgery in our hospital from January 2003 to December 2010, and this should be one of the longest follow ups in the literature. The results of our study showed that the 5-year survival rate of the MG group was slightly lower than that of the group without MG, and the 10-year survival rate and tumor recurrence rate were similar. In the MG group, 10 cases died due to myasthenia crisis, which were the aggravation of new myasthenia or the progression of original myasthenia symptoms, most of which were caused by tumor recurrence. From this, it can be seen that the long-term prognosis of thymoma patients with myasthenia was poor and the mortality was relatively high. After analysis, it was believed that the patients with myasthenia gravis were diagnosed in our hospital mostly because of the ptosis of the upper eyelids, while the patients in the group without MG were mostly treated after the occurrence of local compression or invasive symptoms (such as chest pain, cough, and even dyspnea). The patients in stage III and IV of the thymoma group without MG accounted for 34.6%, which was higher than that in the group with MG (25.5%). The number of unresected cases was also higher. We believe that thymoma combined with MG has little effect on its long-term efficacy. However, for some patients with symptoms of MG first diagnosed with thymic tumors, the tumors are at a relatively early stage, greatly improving the resection rate of tumors. The prognosis is also ideal.

In addition to the complete resection of thymic tumors, we advocate enlarged thymectomy, i.e., complete resection of thymus and removal of fat and ectopic thymus in the cervical root and anterior mediastinum groups, whether through a median sternotomy or thoracoscopic surgery (11). We believe that myasthenia gravis is not entirely thymoma-induced, and 29.1% of patients in the MG group had hyperplasia of thymic tissue around the thymoma, compared with only 6.3% in the group without MG. In some patients, the proliferation of thymic tissue around the tumor may be the real cause of MG. In addition to the presence of microthymoma in the ectopic thymus (12), thymoma resection alone or thymectomy is not conducive to the treatment of MG. In some cases, new MG occurs post-operatively (13) and may even induce myasthenic crisis post-operatively. Therefore, whether combined with MG or not, enlarged thymectomy should be the standard surgical approach for thymoma treatment.

In addition, complete thymectomy is important for long-term outcomes in patients with thymoma (14–16). Nine of the 12 deaths in the group without MG 5 years after surgery died of unresected stage IV thymoma or thymic adenocarcinoma.

When analyzing the post-operative pathological data, we also found no type A thymoma and thymic adenocarcinoma in the MG group. Domestic and foreign reports show that the incidence of type A thymoma is 0–14%, type AB is 6–42%, type B1 is 7–50%, type B2 is 24–71%, and type B3 is 25–65%, and there is almost no MG in patients with thymic cancer (8, 17–21). In this study, the proportion of type A thymoma and thymic adenocarcinoma in the group without MG was 10.7 and 11.2%, respectively, and the proportions of type B1 and B2 thymoma in the two groups were basically similar.

The combination of MG has little effect on the long-term efficacy of thymoma patients, but the presence of MG is conducive to the early diagnosis and treatment of thymoma. Surgery for thymoma with or without MG should be performed with thymoma and enlarged thymectomy. Type A thymoma and thymic adenocarcinoma are rarely associated with MG. Myasthenic crisis, stage IV thymoma, and thymic adenocarcinoma were the main causes of death in the thymoma group with MG and thymoma alone, respectively.
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Sotirios D. Moraitis1,2, Apostolos C. Agrafiotis3*, Evangelia Skoura4, Dimitrios Kalkanis5, Dimitrios Moraitis6, Periklis Tomos7, Theodoros Liakakos8 and Dimitrios Angouras9


1Department of Joint Corps Armed Forces Cardiac Surgery, 401 Hellenic Army Hospital, Athens, Greece

2Department of Thoracic Surgery, Athens Naval and Veterans Hospital, Athens, Greece

3Department of Thoracic Surgery, Saint-Pierre University Hospital, Université Libre de Bruxelles (ULB), Brussels, Belgium

4Department of Nuclear Medicine, Bioiatriki, Athens, Greece

5Department of Nuclear Medicine, Iatropolis, Athens, Greece

6Department of Administration, Athens Naval and Veterans Hospital, Athens, Greece

7Department of Thoracic Surgery, Attikon University Hospital, Medical School, National and Kapodistrian University of Athens, Athens, Greece

8Department of Surgery, Laikon University Hospital, Medical School, National and Kapodistrian University of Athens, Athens, Greece

9Department of Cardiac Surgery, Attikon University Hospital, Medical School, National and Kapodistrian University of Athens, Athens, Greece

Edited by:
Marco Scarci, San Gerardo Hospital, Italy

Reviewed by:
Masayuki Chida, Dokkyo Medical University, Japan
 Savvas Lampridis, Guy's and St Thomas' NHS Foundation Trust, United Kingdom

*Correspondence: Apostolos C. Agrafiotis, apostolos.agrafiotis@stpierre-bru.be

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

Received: 11 January 2022
 Accepted: 07 February 2022
 Published: 15 March 2022

Citation: Moraitis SD, Agrafiotis AC, Skoura E, Kalkanis D, Moraitis D, Tomos P, Liakakos T and Angouras D (2022) Can the Ratio SUVmax of the Lesion/SUVmax of Mediastinal Tissues Guide the Choice of Surgical Access for the Resection of Thymic Epithelial Tumors? Front. Surg. 9:852906. doi: 10.3389/fsurg.2022.852906



Background: There are studies showing the utility of the 18-fluorodeoxyglucose positron emission tomography (18FDG PET) scan in the management of patients with thymic epithelial tumors. It seems to be a correlation between the standard uptake value (SUVmax) of thymic epithelial tumors and the histological type and the stage. This study aims to use the ratio of the SUVmax of the lesion to the SUVmax of the adjacent mediastinal tissues in order to guide the choice of the surgical access.

Methods: All patients who presented an anterior mediastinal lesion with a high suspicion of being of thymic origin were included in a prospective database. A ratio inferior to 1 could predict a benign nature and less aggressive behavior, and a minimally invasive approach was performed. A ratio superior to 1 suggested a malignant and aggressive behavior, and a median sternotomy (or a thoracotomy) was performed.

Results: There were 15 male (mean age 44.6 ± 16.26 years, range 25–73) and 15 female patients (mean age 50.1 ± 16.94 years, range 25–76). When the ratio is inferior to 1, it predicts benign disease in 80% of cases. When it is superior to 1, it predicts in half of cases advanced histological types (high risk thymomas and thymic carcinomas). On the contrary, it can quite accurately predict advanced Masaoka–Koga stages.

Conclusions: The protocol of this study is in accordance with the current literature showing the utility of 18FDG PET scan in the treatment of thymic epithelial tumors. This study goes one step further since the choice of surgical access is based on the SUVmax values. The ratio SUVmax of the lesion/SUVmax of the mediastinal tissues could be a new marker, more pertinent than absolute SUVmax values.

Keywords: standard uptake value, surgical access, thymic epithelial tumors, thymoma, thymic carcinoma


INTRODUCTION

Thymic epithelial tumors consist a highly heterogeneous group of anterior mediastinal lesions. They account for 15% of all anterior mediastinal tumors (1). Except for this group of tumors, there are also benign lesions of thymic origin, such as thymolipoma, thymic cysts, and thymic hyperplasia, which are treated with surgical resection (1). Thymic cysts can be congenital or acquired, the latter carrying a greater risk to be associated with inflammatory conditions or neoplasms, such as thymoma, thymic carcinoma, and Hodgkin's lymphoma (1). On the other hand, the diagnosis of thymic hyperplasia is important for two reasons. First, it must be distinguished from thymic neoplasia, and secondly because it can be associated with autoimmune conditions, such as myasthenia gravis and rheumatoid arthritis (2). Thymomectomy plus total thymectomy (thymothymectomy) is recommended over simple thymomectomy for the surgical treatment of thymic epithelial tumors (3). The optimal surgical access is a subject of debate (4). However, it would be useful for the surgical planning to be able to predict the nature (especially in terms of invasiveness) of the lesion. There is much research during the last years concerning the utility of the 18-fluorodeoxyglucose positron emission tomography (18FDG PET) scan (5–15). It seems to be a correlation between the standard uptake value (SUVmax) of thymic epithelial tumors and the histological type according to the WHO classification and the stage according to the Masaoka–Koga classification. There are also studies trying to correlate the ratio of the SUVmax of the lesion to the SUVmax of the adjacent mediastinal tissues with the invasive nature of thymic epithelial tumors. Based on those data, this study aims to use this ratio in order to guide the choice of the surgical access for the resection of these lesions.



METHODS

This is a prospective single-center study. The local ethics committee approved the study protocol (Ref: 1722/23-05-2014). From June 2014 to June 2020, all patients who presented with an anterior mediastinal lesion with a high suspicion of being of thymic origin were included in a prospective database. Patients who were considered functionally inapt to undergo surgery, patients with lesions that were considered not resectable, and patients who declined surgical treatment were excluded from the study. Informed consent was obtained from all patients. Preoperatively, all patients underwent pulmonary function tests, a cardiac ultrasound, and a chest CT scan with contrast agent injection (if no contra-indication). The presence of antibodies against the acetylcholine receptor (anti-AChR Ab) and anti-muscle-specific kinase antibodies (anti-MuSK Ab) in the plasma of patients was investigated. A chest MRI was not routinely performed. An 18FDG PET scan was performed in all patients as part of the standard preoperative workup. The SUVmax of the lesion was calculated by the nuclear medicine physician, and the SUVmax of the mediastinum was by convention calculated at the level of the aortic arch. According to our protocol, a ratio inferior to 1 could predict a benign nature and less aggressive behavior of the lesion; if there was no other contra-indication or technical difficulty (e.g., a voluminous lesion), then a minimally invasive approach, such as thoracoscopic thymectomy or cervical thymectomy, was performed. On the contrary, a ratio superior to 1 could suggest a malignant and aggressive behavior; in that case, a median sternotomy (or a thoracotomy if the tumor was lateralized) was the preferred surgical access. In case of a perioperative modification of the surgical access (e.g., conversion to a full median sternotomy in case of hemorrhage, technical difficulties, or if locally invasive disease was encountered during a minimally invasive approach), the patients were analyzed in an intention-to-treat manner.



STATISTICAL ANALYSIS

The chi-square test was used for the identification of independence between two nominal variables. The Fisher criterion was applied. In case of association of two variables, the logistic regression technique was used. Logistic regression examines a depended nominal variable regarding one or more independent ones. In particular, a logistic regression model has been implemented to measure the relationship between diameter and SUVmax ratio superior to 1. A Mann–Whitney U-test was used as a non-parametric alternative to the independent t-test. The chi-square test and the logistic regression technique examined the dependency or independency among variables. IBM SPSS 23 and Microsoft Office suite (Excel) spreadsheets were used to analyze and graph the data.



RESULTS

Thirty patients were included in this protocol (mean age 47.4 ± 16.55 years, range 25–76). There were 15 male (mean age 44.6 ± 16.26 years, range 25–73) and 15 female patients (mean age 50.1 ± 16.94 years, range 25–76). Three patients (10%) suffered from myasthenia gravis. The demographic and other patients' characteristics are demonstrated in Table 1. In 10 patients, the ratio SUVmax of the lesion/SUVmax of the mediastinal tissues was inferior to 1 (Group 1), and in 20 patients, the ratio was superior to 1 (Group 2). The ratio distribution is demonstrated in Figure 1. The characteristics of each group according to the SUVmax ratio are demonstrated in Table 2. In the Group 1, three patients underwent a median sternotomy. In fact, two of the patients declined minimally invasive surgery and preferred a sternotomy, and the third patient presented with a lesion of 10 cm. In the whole group of 10 patients, the histopathological examination of the resected specimen revealed 8 benign lesions and 2 thymomas with the WHO classification histological type superior to B1 and Masaoka–Koga stage superior to I. In the Group 2, one patient underwent VATS (she refused a median sternotomy), and another patient underwent cervical thymectomy (she had already undergone a total thyroidectomy for thyroid cancer, and she refused another surgical access than a collar incision). In the whole group of 20 patients, the final histology was compatible with high-risk thymomas (thymomas with the WHO classification histological type superior to B1) in 8 patients. The Masaoka–Koga stage was I in 2 cases and superior to I in 11 cases. As shown in Table 2, there are more thymomas and more advanced Masaoka–Koga stages in the SUVmax ratio >1 group; nevertheless, the small enrollment does not permit to reach statistical significance. In half of the patients of this cohort, there was a capsular invasion (15 out of 30 patients). More specifically, the 60.9% of patients operated with an open procedure presented a capsular invasion. On the contrary, only 14.3% of patients who underwent minimally invasive surgery had a capsular invasion. In the SUVmax ratio >1 group, the capsular invasion was significantly higher (p = 0.02). To estimate the relationship between “SUV ratio” and “presence of malignancy,” the technique of logistic regression was used. The related odds ratio is 12. The conversion of odds ratio to probability reveals that the probability of presence of malignancy with ratio >1 is 92.31%. In addition, the logistic regression model revealed that if the diameter of the tumor is increased per 1 cm, then the odds ratio of presence in the Group 2 (SUVmax ratio > 1) is 1.719 higher.


Table 1. Demographics and other patients' characteristics.
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FIGURE 1. The SUVmax of the lesion/SUVmax of mediastinal tissue ratio distribution.



Table 2. Comparison of the two groups of patients according to the SUVmax ratio.
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DISCUSSION

There are many studies that investigated the utility of 18FDG PET scan in the workup of thymic epithelial tumors in terms of diagnosis, evaluation of aggressive behavior, and response to treatment (5–15). Kumar et al. (5) stressed the possibility to differentiate low-risk (A, AB, and B1) and high-risk (B2 and B3) thymomas according to the WHO classification by using the 18FDG PET/CT scan. Thymomas can also be distinguished from thymic carcinomas. The studies conducted by Sung et al. (6) and Luzzi et al. (7) were in the same direction. In addition, they confirmed the opinion of El-Bawab et al. (8) concerning the contribution of 18FDG PET scan to the differential diagnosis between thymomas and thymic hyperplasia. Igai et al. (9) were able to correlate the SUVmax of the tumor with the histological type, but they did not correlate the SUVmax with the stage of the disease. Similarly, Purandare et al. (14) showed that the SUVmax of thymic carcinomas was significantly higher than low-risk and high-risk thymomas. The SUVmax in patients with advanced stage disease was higher but not statistically significant compared to the early-stage disease (14). On the contrary, Fukumoto et al. (10) and Ito et al. (15) proved this correlation. Furthermore, the opinion of Ito et al. (15) is that there is a statistically significant difference in the SUVmax between thymic carcinoma and high-grade thymoma, among high-grade and low-grade thymomas, and that the 18FDG PET/CT scan could predict tumor invasion into pericardium, lungs, and brachiocephalic vein (15). Watanabe et al. (16) presented that the 18FDG PET scan can differentiate thymoma from thymic cancer, diffuse large B-cell lymphoma, and Hodgkin's lymphoma, whereas the SUVmax of the lesion cannot predict the histological diagnosis of thymoma (16). Terzi et al. (11) evaluated the SUVmax of the lesion, the SUVmax of the mediastinum, and the ratio of these two variables. They found that there is a correlation between this ratio and the advanced stage of the disease (11). A meta-analysis showed that SUVmax could be able to predict the WHO grade in thymic epithelial tumors (17). On the contrary, there is no robust data permitting to use FDG uptake as a predictive factor for disease stage.

To the best of our knowledge, there is no previous study that takes into consideration the values of the 18FDG PET scan to guide the choice of the surgical access. The choice of the surgical access is of paramount importance, especially in case of advanced Masaoka–Koga stage, in order to achieve free surgical margins. Since there is no evidence regarding the optimal surgical access for thymic epithelial tumors (18–20), its choice should be based on tumor size, surgical expertise, and patient's preference. In the protocol presented herein, all these elements were taken into account while choosing the surgical access, justifying the derogations from the initial hypothesis. In our study when the ratio SUVmax of the lesion/SUVmax of the mediastinal tissues is inferior to 1, it seems to predict benign disease in 80% of cases. Consequently, a minimally invasive approach is privileged even if it has some limitations, as in case of a voluminous lesion. On the other hand, the choice of an open sternotomy may seem maximalist because there are some false positives in that group. Nevertheless, when the ratio is superior to 1, the probability of presence of malignancy is 92.31%, whereas it can quite accurately predict advanced Masaoka–Koga stages. It can predict in half of cases advanced histological types according to the WHO classification (high-risk thymomas and thymic carcinomas). Taking into account that nowadays all types of thymomas regardless of histological type are considered as malignant lesions (21–24) in contrast to the previous belief that A, AB, and B1 types are rather benign, then a ratio >1 in the current study predicted malignancy in 15 out of 20 cases. The selection of an open access procedure, based on ratio >1, led us on the percentage of 81.3% of R0 resection margins (Table 1). Apart from the above limitations, the most important is the fact that it is a single-center cohort with a small enrollment. Nevertheless, this protocol can be the basis for the conduction of larger multicentric studies in order to validate the usefulness of the ratio. The strong point of this study is its prospective nature. In addition, the use of the ratio rather than absolute SUVmax values could overcome the potential confounding factors related to SUVmax variations due to physiological and technical factors. Van Den Hoff et al. (24) strongly support the opinion of the use of tumor-to-blood pool ratio, instead of tumor SUV, for SUV-based approaches. In our study, the narrow range of the denominator's measurements (range of SUVmax of mediastinal tissues: 1.3–3.3) could allow us a speculation about the pertinence of the ratio, as an index (Figure 2).


[image: Figure 2]
FIGURE 2. The distribution of mediastinal tissue SUVmax.




CONCLUSIONS

Despite its small enrollment, this study predicts quite accurately the behavior of thymic epithelial tumors. The protocol of this study is in accordance with the current literature showing the utility of 18FDG PET scan in the treatment of thymic epithelial tumors. This study goes one step further since the choice of surgical access is based on the SUVmax values. In particular, the ratio SUVmax of the lesion/SUVmax of the mediastinal tissues could be a new marker, more pertinent than absolute SUVmax values. Nevertheless, other parameters, such as tumor size, patient preference, experience of the operating surgeon, and local infrastructure, should be considered while planning the surgical access. Larger studies should be conducted to validate such a protocol in the highly heterogeneous environment of thymic epithelial tumors.
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The diagnosis of thymic carcinoma may pose significant problems not necessarily in the histopathological diagnosis but rather in assigning the thymus as specific origin. Often the tissue available for interpretation is obtained via a mediastinocopic biopsy, which raises two different issues -minimal tissue and lack of specific features to make a carcinoma of thymic origin. In addition, if to that conundrum we add that there is no magic immunohistochemical stain that will unequivocally lead to the interpretation of thymic carcinoma, then we are left with a true clinical-radiological-pathological correlation. In this review, we will highlight some of those challenges that diagnostic surgical pathologists may encounter in the histopathological assessment of thymic carcinoma as well as in the staging of these tumors.
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Introduction

Primary thymic carcinoma in general practice represents a small percentage of thymic epithelial neoplasms (1). Contrary to thymoma, which is much more common, and a tumor in which the histopathological features, in the majority of cases, allow for the tumor to be not only diagnosed easier but also be placed in specific anatomical area, the diagnostic features of thymic carcinoma are not specific, and its diagnosis requires complete clinical and radiological correlations.

Historically, the entity that we currently recognize as thymic carcinoma had not been acknowledged in the literature until Shimosato et al. (2) reported a series of cases in which the authors provided enough evidence to define the tumor as of arising from the mediastinal compartment. Followed that series of cases, there have been numerous other reports; however, the only two series that have reported more than 60 cases of primary thymic carcinoma are the ones presented by Suster-Rosai (3) and Moran et al. (4), which together will gather only 125 patients with thymic carcinoma and if to that we may add that at least in the Suster-Rosai series, the authors also included some neuroendocrine carcinomas, then we have the two largest series with even fewer non-neuroendocrine thymic carcinomas. Nevertheless, other series consisting of fewer cases have provide important clinical and pathological information, which over the years has expanded not only the clinical knowledge of thymic carcinoma but also has expanded the histopathological spectrum of these tumors (5).



Clinical Features

Similar to what occurs with the histopathological features of thymic carcinoma —non-specific, the clinical features of patients with these tumors are also rather non-specific. The tumor has been described in a wide range of individuals ranging from very young to older patients, reports of thymic carcinoma in association with some autoimmune diseases or paraneoplastic syndromes including myasthenia gravis have been presented in the literature. However, we consider that those reports are likely coincidental occurrences rather than true link associations. Thymic carcinoma does not appear to have a strong association with Myasthenia Gravis or other autoimmune disease that have been reported in association with thymomas (3, 4, 6). More recently NUT carcinoma, which is another tumor that may occur in the midline appears to affect rather younger individuals. However, the morphology of the tumor is that of a poorly differentiated carcinoma, which requires FISH analysis to properly designate the tumor as NUT carcinoma (7).

The ideal clinical and radiological features of patients with thymic carcinoma should be that of a patient without any prior history of carcinoma and presenting with an anterior mediastinal mass.

In terms of survival, if we compare the two largest series of thymic carcinomas, we can see some differences. In the Suster-Rosai experience (3), the 5-years survival was recorded at 33%, while in the Weissferdt-Moran (4), it was recorded at 65%. It is possible that in the Suster-Rosai series of cases the survival may have been influenced by including neuroendocrine neoplasms, while in the Weissferdt-Moran, those tumors were excluded. Nevertheless, survival will be influenced not only by the histology of the tumor but also by the staging at the time of diagnosis.



Pathological Features

The gross features of thymic carcinoma only rarely will provide clues of the possibility of thymic carcinoma, as the tumor may show areas of necrosis, hemorrhage, and infiltrative borders. However, those parameters are not specific for thymic carcinoma and may be seen in some cases of thymoma (8). Similarly, the tumor may also show cystic changes but once again, cystic changes are much more common in thymoma than thymic carcinoma. The gold standard to arrive at specific diagnosis is on histopathological evaluation.

The histopathological features of thymic carcinoma can be illustrated in a rather diagrammatic way taking the normal thymus as a starting point and following it down to the changes that may be seen in thymoma and further into thymic carcinoma (Figure 1). We consider that all those changes are part of the spectrum that thymic epithelial neoplasms. From the light microscopic point of view, the features of thymic carcinoma can be summarized based on the cellularity of the tumor or based on the growth pattern; thus, tumors can be either of the conventional type or of specific subtypes:




Figure 1 | Graphic illustration of the spectrum of differentiation of thymic epithelial neoplasms from normal thymus through high grade thymic carcinoma: (A) thymus in a child, (B) thymus in the adult, (C) thymus with involutional changes, (D) thymoma (lymphocyte rich – WHO type B1), (E) Thymoma (mixed cellularity – WHO type B2), (F) Spindle cell thymoma (WHO type A), (G) atypical thymoma – preservation of organotypical features, (H) atypical thymoma (perivascular spaces), (I) Atypical spindle cell thymoma, (J) thymic carcinoma – loss of organotypical features, (K) thymic carcinoma – inflammatory reaction, (L) thymic carcinoma – cellular atypia and mitotic activity in epithelial cells. (with permission from Dr. Moran copyright © Dr. Moran).




Conventional:

	• The majority of thymic carcinomas show squamous differentiation and the degree of differentiation varies from well to poorly differentiated tumors (9–13) (Figures 2A, B). However, it is also important to keep in mind that all thymomas will also show squamous differentiation because the normal thymic gland also show positive staining in the normal cellularity of the thymus with markers that are commonly used to stain squamous cell carcinomas. Therefore, there is nothing specific for the diagnosis of thymic carcinoma except the presence of an anterior mediastinal mass in the setting of a patient with no other relevant clinical history of malignancy. Over the years, there has been an emphasis on certain histopathological criteria that may be used in the majority of these tumors and that includes the loss of the organotypical features and the presence of overtly cellular atypia and mitotic activity (14, 15).

	• Spindle cell morphology is another unusual growth pattern that may be seen in some thymic carcinomas (16) (Figure 3). Here the most important consideration would be separating spindle cell thymic carcinoma from spindle cell thymoma or another spindle cell neoplasm of different lineage. However, once again the presence of marked nuclear atypia and mitotic activity will lead to the correct interpretation of thymic carcinoma, while the use of immunohistochemical stains will also be of aid if the consideration is another spindle cell neoplasm. The use of immunohistochemical markers in this particular histology will likely show similar imunophenotype as conventional thymic squamous carcinoma.

	• Poorly differentiated (undifferentiated) carcinoma without any morphological or immunohistochemical differentiation (17, 18). This particular group of tumors may show considerable difficulty in diagnosis as there is a need to properly exclude metastatic disease from outside of the mediastinal compartment.

	  ○ One important histopathological characteristic of thymic carcinoma is the presence of an inflammatory component in association with the carcinoma, more often composed of plasma cells, which is contrary to thymoma in which the presence of T-cell lymphocytes aids in the diagnosis. However, there are exceptions:

	   ▪ Micronodular thymic carcinoma with B-cell lymphoid hyperplasia (Figure 4) although rare, represents the counterpart of thymoma with B-cell lymphoid hyperplasia. Both tumors show similar histopathological features and it is the cytological features of the epithelial proliferation, which separates both entities (19, 20).






Figure 2 | (A) keratinizing squamous cell carcinoma, (B) thymic carcinoma with loss of organotypical features.






Figure 3 | Thymic sarcomaoitd carcinoma.






Figure 4 | Low power view of a micronodular thymic carcinoma with B-cell lymphoid hyperplasia, note the presence of a germinal center.





Subtypes:

▪ The different subtypes that have been described in thymic carcinoma are wide and essentially the tumor may show similar characteristics as other tumors of non-thymic origin. Those growth patterns include:

	○ Adenocarcinoma.

▪ Even though adenocarcinoma rarely occurs as primary carcinoma of the thymus, the diagnosis of these tumor may pose considerable difficulty as the majority of adenocarcinomas in the thorax are of lung origin. The tumor may show a colonic-like, papillary, and micropapillary growth patterns (Figures 5, 6). In addition, the immunohistochemical profile of thymic adenocarcinoma is also rather non-specific and may be shared with other adenocarcinomas of lung or extra-thoracic origin (21–24).

	○ Salivary gland type: 

▪ Mucoepidermoid carcinoma and to some extent basaloid carcinoma of the thymus show similar features as those described in the salivary gland (Figures 7, 8). Although basaloid carcinoma does not necessarily belong to the group of salivary gland type carcinomas, some of the histopathological features mimic those of the salivary gland. In addition, both tumors may also show cystic changes and both tumors are considered of low-grade malignancy even though mucoepidermoid carcinoma may also be of high-grade histology (25–29). More important is to highlight that the immunohistochemistry of mucoepidermoid carcinoma is also of squamous differentiation and the diagnosis should be based on the presence of mucous producing cells (mucocytes) admixed with the epidermoid proliferation without keratinization. More recent the use of MAML-2 has been correlated with these tumors; however, there are only a few reports of MAML in thymic mucoepidermoid carcinomas to draw more solid conclusions. Needless to say, even though mucoepidermoid and basaloid carcinomas are the most common in this family of tumors, other tumors that have been described include adenoid cystic carcinoma and epithelial myoepithelial carcinoma. However, those two latter tumors are rare in the thymus.






Figure 5 | Thymic papillary carcinoma.






Figure 6 | Thymic mucinous adenocarcinoma with “colonic” features.






Figure 7 | Thymic low-grade mucoepidermoid carcinoma with cystic changes.






Figure 8 | Cystic basaloid carcinoma of the thymus.






Immunohistochemical and Molecular Features

One of the bigger issues in understanding the immunohistochemical properties of thymic epithelial neoplasms is the lack of understanding of the immunohistochemical features of the normal thymic gland. Essentially, the normal thymus will show positive staining for markers that are commonly employed in the assessment of squamous carcinomas. Immunostains for p40, keratin 5/6, p63 are positive in the normal thymus (epithelial cells), thymoma, and thymic carcinoma (30). Therefore, those stains have limit value in the setting of thymic epithelial neoplasms. Although CD5 has been considered a good marker for thymic carcinoma, such marker can also show positive staining in atypical thymoma, some conventional thymomas, and other carcinomas of non-thymic origin. On the other hand, some studies on immunohistochemistry have been designed to separate atypical thymomas from thymic carcinoma and although important, as of today, there is not a single immunohistochemical stain that is specific for thymic carcinoma (31–36).

Due to the unusual occurrence of thymic carcinoma, larger studies using molecular techniques is still lacking. However, some authors have investigated the role of EGFR and HER-2, but the results have not been definitive in the role of those biomarkers (37–39).



Thymic Carcinoma Staging

Unfortunately, over the years the Masaoka staging system that was proposed for thymomas has been the one used for thymic carcinoma (40). However, contrary to the controversy that exists whether the TNM system is applicable to thymoma, we consider that the TNM system is definitely applicable to thymic carcinoma. There is nothing new in that affirmation as there have been several studies using TNM for thymoma that have concluded that TNM is better suited for thymic carcinoma (41–43). However, the authors of the latest version of the WHO book for thoracic tumors (44) have endorsed the use of TNM for all thymic epithelial tumors. We disagree not only with the general use of TNM for all thymic epithelial neoplasm but also to some extent with the definitions in the different stages that have been proposed. Specific reviews on the topic of TNM staging for thymomas have already been presented in the literature (45). In our own experience, we have observed that lymph node metastasis to any lymph node is important in the survival of patients with thymic carcinoma and do not consider that separating lymph nodes between superficial or deep lymph nodes provides a valid statistically meaningful difference in patients with thymic carcinoma. Therefore, based on our own published experienced we have suggested a TNM staging system specifically for thymic carcinoma that is depicted in Table 1 with the respective illustrative component (Figures 9–11). Such assessment has been previously illustrated in some publications and textbooks (46–48).


Table 1 | Suggested TNM staging system for thymic carcinoma.






Figure 9 | T1 thymic carcinoma in which the tumor is limited to the mediastinal compartment.






Figure 10 | T2 thymic carcinoma in which the tumor invades adjacent structures but within the mediastinal compartment.






Figure 11 | M1 thymic carcinoma in which the tumor invades below the diaphragm or above the thoracic inlet (with permission from Dr. Moran Copyright © 2016).





Conclusions

It is important to highlight that there is nothing specific in the histology of thymic carcinoma. The diagnosis requires careful clinical and radiological assessment. Because of the different growth patterns present in thymic carcinoma, the tumor may also mimic other tumors of non-thymic origin. In addition, in small mediastinoscopic biopsies, the separation between atypical thymoma and thymic carcinoma may not be easily attained. Even though the TNM system is a good approach for the staging of thymic carcinoma, we consider that the one suggested by the WHO for all thymic epithelial neoplasms is not appropriate for all these tumors. Lymph node metastasis in thymic carcinomas regardless of the location of the lymph node is an important characteristic that plays a role in the clinical outcome of these patients.
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Objective

To investigate the differential diagnostic performance of computed tomography (CT)-based radiomics in thymic epithelial tumors (TETs) and lymphomas in anterior mediastinum.



Methods

There were 149 patients with TETs and 93 patients with lymphomas enrolled. These patients were assigned to a training set (n = 171) and an external validation set (n = 71). Dedicated radiomics prototype software was used to segment lesions on preoperative chest enhanced CT images and extract features. The multivariable logistic regression algorithm was used to construct three models according to clinico-radiologic features, radiomics features, and combined features, respectively. Performance of the three models was compared by using the area under the receiver operating characteristic curves (AUCs). Decision curve analysis was used to evaluate clinical utility of the three models.



Results

For clinico-radiologic model, radiomics signature model, and combined model, the AUCs were 0.860, 0.965, 0.975 and 0.843, 0.961, 0.955 in the training cohort and the test cohort, respectively (all P<0.05). The accuracies of each model were 0.836, 0.895, 0.918 and 0.845, 0.901, 0.859 in the two cohorts, respectively (all P<0.05). Compared with the clinico-radiologic model, better diagnostic performances were found in the radiomics signature model and the combined model.



Conclusions

Radiomics signature model and combined model exhibit outstanding and comparable differential diagnostic performances between TETs and lymphomas. The CT-based radiomics analysis might serve as an effective tool for accurately differentiating TETs from lymphomas before treatment.





Keywords: radiomics, thymic epithelial tumors, lymphoma, anterior mediastinum, computed tomography



Introduction

Thymic epithelial tumors (TETs), including thymomas and thymic carcinomas, are derived from thymic epithelial cells and are relatively rare mediastinal tumors (1). Lymphoma is divided into Hodgkin’s lymphoma and non-Hodgkin’s lymphoma (2). It is a serious malignant tumor derived from the lymphatic system, accounting for 3.2% of newly diagnosed neoplasms and 2.9% of cancer-specific mortality in China in 2018 (3). The difference is that anterior mediastinum is not a common primary site of lymphoma, but a common site of TETs (4).

For TETs, even the well-differentiated thymoma subtypes are considered to be malignant tumors with indolent growth, they also show potential for local invasion, pleural dissemination, and even distant metastasis. Therefore, once TETs are detected, surgical treatment is the mainstay treatment, and radiotherapy, chemotherapy, and other adjuvant treatments are usually supplements depending on final pathology and clinical stage according to relating treatment guidelines (5, 6). On the contrary, radiotherapy and chemotherapy are the first-line options for the treatment of lymphoma while surgical treatment is not recommended according to treatment guidelines for malignant lymphoma in 2021 in China (2, 7).

TETs and lymphomas in anterior mediastinum usually manifest as soft-tissue masses or nodules with similar imaging features (8). In clinical practice, based on typical clinical manifestations and traditional imaging findings, such as with or without myasthenia gravis, age of onset, lymphadenopathy, and imaging features, partial patients could be accurately diagnosed (9). However, the preoperative accurate diagnosis of the two types of neoplasms is usually influenced by the overlap of clinical and radiologic manifestations, the heterogeneity of disease manifestations and difficulty to obtain pathological tissues due to the complexity of the anterior mediastinum. Based on previous computed tomography (CT)-based routine preoperative examinations, although preoperative biopsy is recommended, non-essential or non-therapeutic thymectomy is not uncommon for patients with anterior mediastinal space-occupying lesions (4, 6).

Therefore, it is of great value to distinguish TETs and lymphomas non-invasively before management. Recently, radiomics with machine learning algorithms to mine high-dimensional invisible and interpretable image information into objective and quantitative mathematical data has been an established tool in the differential diagnosis of nodules/masses, prediction of tumor pathological subtypes, evaluation of disease sensitivity to treatment (10–14). According to the literature, there were only a few radiomics-based studies on anterior mediastinal diseases, especially TETs (11, 15). Some previous studies have verified that radiomics could be used for the grading of TETs and the diagnosis of partial anterior mediastinal nodules or masses (11, 15, 16). CT is commonly used in the diagnosis of chest diseases. Compared with traditional CT examination and clinical data, radiomics features extracted from CT images could provide more diagnostic information. Therefore, patients of lymphoma with atypical clinical and radiologic manifestations may avoid unnecessary surgery and receive effective treatment earlier. 

Thus, we aimed to investigate the differential diagnostic performance of CT-based radiomics in thymic epithelial tumors (TETs) and lymphomas in anterior mediastinum.



Materials and Methods


Subjects

The ethics committee of the participating center approved the study. The need for informed patient consent was waived because of the retrospective nature of the analysis and the use of anonymized data.

An author collected hospitalized patients diagnosed with TETs (including thymoma, thymic carcinoma) and lymphoma within the time range of October 2008 to March 2021 from the information management department of West China Hospital. A total of 852 patients were found, of which 332 had TETs and 520 had lymphomas. The author queried the patient’s pathological data from the Electronic Medical Records and searched for patients’ chest enhanced computed tomography (CECT) images in DICOM format in the Picture Archiving and Communication System, and the time of CT examination was within 30 days before the patient’s pathological samples were obtained. Pathological results came from thoracentesis, lymphadenectomy, or postoperative tissue. Then pathologically confirmed patients with CECT images had 195 with lymphomas and 222 with TETs.

Each enrolled patient met the following exclusion criteria. The exclusion criteria included : 1) age<16 years old, 2) with intervention before CECT examination, 3) history of malignancy or concomitant malignancy, 4) inadequate clinical data, 5) TETs with completely cystic components, and 6) inadequate image quality. Consequently, 242 patients, including 149 patients with TETs and 93 patients with lymphomas, consisted of study cohorts. The patient selection workflow is shown in Figure 1. Subtype distribution of two tumors is shown in Figure 2.




Figure 1 | The patient selection workflow. TETs, thymic epithelial tumors; CECT, chest enhanced computed tomography.






Figure 2 | Subtype distribution of thymic epithelial tumors and lymphomas.





Clinico-Radiologic Characteristics

For TETs patients and lymphoma patients, the characteristic of P<0.10 difference between the two groups would be further used for univariate logistic regression analysis. The univariate analysis results are shown in Tables 1 and 2. Table 2 showed the clinical characteristics, including clinical manifestations, symptoms, and laboratory examination results. Clinical manifestations and symptoms were collected from the first hospitalization record in the Hospital Information System by one author. Myasthenia gravis and autoimmune diseases were counted separately. In addition, autoimmune diseases including myasthenia gravis, systemic lupus erythematosus, ankylosing spondylitis, and so on, were related to thymoma (17). The laboratory results came from once test obtained before the treatment and within 3 days of the CT examination.


Table 1 | Estimated risk of radiologic characteristics by univariate logistic regression analysis.




Table 2 | Estimated risk of clinical characteristics by univariate logistic regression analysis.



In PACS, two radiologists (with 5 years and 10 years of experience with chest CT, respectively) worked together to analyze radiological characteristics, including morphological related features and some quantifiable features, with the naked eye in the Picture Archiving and Communication System. When there was an inconsistency, the two radiologists would reach an agreement through discussion. Normalized enhancement value (NEV) was calculated as NEV = EVlesion/EVaorta, where EVlesion and EVaorta are the CT value difference before and after enhancement in the largest cross-section of the lesion and in the lumen of the ascending aorta at the same cross-section. The CT images used to extract radiomics features and to analysis by the naked eye came from the same CT examination. When more than once CT examination was available for radiological analysis, we selected the last CT examination before surgery or biopsy.



Chest Enhanced CT Scan

Before CECT images collection, a total of 80–120 mL (1.5 mL/kg) of iodinated contrast agent was injected via the antecubital vein at a flow rate of 4 mL/s. CECT scans were obtained at 40 sec after injection of contrast media. All the CECT images were acquired by standard institutional procedure protocols and stored in DICOM format. Related parameters are shown in Table 3. In all patients, CT images were acquired in the supine position at full inspiration.


Table 3 | Computed tomography image acquisition parameters.





ROI Acquisition and Radiomics Feature Extraction

The CECT images in DICOM format from selected patients were segmented by using “Radiomics” (Syngo. via Frontier, Vision 1.0.0, Siemens, Germany), a dedicated prototype software, and this program employs an embedded 3D-printing technique in a semi-automatic manner to label the preoperative soft tissue. The overall procedures of this analysis scheme were composed of two major steps: first, tumor segmentation was conducted manually; and thereafter, texture features were calculated automatically. The manual segmentation of neoplasms in the anterior mediastinum was performed independently by a chest radiologist. The region of interest (ROI) was depicted around the border of each tumor (Figure 3). After segmenting a 3-dimensional volume of interest (3D-VOI), texture features were automatically calculated and extracted. In addition, another chest radiologist segmented 30 cases including 15 pathologically proven TETs and 15 lymphomas randomly selected from all samples to evaluate the inter-operator variability. Features with intraclass correlation coefficient value higher than 0.8 were considered stable and used for model construction. The definition included the following criteria : 1) calcification, hemorrhage, liquefaction, necrosis, and blood vessels within the lesion with the largest diameter <2 mm in the tumor were regarded as components of the lesion, and will be included ; 2) the soft-tissue boundary avoided surrounding fat, metal stents, blood, and other structures ; 3) to eliminate partial volume effect, the outline boundary was ≤1 mm of the lesion, and the first and last layers of the lesion were removed.




Figure 3 | Workflow diagram of radiomics analysis. 3D-VOI, 3-dimensional volume of interest.



Before performing features calculations, “Radiomics” automatically resampled the 3D-VOI to a pixel pitch of 1.0 mm in three anatomical directions to reduce the impact of pixel size and thickness. In the original VOIs, different filters would be applied, such as the Laplacian of Gaussian filtering, wavelet filtering, nonlinear intensity transformation, and others. Finally, 1226 radiomics features were as follows : 1) 17 shape and size features, 2) 18 first-order features, 3) 65 texture features, 4) 1116 high-order features and features that have undergone multiple mathematical transformations (wavelet, square, square root, logarithm, and exponents decompositions of first-order statistics and texture features), were extracted from the original and post-processed 3D-VOI of every patient.



Feature Selection and Model Building

All patients were first splitted into training cohort and test cohort with a ratio of 7:3 by using the stratified random sampling technique: 171 patients (mean age, 43.2 ± 14.8 years; TETs, 105 cases; lymphoma, 66 cases) were allocated into the training cohort; 71 patients (mean age, 42.7 ± 15.7 years; TETs, 44 cases; lymphoma, 27 cases) were allocated into the test cohort. Training cohort was used to train the model based on the least absolute shrinkage and selection operator regression model with tuned parameter of lambda. Since there was a class imbalance that might affect the model tuning, synthetic minority over-sampling technique was applied to the training cohorts before formal model training. The lambda was tuned across multiple values between 0.01-0.2 and the optimum value was decided when the model gained the highest AUC by 5 repeats 10-fold cross-validation. In addition, this performance of optimal setting was also recorded. Next, the feature importance ranking list was derived based on this least absolute shrinkage and selection operator model. Appropriate number of features were selected on this order of importance to simplify the radiomics multivariate logistic regression model, based on acceptable performance relative to the optimal setting.

Regarding the clinical and radiologic features, univariate logistic regression was applied. In addition, features with statistical significance (P<0.05) were selected. The features enrolled in the radiomics and clinico-radiologic model were the candidates for the combined model. Similarly, those features with no statistical significance (P≥0.05) in the combined model were removed to ease the redundancy of the model.

The performance of the model according to receiver operator curves (ROC) was evaluated in training and independent test cohorts, respectively. Besides the diagnostic performance-related statistics by these two cohorts regarding sensitivity, specificity, and accuracy were illustrated using a confusion matrix. Finally, decision curve analysis was used to evaluate clinical utility of the three models in the training cohort. The workflow of this study is shown in Figure 3.



Statistical Analysis

All statistical analyses were performed using R software (version 1.1.453) and SPSS (version 26, SPSS Chicago, IL). Qualitative variables were presented as frequencies. Normally distributed variables were shown as the mean ± SD (standard deviation). Between TETs and lymphomas (two groups), the clinico-radiologic characteristics were compared by using the chi-square test or Fisher’s exact test for categorical variables and independent t-test or the Mann-Whitney U test for continuous variables. P<0.05 indicated statistical difference. Univariate logistic regression analysis was performed for those parameters that showed P<0.10 when compared between two groups. The results of univariate logistic regression analysis are shown as OR (95% CI) and P value in Tables 1 and 2. Inter-operator variability of the radiomics features was assessed with ICC. Interclass correlation coefficient (≦0.40, poor agreement; 0.41–0.60, moderate agreement; 0.61–0.80, good agreement; and>0.80, excellent agreement). The ROCs of the radiomics model in the two cohorts were compared with the DeLong test to evaluate whether overfitting occurred. Decision curve analysis was performed to determine the clinical usefulness of the three models by calculating the net benefits at different threshold probabilities in the whole cohort. The net benefit is equivalent to the proportion of net true positives in brief.




Results


Basic Clinico-Radiologic Characteristics

Of the 242 patients, 149 patients were diagnosed with TETs and 93 patients with lymphomas. Compared with patients with lymphoma, patients with TETs had a later age of onset (P<0.001) and showed less chest pain (P=0.004), respiratory symptoms (P<0.001), and lymphadenopathy (P<0.001). Regarding gender distribution and B symptoms, no significant differences were found between the two groups (P=0.600, 0.200, respectively). In laboratory tests, compared with lymphoma patients, TETs patients had higher lymphocyte counts (P<0.001), lower platelet counts (P<0.001), and lower lactate dehydrogenase (P<0.001), while red blood cell counts and white cell counts showed no significant difference (P=0.700, P=0.056, respectively). Details of the demographical data and clinical characteristics of the training and test cohorts are summarized in Table 2.

For comparison of the radiologic features in TETs and lymphoma, there was no significant difference about location distribution between the two groups (P=0.200). The TETs group had a smaller tumor diameter than the lymphoma group (P<0.001), but higher CT value and NEV (P<0.001, P=0.001, respectively). Compared with the lymphoma group, more obvious fat gap between the lesion and big vessels (pulmonary trunk and ascending aorta), less pleural and pericardial effusion existed in the TETs group (all P<0.001). Less necrosis, better density uniformity, and clearer boundary of lesions were found in the TETs group (all P<0.001) than the lymphoma group. More comprehensive information is listed in Table 1.



Model Building

Among 242 patients in our study, 171 patients were allocated into the training cohort, while 71 patients were in the test cohort. A total of 385 radiomics features were shown to be stable (good and excellent agreement), including 17 shape and size features, 13 first-order features, 34 texture features, and 321 high-order features and features that have undergone multiple mathematical transformations. After SMOTE, the training cohort was up-sampled to the number of 462 with a class ratio of 264:198 for TETs:lymphoma. An AUC of 0.981 (95% CI: 0.971–0.991) suggested that there was no significant affect toward the model tuning from the imbalance between the patient groups in our study. After the tuning process, the optima Lambda was set to be 0.01 for our dataset. The mean AUC for each lambda tuned with our resample by 5-repeated 10-fold cross-validation is shown in Figure 4A. In addition, the optimal AUC was reached beyond 0.9. For each tuned lambda, the coefficients of the features are shown in Figure 4B. Moreover, the importance ranking list based on the model is shown in Figure 4C.




Figure 4 | Feature selection using the least absolute shrinkage and selection operator regression method. (A) The tuned parameter (λ) in the LASSO model was selected via 5 repeats 10-fold cross-validation based on minimum criteria. The dotted blue curve indicates the average binominal deviance values for each model with a given λ. The λ value was set as 0.01 in this study; (B) the dotted vertical line was plotted at the selected λ value, resulting in 20 radiomics features; (C) sorting the importance of radiomics features, and the top 5 features were included in our model.



In our study, the regression model with the top 5 features on the order of importance gave us acceptance AUC relative to the optimal setting. Moreover, these five radiomics features by 3D texture analysis in original images included three shape-related features, one first order related feature, and one feature about gray level size zone matrix (GLSZM). Three shape-related features included maximum 2D diameter slice, compactness 1, and spherical disproportion. Minimum as a first-order feature represented minimum eigenvalue and size zone nonuniformity normalized was a feature calculated from GLSZM. Three clinico-radiologic characteristics, including lymphadenopathy (+/-), myasthenia gravis (+/-), and pericardial effusion (+/-), constituted the clinico-radiologic model. For the final combined model, all the features in the radiomics and clinico-radiologic models were enrolled except lymphadenopathy (+/-) which was removed as redundant.



Model Validation and Comparison

The ROC results of three models are shown in Table 4 and Figure 5. The performance of the radiomics model was good in the training group with an AUC of 0.965 (95% CI: 0.941-0.990). The classification accuracy, sensitivity, and specificity were 89.5%, 83.3%, and 93.3%, respectively. Good performance was also observed in the test group with AUC being 0.961 (95% CI: 0.917–1.00). The accuracy, sensitivity, and specificity were 90.1%, 92.6%, and 88.6%, respectively. For the clinico-radiologic model, all performance metrics were lower than that of the radiomics model excluding specificity. The AUCs were 0.860 (95% CI: 0.808–0.913) and 0.843 (95% CI: 0.759–0.928) in the training group and test group, respectively. The classification accuracies were 83.6% and 84.5% in the 2 groups, respectively.


Table 4 | Differentiation performance of clinico-radiologic model, radiomics model, and combined model in the training and test cohorts.






Figure 5 | The comparison of ROC curves in this study. (A) in the training cohort. AUC = 0.975 for the combined model, 0.860 for the clinico-radiologic model, and 0.965 for the radiomics model; (B) in the external validation cohort. AUC = 0.955 for the combined model, 0.843 for the clinico-radiologic model, and 0.961 for the radiomics model.



In the combined model, AUCs in the training group and independent test group were 0.975 (95% CI: 0.956-0.995) and 0.955 (95% CI: 0.915-0.996), respectively; while the classification accuracies were 89.5% and 90.1%, respectively. In addition, the combined model showed comparative diagnostic performance to radiomics signature model. The performance of the radiomics model and the combined model were both significantly higher than that of the clinical model.

Furthermore, decision curve analysis demonstrated that the combined model and radiomics signature model would offer net benefits over the “TETs-all”, “lymphoma-all”, and the clinico-radiologic model within a certain range of threshold (5%–90% for combined model; 10%–87% for radiomics signature model) in the training cohort (Figure 6). Moreover, the combined model and the radiomics signature model showed comparable net benefits.




Figure 6 | Decision curve analysis for the three models in the whole cohort. The net benefit vs. the threshold probability is plotted. The x-axis shows the threshold probability. The y-axis shows the net benefit. A model is only clinically useful if it has a higher net benefit than the default diagnosis of TETs-all and lymphoma-all. The two curves (orange and green curves) indicate that the combined model and the radiomics signature model are superior to the diagnosis of TETs-all (gray line), the diagnosis of lymphoma-all (black line), and the clinico-radiologic model (blue curve) within a threshold probability of 5%-90% (orange curve) and 10%-87% (green curve).






Discussion

Due to the differences in therapeutic approaches, accurate diagnosis of TETs and lymphomas before treatment is of great significance for clinical decision (6, 18). CT is a routine examination for chest diseases including mediastinal lesions and lung diseases. Nevertheless, imaging methods such as CT and magnetic resonance imaging are still challenging in accurate diagnosis of mediastinal masses in clinical practice. Tomiyama et al. (19) reported that for neoplasms in anterior mediastinum, the diagnostic accuracies of CT and MRI for thymoma, thymic carcinoma, and lymphoma were 83%, 13%, 55% and 84%, 13%, 43%, respectively. In the study of Ackman et al. (4), unnecessary or non-therapeutic thymectomy accounted for 43.8% (70/160) of the 160 thymectomy cases including lymphomas (54.3%, 38/70), thymic bed cysts (24.3%, 17/70), and other lesions. The unclear preoperative diagnosis in some patients has led to many unnecessary surgical treatments. Recently, newly emerged radiomics showed potential in accurate differentiation of different space-occupying lesions before treatment using the texture feature analysis. Kayi Cangir et al. (20) revealed that radiomic signature using the k-nearest neighbor classier based on enhanced CT had excellent efficacy for discriminating low- vs. high-risk thymoma groups with an AUC of 0.943 in the validation cohort. As CT is more widely used and it serves as the standard-of-care imaging tool for pre-treatment evaluation of anterior mediastinal diseases, it is more convenient and effective to construct radiomics models using features extracted from routinely obtained contrast CT images. In our study, we developed and validated CT-based radiomics models for non-invasive differentiation of TETs and lymphomas. Our results showed that the AUCs of the radiomic model based on enhanced CT in the training and test cohorts for TETs and lymphomas differentiation were outstanding (0.965 and 0.961, respectively). In addition, this model, with the accuracies of 89.5% and 90.1% in training and test cohorts, respectively, is superior to traditional CT in distinguishing the two sorts of tumors. A study by Kirienko et al. (16) described that a radiomic model to differentiate TETs and lymphomas based on non-enhanced chest CT showed AUCs of 0.93 and 0.84 in the training and test cohorts, respectively. The accuracies of their model in the training cohort and test cohort were 91.3% and 76.9%, respectively, and it was also better than conventional CT in distinguishing TETs and lymphomas. Compared with the study by Kirienko et al. (16), our study had better results with higher AUCs in two cohorts and better stability between the training cohort and the test cohort, which may be explained by that our study had a larger sample size and the radiomics features were extracted from contrast-enhanced CT images. It is worth noting that a significant enhancement difference between TETs and lymphomas was found in our study, which is consistent with the results of some previous studies (21, 22). Significant blood supply differences exist between the two sorts of tumors. At the fine scale, texture features extracted from the enhanced CT images might represent the distribution of contrast media in the extracellular space between intra- and extravascular (23). Thus, radiomics signature from enhanced CT may be more effective in showing the internal heterogeneity between TETs and lymphoma. In addition, in the study by Huet et al. (24), for the differentiation of high-risk TETs and low-risk TETs, the enhanced CT-based radiomics model using the random forest machine learning classifier achieved an AUC of 0.81, which was better than the AUC of 0.61 by non-enhanced CT-based radiomics model. For tumors at other sites, radiomics from enhanced CT showed excellent performances in assessment of colorectal cancer heterogeneity and differentiation of benign and malignant gallbladder polypoid lesions (22, 24).

Furthermore, based on the obvious enhancement difference between TETs and lymphomas, different techniques were also used to explore the differential value between the two types of tumors. In previous studies, triple-phase CT spectral imaging and contrast-enhanced ultrasound imaging had been used in differentiating thymic neoplasms and lymphomas with the best AUCs of 0.875 and 0.668, respectively (21, 22). In the study by Sakai et al. (25),the accuracy for differentiating thymoma and non-thymoma by dynamic magnetic resonance imaging was 81%. In our study, the radiomics model based on enhanced CT with a best AUC of 0.961 and accuracy of 90.1% had a better differentiation efficacy than the studies above. Compared with imaging features on spectral CT, contrast-enhanced ultrasound, and dynamic magnetic resonance imaging, radiomics signature from contrast enhanced CT also showed superior differential performance between TETs and lymphoma (21, 22, 25). In addition, 18F-FDG PET-CT and whole-body MRI could assess the patients’ general condition, which were meaningful to anterior mediastinal primary lymphomas with multiple systemic involvement. It is well known that PET-CT is used for pre-treatment staging, treatment efficacy evaluation, and post-treatment follow-up in patients with lymphoma (26, 27). Further, Lei et al. (28) explored the performance of metabolism parameters, including SUVmean, SUVmax, TLG, and MTV, of 18F-FDG PET-CT for distinguishing TETs from lymphomas. The performance of the study of Lei et al. (28) with best AUC of 0.767 and best accuracy of 72.8% in SUVmax and SUVmin, respectively, was inferior to ours. In general, lymphomas have higher FDG uptake than TETs (28). However, the lower metabolic activity of indolent lymphomas and the markedly different metabolic activity associated with the grade of TETs may be accountable for the unsatisfactory results of metabolic parameters for the differentiation of the two kinds of tumors (27, 29–31). Regrettably, there was no whole-body MRI study in this topic. In addition, whole-body MRI with advantages in whole-body scanning may perform better than chest MRI. Radiomics signature may be related to some of the biological behavior of the tumors as it is able to mine more image information invisible to the naked eyes and objectively quantify the features. These features may be well associated with heterogeneity of the lesion itself (32, 33). Additionally, no extra-cost is needed for the patients.

In terms of clinical factors, lymphadenopathy (–) and myasthenia gravis (+) included in our model revealed a higher risk of patients with TETs than with lymphoma, which was consistent with previous research (16). The top three clinico-radiologic features in the ranking list based on this model with optimal lambda contained myasthenia gravis rather than autoimmune disease. For malignant tumors, pericardial effusion can be caused by pericardial involvement even in patients without symptoms or with atypical symptoms (34). The most common causes of pericardial effusion caused by tumor involvement were lung cancer, breast cancer, and hematologic tumors such as leukemia, Hodgkin’s lymphoma, and non-Hodgkin’s lymphoma (35). However, pericardial effusion occurred when thymic malignancies invaded the pericardium, but this was uncommon, even if the primary lesion was often in the anterior mediastinum (23). In our study, lymphomas were mainly non-inert growth types as shown in Figure 2. In addition, the larger the lymphoma was, the more likely concomitant of local and systemic symptoms such as chest pain, respiratory symptoms, and B symptoms, which may be related to the lymphoma’s greater growth capacity and aggressiveness to surrounding tissues (Table 2).

In addition, we further established a combined model based on radiomics features and clinico-radiologic characteristics. Compared with the radiomics signature model, the combined model did not show a significant improvement in discriminative efficacy, which yielded AUCs of 0.975 and 0.955, and accuracies of 91.8% and 85.9% in the training and test cohorts, respectively. The superior performance of the combined model in this study may be attributed to the inclusion of radiomics signature, which contain many quantitative features, especially parameters not easy to be obtained through simple visual analysis or conventional imaging tools. Both the radiomics features model and the combined model in the current study had outstanding and comparable performance in distinguishing TETs and lymphomas and can provide a net benefit superior to the diagnosis of “TETs-all”, the diagnosis of “lymphoma-all”, and the clinico-radiologic model in the decision curve.

There were several limitations in our study. First, selection bias maybe came from the research nature, a retrospective study from a single center. Second, this study included patients over a longer period; thus, the images were collected from CT scanners of different vendors; however, a good result proved the generalization ability of this radiomics signature model. Finally, the imbalance between groups may affect model tuning. However, the synthetic minority over-sampling technique used in the training group found that the ROC of the model was 0.981 (95% CI: 0.971–0.991) and the imbalance between groups did not affect the model performance.



Conclusion

The radiomics signature model and combined model exhibit outstanding and comparable differential diagnostic performances between TETs and lymphomas. The CT-based radiomics analysis might serve as an effective tool for accurate differentiating TETs from lymphomas before treatment in clinical practice.
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Objective

To describe the clinical features of a cohort of patients with thymic epithelial tumors (TETs) and to analyze their prognostic factors. In particular, we investigated the correlation between the genetic polymorphism of methylenetetrahydrofolate reductase (MTHFR) C667T and the incidence of TETs.



Methods

Pathological records were reviewed from the database of the Second Affiliated Hospital of Jiaxing University, from January 2010 to December 2020, and 84 patients with TETs were recruited for this study. Univariate and multivariate analyses were performed to determine the prognostic factors. The genetic polymorphism of MTHFR C667T was examined in the patients with TETs and in a group of healthy individuals. The correlation between MTHFR transcriptional levels and methylation was analyzed using The Cancer Genome Atlas (TCGA) thymoma dataset from the cBioPortal platform.



Results

Kaplan–Meier univariate survival analysis showed that sex, age, the maximum tumor diameter, surgery, chemotherapy, radiotherapy, WHO histological classification, Masaoka–Koga stage, and 8th UICC/AJCC TNM staging, were statistically significantly correlated with the prognosis of patients with TETs. The Masaoka–Koga stage and 8th UICC/AJCC TNM staging were strongly correlated with each other in this study (r=0.925, P<0.001). Cox multivariate survival analysis showed that the maximum tumor diameter, Masaoka–Koga stage, and 8th UICC/AJCC TNM staging were independent prognostic factors affecting the overall survival (OS) of patients with TETs (P<0.05). The MTHFR C667T genotype (χ2 = 7.987, P=0.018) and allele distribution (χ2 = 5.750, P=0.016) were significantly different between the patients and healthy controls. CT heterozygous and TT homozygous genotypes at this MTHFR polymorphism significantly increased the risk of TETs (odds ratio [OR] =4.721, P=0.008). Kaplan–Meier univariate survival analysis showed that there was no correlation between different genotypes and the prognosis of TETs (CC versus CT + TT, χ2 =0.003, P=0.959). Finally, a negative correlation between the transcriptional and methylation levels of MTHFR was observed in the TCGA thymoma dataset (r=-0.24, P=0.010).



Conclusions

The Masaoka–Koga stage, 8th UICC/AJCC TNM staging, and maximum tumor diameter were independent prognostic factors for TETs. Reduced methylation levels of MTHFR and particular polymorphic variants may contribute to the susceptibility to developing TETs.





Keywords: thymic epithelial tumors, Masaoka–Koga Stage, 8th UICC/AJCC TNM staging, MTHFR polymorphism, methylation



Introduction

Thymic epithelial tumors (TETs), including thymoma and thymic carcinoma (TC), are derived from thymic epithelial cells and lymphocytes of the thymus. The thymus is the site of maturation for T cells and plays an integral role involving in adaptive immunity. Thymoma is associated with autoimmune-related syndromes including myasthenia gravis (MG), pure erythrocyte hypoplasia, and hypogammaglobulinemia (1, 2). The 5-year survival rates for thymomas and TCs have been reported to be approximately 78% and 40%, respectively (3).

According to the 2015 World Health Organization (WHO) classifications, TETs are classified into six categories: type A, AB, B1, B2, and B3 thymoma and TC, based on the morphology of tumor cells and the number of non-neoplastic lymphocytes (4). Thymomas are divided into two groups: low-risk thymomas (A, AB, and B1) and high-risk thymomas (B2 and B3). The Masaoka–Koga stage is widely adopted for the classification of TETs into stages I, II, III, and IV, based on the degree of tumor cell invasion (5). In addition to the Masaoka–Koga stage, the 8th UICC/AJCC TNM classification is also used in clinical TET staging. This describes not only the degree of tumor invasion but also the tumor spread and lymphatic infiltration (6).

Patients with low-risk thymomas rarely experience recurrence after a complete resection (7), but nevertheless, thymomas are considered as malignant tumors (8). TC is further divided into several subtypes, including squamous cell carcinoma, basaloid carcinoma, mucoepidermoid carcinoma, lymphoepithelioma-like carcinoma, and clear cell carcinoma (9). Most patients with relatively low-risk thymomas are asymptomatic. Conversely, invasive subtypes of thymomas and TCs exhibit aggressive behaviors by invading adjacent structures such as the pleura and pericardium.

Although surgical resection is usually accepted as a primary therapeutic strategy in a curative setting, adjuvant chemotherapy and/or radiotherapy is used in some patients who are at a high risk of recurrence to prolong survival (8, 10).

Currently, the etiology of TETs remains largely unknown. A point mutation in the gene encoding MTHFR, which is located on chromosome 1p36.3, is associated with several malignancies, including colon cancer, gastric cancer, lung cancer, esophageal squamous cell carcinoma, breast cancer, and gynecological cancer (11–18). MTHFR is a critical enzyme involved in the folate metabolism pathway and DNA methylation and synthesis (19). The MTHFR C677T, a cytosine (C) to a thymine (T) substitution at position 677, which changes an alanine to a valine, leads to impaired folate binding and reduced MTHFR activity (20, 21). MTHFR deficiency may result in insufficient DNA methylation and genetic instability and may promote the development of malignancies (22).

To explore the correlation between the MTHFR C677T polymorphism and TETs, the distribution of this single-nucleotide polymorphism was examined in TET patients and healthy controls in this study. Additionally, the correlation between MTHFR methylation and MTHFR transcriptional levels was also investigated using The Cancer Genome Atlas (TCGA) database of TETs. A decreased MTHFR expression can lead to dysregulated folic acid metabolism, resulting in abnormal DNA methylation and nucleotide synthesis, which may be involved in the susceptibility to develop TETs.



Materials and Methods


Study Subjects

We retrospectively analyzed 84 cases of TETs (56 cases of thymoma and 28 cases of TC) who were diagnosed by pathological examination from January 2010 to December 2020 and were treated in the Second Affiliated Hospital of Jiaxing University. Clinical data were recorded and retrieved from the electronic database of the hospital. The present study was approved by the Ethics Committee of the Second Affiliated Hospital of Jiaxing University (Ethical Code number: LWSC041), and written informed consent was obtained from all patients.



Detection of MTHFR Gene Polymorphism and Bioinformatics Study

Among these 84 patients, blood samples were obtained from only 33 cases, which were used to detect MTHFR gene polymorphism in this study. Samples were collected from 21 men and 11 women, ranging from 32 to 74 years old between January 2015 and January 2018. A total of 72 healthy individuals (38 men and 34 women) ranging from 51 to 75 years old were recruited as controls. Genomic DNA was extracted from peripheral venous blood (2 ml) using a commercial kit according to the manufacturer’s instructions (BaiO Technology Co, Ltd., Shanghai, China). The DNA purity (A260/A280 ratio) was determined by using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The chips that can detect MTHFR gene C667T polymorphism were purchased from Shanghai BaiO Company and hybridized by using a BaiO biochip hybridization instrument (BaiO Technology Co., Ltd., China). Data were recorded by a BaiO biochip reader and were analyzed by using a BaiO analysis software (BaiO Technology Co., Ltd., China).

The MTHFR transcriptional expression data (123 patients with TETs) from the TCGA database were obtained from the cbioportal platform (http://www.cbioportal.org). Clinical data showed that among these 123 patients with TETs, 64 (52.0%) cases were men and 59 (48.0%) cases were women, with a median age of 60.5 years. Thymectomy was performed in all patients, 41 of whom underwent postoperative radiotherapy and 6 of whom underwent postoperative chemotherapy. The correlation between the mRNA levels of MTHFR and its methylation was analyzed in this platform.



Treatments

Surgical resection was performed in 76 patients in this retrospective study. The complete resection rate was 77.6%. Among them, 5 patients with incomplete surgical resection underwent multiple therapies. Among a total of 84 patients, 10 patients with thymoma and 22 patients with TC were treated by platinum-based chemotherapy with an average of 4 cycles. A total of 3 patients with thymoma and 6 patients with TC received postoperative adjuvant radiotherapy. The dose of radiotherapy was approximately 54 Gy (1.8 ~ 2.0 Gy/f).



Follow-Up

The follow-up time was from the time of pathological diagnosis to the death or last follow-up time of the patients, recorded every month. The contents of follow-up included the progression of the disease, stability of the disease, death of the patient, and so on. Overall survival (OS) is defined as the time of the first diagnosis to death. The cut-off time of the study was 2020-12-31.



Statistical Analysis

All statistical analyses were performed by using Statistical Package for the Social Sciences (SPSS), version 25.0 (IBM Inc., Chicago, IL, USA). Log-rank analysis was used for the comparisons between the different factors affecting prognosis. Multivariate analysis for OS was performed using a Cox proportional hazards model. All significant variables in the univariate analysis including sex, age, smoking status, maximum tumor diameter, chemotherapy, radiotherapy, WHO histological classification, Masaoka–Koga stage, 8th UICC/AJCC TNM staging, and clinical symptoms were used in the multivariate analysis. The Kaplan–Meier survival rate was calculated and drawn by the SPSS software. The chi-square test was used to compare the MTHFR C667T genotype and allele distribution between patients with TETs and healthy controls. Logistic regression analysis was used to analyze the correlation between different genotypes MTHFR C667T and TET susceptibility. Spearman correlation analysis was performed to analyze the correlations of the mRNA levels of MTHFR expression and its methylation by using the TCGA database. P<0.05 was considered to be statistically significant.




Results


Patient Characteristics

In total, 84 patients diagnosed with thymomas (n=56) and TCs (n=28) who met predefined criteria were recruited in this study. General characteristics were listed in Table 1. The study consisted of 51 (60.7%) men and 33 (39.3%) women, with a median age of 58 years (range 22–88 years). In addition, 31 cases were asymptomatic at the first visit, 21 cases complained of chest pain or chest distress, 11 cases had respiratory symptoms (including cough and pulmonary infection), and 12 cases had MG. A total of 9 cases were accompanied by other clinical symptoms, such as lumbago and trauma. At the end of follow-up time on December 31, 2020, 19 patients with TETs were deceased, including 4 patients with thymomas and 15 patients with TCs.


Table 1 | The characteristics of all the cases recruited in the study (n = 84).





Analysis of Prognostic Factors of TETs

The median follow-up period was 36 months. The 5-year survival rate of patients with TETs was 71.9% (Figure 1). Univariate analysis showed that sex (P = 0.005), age (P = 0.019), the maximum tumor diameter (P < 0.001), surgery (P < 0.001), chemotherapy (P < 0.001), radiotherapy (P = 0.001), WHO histological classification (P < 0.001), Masaoka–Koga stage (P < 0.001), and 8th UICC/AJCC TNM staging TNM stage (P < 0.001) were associated with TET prognosis (Table 2). Other variables, including clinical symptoms and the smoking status, were not associated to prognosis. Among these factors, male sex, older age (>58 years old), the maximum tumor diameter (>5 cm), no surgery, no chemotherapy, no radiotherapy, a higher grade of WHO histological classification and advanced tumor stage (both the Masaoka–Koga stage and the 8th UICC/AJCC TNM staging) were correlated with poor prognosis. The survival curves of different variables are shown in Figure 2: sex (A), age (B), the maximum tumor diameter (C), surgery (D), chemotherapy I, radiotherapy (F), WHO histological classification (G), Masaoka–Koga stage (H), and 8th UICC/AJCC TNM staging (I). The Masaoka–Koga stage and 8th UICC/AJCC TNM staging were strongly correlated with each other in this study (r=0.925, P<0.001). These univariate analysis data were used to establish a subsequent multivariate Cox proportional hazards regression model on the basis of the Masaoka–Koga stage and UICC/AJCC TNM staging. The results showed that the maximum tumor diameter (P = 0.040, hazard ratio [HR]: 3.623, 95%CI: 1.058~12.403 on the basis of Masaoka–Kaga stage; P = 0.045, HR:3.629, 95%CI: 1.027~12.822 on the basis of UICC/AJCC TNM staging), Masaoka–Koga stage (P = 0.008, HR: 5.513, 95%CI: 1.564~19.434), and 8th UICC/AJCC TNM staging (P = 0.007, HR: 8.476, 95%CI:1.815~39.596) were identified as independent prognostic factors of patients with TETs (Tables 3, 4).The 5-year survival rates of TET patients with Masaoka–Koga stage I, II, III, and IV were 100%, 95.8%, 78.6%, and 20.5%, respectively (Figure 2H). The 5-year survival rates for UICC/AJCC TNM stages I, II, III, and IV were 100%, 100%, 73.3%, and 20.5%, respectively (Figure 2I).




Figure 1 | The cumulative survival curve of patients with TETs. The 1-year survival rate was 92.6%, the 3-year survival rate was 76.0%, and the 5-year survival rate was 71.9% in patients with TETs.




Table 2 | Univariate analyses of overall survival for 84 patients with TETs.






Figure 2 | Survival curve of different prognostic factors of 84 patients with TETs. Cumulative survival according to completion of sex (A), age (B), maximum tumor diameter (C), surgery (D), chemotherapy (E), radiotherapy (F), WHO histological classification (G), Masaoka–Koga stage (H), and 8th UICC/AJCC TNM staging (I).




Table 3 | Multivariate analyses of overall survival for 84 patients with TETs (I).




Table 4 | Multivariate analyses of overall survival for 84 patients with TETs (II).





MTHFR C667T Genotypes in Patients With TETs

MTHFR polymorphism in healthy individuals and patients with TETs was further investigated in this study. The results of the chi-square test showed that the genotype (χ2 = 7.987, P = 0.018) and allele distribution (χ2 = 5.750, P = 0.016) statistically significantly differed between patients and healthy controls (Table 5). In logistic regression analysis, heterozygous and homozygous genotypes (CT+TT) showed higher TET susceptibility (odds ratio [OR] = 4.721, P = 0.008, Table 6). The analysis also revealed that, compared to the T allele, the presence of the MTHFR C allele at this position was adversely associated with the incidence of TETs (T vs. C: OR = 2.067, 95% CI: 1.136–3.758, P = 0.017, Table 6). Kaplan–Meier univariate survival analysis was further conducted, and data showed that there was no correlation between different genotypes and the prognosis of TETs (CC vs. CT + TT, χ2 = 0.003, P = 0.959, Figure 3).


Table 5 | The chi-square test of MTHFR C667T genotypes and allele distribution.




Table 6 | Correlation analysis between MTHFR C667T genotypes and TET susceptibility.






Figure 3 | Survival curve of MTHFR C667T polymorphism of 33 patients with TETs. Cumulative survival according to MTHFR C667T polymorphism.





Correlation of mRNA and Methylation Levels of MTHFR in Patients With TETs

Using the gene expression profiles of TETs from the TCGA database, a negative correlation was observed between MTHFR mRNA levels and their methylation by using Spearman correlation analysis (r= -0.24, P = 0.010, Figure 4).




Figure 4 | Correlation between MTHFR transcriptional levels and its methylation in 123 patients with TETs. Correlations were estimated using Spearman’s bivariate correlation coefficient (r= -0.24), with a p-value <0.05 considered as statistically significant.






Discussion


Basic Features

In the present study, the median age of the patients at the time of TET diagnosis was 58 years. Using univariate analysis, we observed that the patients with TETs who were older than 58 years or were men had a poor prognosis. As shown in Figure 1, the OS of the TET patients gradually decreased with an increase in age. These data were supported by the results of a previous study suggesting that young patients with thymoma have a better performance status and less comorbidities and have a better prognosis than older patients (23). Liu et al. reported similar results in patients with thymoma but not in patients with TC (24). In our study, we analyzed thymoma and TC as a single group, and found that age tended to be a prognostic factor. Sex was not identified as a predictive factor in several studies (25, 26); however, in our study, we observed a worse prognosis in male patients with TETs than in their female counterparts. We consider this to be due to the majority of TC patients in our cohort being men with a reduced survival time.

A tumor diameter greater than 5 cm was observed to be an independent prognostic value of TETs in our study, resulting in a poor prognosis. This conclusion was supported by another study, which showed that the tumor diameter is an independent prognostic factor and may even be an indication for surgical treatment (27). Based on the study by Okumura et al., a tumor diameter ≥5 cm was suggested to be an independent risk factor, which was consistent with our findings (28).

Most patients in our cohort were asymptomatic, which may be related to the improved auxiliary inspection technologies and health awareness in our population. The association between autoimmune diseases (ADs) and thymoma has been well established, particularly MG, which has been accompanied in 20%–25% of thymoma patients based on a previous report (29). In our cohort, approximately 22.9% of thymomas were complicated by MG, but only 7% of TC patients had MG. A further analysis of our data showed that MG did not affect the prognosis of TETs, which was inconsistent with previous studies showing that MG is not an independent or direct prognostic factor of TETs, but it may be helpful in an earlier diagnosis of TETs, leading to a better prognosis (30, 31). However, controversial data showed that patients with MG symptoms had a worse prognosis than patients without MG symptoms (32). The relative small numbers of each cohort due to the low incidence of TETs may contribute to the variance. In addition, the data may present a confounding bias as they were generated from a single center lacking external verification, and therefore, multicenter studies may be needed to draw a comprehensive conclusion.



WHO Histological Classification

In our study, the cut-off time was 2020-12-31, and therefore, the 2015 WHO histological classification system was used in this study. Our results demonstrated that this classification was associated with the OS of TET patients, but was not an independent prognostic factor by Cox multivariate survival analysis, which was consistent with previous studies (33, 34). An increased WHO histological grade showed more malignant behavior and was associated with a poor prognosis (33). We also reviewed our data using the new 2021 WHO histological classification and observed no change in our results because the new classification system did not affect our data on the pathological diagnosis of TETs (35).



Masaoka–Koga Stage and 8th UICC/AJCC TNM Staging

The Masaoka–Koga stage was established by Masoka in a retrospective analysis of 93 patients with TETs and was further modified by Koga in 1994 (36, 37). Many studies have shown that the Masaoka–Koga stage is a prognostic factor for predicting the survival time of TETs (38–40). In addition to the Masaoka–Koga stage, the 8th UICC/AJCC TNM staging for TET patients is also used in clinical practice. In our study, both the Masaoka–Koga and the 8th UICC/AJCC TNM staging served as independent prognostic factors for TETs as supported by published literatures (41, 42).



Treatment

Thymectomy is the first choice of treatment advocated for all patients with TETs and has been shown to be an independent prognostic factor. According to Okereke et al. (43), early-stage thymoma and even advanced TETs with pleural metastasis can benefit from surgical resection (44). In our study, although there was only a correlation in the univariate analysis, the data suggested that most patients who have undergone surgery have a good prognosis. Chemotherapy is not recommended for patients who have undergone complete thymoma resection at an early stage (45). Advanced TETs are prone to invading adjacent tissues and organs, resulting in difficulties associated with incomplete resection. Postoperative adjuvant chemotherapy is recommended in patients with advanced TET to reduce the regional recurrence and distant metastasis (46). Therefore, these patients are likely to benefit from cisplatin-based chemotherapy (47). In our study, the patients with TETs, and apparently those with advanced disease, appeared to benefit from chemotherapy, especially in advanced patients. In addition to chemotherapy, radiotherapy has been proposed to improve the survival of patients with advanced TETs (48). Better outcomes have been observed in patients with TETs receiving postoperative radiotherapy (PORT) than in those who only underwent surgery (48). In our study, patients with TC who were treated with PORT showed remarkable local control with mild toxicities. For patients with advanced TETs, particularly TC patients, it may be valuable to explore novel treatment strategies, such as immunotherapy.



MTHFR C677T Genotypes and Methylation Under TET Patients

Evidence from previous studies implicates the gene encoding the folate-metabolizing enzyme MTHFR in cancer, such as gastric cancer and colorectal cancer (CRC) (49, 50). Our study demonstrates the increased risk of TETs in individuals with heterozygous or homozygous T genotypes (CT+TT) at the C667 polymorphism. Patients with TETs are likely to have CT and TT genotypes, but no correlation was observed between the genetic alteration and prognosis of TETs. According to published data from a meta-analysis of 5,423 CRC patients with CT+TT at the MTHFR C667T polymorphism, no prognostic association was observed with either the CC or CT+TT genotypes at the MTHFR C667T polymorphism (50). Another study concluded that the MTHFR C677T polymorphism is unlikely to be a prognostic factor for esophagogastric cancer (51). These data were consistent with our findings. However, interestingly, data indicated that the MTHFR C667T polymorphism affected the prognosis of patients with CRC who were treated with chemotherapeutic drugs including pemetrexed and 5-fluorouracil (52, 53), suggesting that the impaired the folic acid metabolic pathway may affect the sensitivity to chemotherapy drugs and consequent prognostic events.

MTHFR C677T polymorphisms decrease the enzyme activity of the MTHFR enzyme as compared to the wild type and are associated with DNA hypomethylation (54, 55). This can lead to an increased expression of oncogenes, increased DNA chain breaks, and impaired DNA repair (56). MTHFR methylation levels were negatively correlated with the mRNA level of MTHFR using the data derived from the TCGA database. Aberrant DNA methylation may be the etiology and molecular pathogenesis of malignancies including TETs. Chen et al. reported that the degree of hypomethylation was associated with increased disease severity in TETs (1).




Conclusions

Taken together, in our 84 cases, the maximum tumor diameter (>5 cm), high Masaoka–Koga stage, and 8th UICC/AJCC TNM staging served as independent poor prognostic factors. The decreased methylation of MTHFR and increased MTHFR C677T genotype (CT+TT) may contribute to the susceptibility to develop TETs.
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Thymomas are derived from the epithelial component of the thymus and constitute the most common tumor of the anterior mediastinum. These neoplasms are considered malignant for their potential for invasion and metastases. Several histopathologic subclassification schemes have been proposed over the years, however, correlation of histotypes with prognosis remains controversial. In contrast, studies invariably have shown that staging and resection status correlate with oncologic behavior and disease outcomes. In this regard, several staging systems have been presented, though transcapsular invasion and degree of involvement of adjacent anatomic structures are common denominators of all schemes. Involvement of the great vessels and heart most commonly results from direct invasion, which may lead to unusual clinical presentations such as superior vena cava syndrome. Moreover, intravascular and intracardiac growth with or without direct mural invasion rarely occurs. We provide an overview of thymomas with intravascular and intracardiac involvement.
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Introduction

Thymomas are malignant neoplasms derived from the epithelial component of the thymus. While they constitute the most common malignancy primary to the mediastinum, thymomas are rare, with a reported age standardized rate of 0.15 to 0.19/100,000 (1).

Given the complex histologic morphology and architecture of the normal thymus, thymomas are histologically characterized by their morphologic heterogeneity and have remained difficult to categorize by conventional histologic findings. Similarly, while treatment modalities, oncologic behavior, and disease outcomes are delineated by the clinical and pathologic staging, this parameter did not escape from the thymoma controversies in the literature.

Notably, disparity and lack of granularity amongst the current staging systems creates some challenges in the studies of locally advanced thymomas with vascular or cardiac involvement. In the Masaoka-Koga staging system (2) these tumors would classify as stage III. However, there is no differentiation in stage based on organ involvement type thus innominate vein (InV) involvement (often resectable) and direct myocardial involvement (often unresectable) are staged similarly (Table 1). The latest version of the TNM staging system does provide greater clarity. Macroscopic invasion into neighboring organs has been further differentiated in the T classification (3). The T3 group includes invasion into adjacent structures that are typically considered resectable and include InV, superior vena cava (SVC), chest wall, phrenic nerve, and extracardiac pulmonary vessels. On the other hand, T4 includes invasion into structures that are classically not considered resectable and include aorta, arch vessels, main pulmonary artery, myocardium, trachea or esophagus (Table 2). However, with advances in cardiac and great vessel surgery, paradigms are evolving with respect to determination of resectability. For example, focal great vessel involvement is no longer necessarily considered a formidable challenge.


Table 1 | Masaoka-Koga Stage.




Table 2 | TNM Stage.



Invasion of the great vessels, particularly InV and SVC, is not uncommon in advanced thymomas, however, in most cases, stage III (Masaoka-Koga) or T3 (TNM system) result from invasion of extravascular structures, i.e. lung and/or pericardium (4–8). Furthermore, 2 patterns of vascular invasion may be found. Vessels may be involved by contiguous extension (Figure 1 Left), or, rarely, by downstream endoluminal growth into the large vessels and heart (Figure 1 Right).




Figure 1 | Drawing of 2 different types of vascular invasion. Left: Thymoma invades superior vena cava (SVC), innominate vein (IV), aorta, and left atrium (LA) by contiguous infiltration. Right: Thymoma shows a single point of wall invasion into the vessel with intravascular downstream extension into SVC and LA without contiguous involvement.



In this report, we summarize the cases in the English medical literature that provide detail of thymic tumors with intravascular/thrombotic growth protruding into the SVC, its tributaries, and heart, without evidence of contiguous extension through their walls. Our purpose is to highlight this unusual pattern of vascular invasion and generate the base for the identification and further evaluation of these cases. 



Design

A search of thymomas with vascular involvement was performed in the PubMed database (National Medical Library) using the following search terms: “thymoma” and “vascular” and/or each of the terms “intravascular”, and/or “superior vena cava”, “innominate vein”, “brachiocephalic vein”, “atrium”, “cardiac”, “heart”, “intracardiac”, “thrombosis”.

All pertinent articles in the English language medical literature were reviewed. Only those studies with confirmed endovascular growth as the pattern of vascular involvement (Figure 1 Left) were included. Articles referring to cases with vascular involvement resulting from adjacent contiguous invasion, or without detailed data regarding the pattern of vascular invasion were excluded (4–7, 9–21).

The clinical, radiographic, and surgical data were gathered and tabulated for each publication.



Results

Thirty-five publications of patients with confirmed radiographic and/or surgical description of intravascular/intracardiac spread of thymoma without evidence of direct connection were found after thorough review of the numerous articles from the English medical literature. Each publication reported 1 patient with these characteristics (22–55).

The detailed results are shown in Table 3. In summary, there were a total of 34 patients (17 females and 15 males, gender not available in 2 cases) with an average age of 58 years old. Twenty-six cases (87%) presented with swelling of the veins of the face, neck, upper extremities, and/or chest wall, characteristic of SVC syndrome, 7 of them associated with dyspnea. SVC syndrome was not present in 5 (17%) patients, 1 was an incidental finding during cardiac surgery, and 4 presented with dizziness and cough, abdominal pain and distension, ptosis, pain and weight loss, ptosis, and chest discomfort respectively. The patient with ptosis was the only one with evidence of myasthenia gravis. Clinical presentation was not provided in 4 patients.


Table 3 | Patient characteristics and tumor details.



Patients received a wide range of diagnostic imaging studies, with all but 5 having either magnetic resonance imaging (MRI) and/or computed tomography (CT) imaging performed as part of the evaluation. All 5 patients who did not undergo CT or MRI were evaluated in 1997 or earlier and had echocardiography or catheter-based venography. By imaging studies, invasion of the SVC was seen in 28 (85%) patients, 21 of whom with involvement of the right atrium (RA) and 15 with involvement of SVC tributaries, mostly InV. Vascular invasion was not detected radiographically in 1 patient. Radiographic data was not available in 2 patients. Both intraoperative and imaging data were provided in 27 cases. Of those, concordant findings were present in 20 cases and in 7 cases, 1 or more involved vessels were encountered intraoperatively.

The average size of the thymomas (available in 23 cases) was 8.9 cm, ranging from 3 to 16 cm. The histologic type was reported in 27 cases: WHO types A in 3, AB in 5, B1 in 2, and B2 and B3 in 5. Two cases were reported as epithelial-predominant, ‘mixed” in 1, “type II” in 1, and lymphoepithelial in 1.



Discussion

Thymomas are the most common primary tumor occurring in the anterior mediastinum, with an annual incidence 0.15 to 0.19/100,000 (1). All age groups are affected, but most commonly they occur in middle-aged adults (40-50 years). Patients may present with symptoms due to mass effect, autoimmune or paraneoplastic syndromes or metastases, and in a subset of patients, thymomas are found incidentally during thoracic imaging. Autoimmune or paraneoplastic symptoms are most commonly, but are not limited to, neuromuscular disorders (myasthenia gravis), immunodeficiency disorders (hypogammaglobulinemia), or hematologic diseases (pure cell aplasia, hemolytic anemia). 

Once a diagnosis is made, a multidisciplinary treatment approach with clinicians experienced with thymoma/thymic carcinoma is vital. Tumor type, stage, extent of invasiveness, potential phrenic nerve involvement, and the physiologic status of the patient are all essential considerations when determining the appropriate multi-modal treatment plan. In the circumstance of potential vascular or cardiac involvement, surgery may still play a role in the patient management depending on degree and location of involvement.

At the time of presentation, most tumors (65%) are Masaoka-Koga stage I or II, 25% are stage III, and around 10% are stage IV (8). Half of all presentations have invasion into surrounding structures but remain candidates for multimodal therapy including surgical resection. This emphasizes the importance of multidisciplinary management. Unfortunately, the Masaoka-Koga staging system makes no differentiation in stage based on organ involvement type thus innominate vein involvement (often resectable) and direct myocardial involvement (often unresectable) are staged similarly (Table 1). This is better reflected in the latest version of the TNM staging system, in which invasion of mediastinal organs is further divided into T3 (invasion or lung, InV, SVC, phrenic nerve, chest wall or extrapericardial pulmonary arteries) and T4 (invasion of aorta, arch vessels, intrapericardial pulmonary artery, myocardium, trachea and/or esophagus) (Table 2) (3).

We present a review of thymoma cases reported in the English medical literature that demonstrated vascular invasion through endovascular and intracardiac growth not associated with contiguous extension from the main mass (Figure 1). SVC syndrome was the most common presentation of these patients. In most cases, imaging studies were able to demonstrate endovascular growth with good correlation with the intraoperative findings. These cases are staged as Masaoka-Koga III or TNM system T3, however they have an unusual unifying component, the intravascular extension of tumor. It is hypothesized that thymomas enter the great veins through small vessels, such as the thymic veins, or focal transmural invasion, analogous to other angioinvasive malignancies such as renal cell carcinoma, leading to its growth along the venous stream down into the larger veins and atrium. Protrusion of the tumor into the thymic veins was noted intraoperatively in some of the cases in this review.

The WHO classification is currently the primary scheme used for the histologic typification of thymomas (56). Types A, AB, B1, B2, and B3 are divided based on cell morphology and progressive loss of the background population of immature thymic lymphocytes. While the prognosis of thymomas is mainly dependent on stage and resection status, Weiss et al. showed that recurrence rate was correlated with the WHO histotypes but not overall survival (57). However, the relevance of the pathologic classification as a prognostic indicator for recurrence and overall survival has been the subject of numerous studies, with discrepant results. Furthermore, several other histologic schemes have been proposed in the literature, and the controversy regarding which one is the most reproducible, applicable to, and reflective of clinical behavior is ongoing.

Histologic data was available in 25 cases and included 14 cases B2 and B3 (3 older cases classified as epithelial predominant were converted to B3 in this review). Surprisingly, types A, AB, and B1 grouped together were reported at frequencies comparable to types B2 and B3.

Imaging plays a central role in the diagnosis and staging of thymomas. Thymomas typically present in an anterior mediastinal location, arising from one side of the thymus with well-defined margins, smooth or lobulated contours, and locations varying from thoracic inlet to cardiophrenic angle (58). Use of intravenous contrast is indicated whenever feasible, as this allows for improved assessment of vascular involvement, as well as enhancement characterization of the mass. Vascular invasion is suggested by alteration of vessel lumen contour, encasement or obliteration of vessel, or soft tissue intravascular extension, which may also extend to pericardium or cardiac chambers (59). Use of ECG synchronized imaging, either by CT or MRI may allow for improved delineation of cardiac involvement.

Involvement of the mediastinal vessels, in particular InV and/or SVC, is not uncommon in locally advanced thymomas (about 15%), however, lung and pericardium are the most frequently involved organs in Masaoka-Koga stage III or TNM T3 tumors (4–8). The impact on tumor behavior of vascular involvement remains unclear, however, recurrence rates tend to be higher, and disease-free survival shorter, in cases with invasion of the great vessels compared to those without (4, 6, 7). More so, almost no studies evaluate the significance of differentiating specific vessel involvement. In this regard, in a study of clinicopathologic correlation of 250 thymoma cases by Moran et al. the InV was stratified separately from the other great vessels and heart as stage IIA and stage IIC respectively. This stratification did not result statistically significant, however, the number of cases in the study was low, with only 56 tumors stage IIA and 2 tumors stage IIC. Nonetheless, these groups were still included in the proposed staging system. The authors manifest that such stratification is important for the possibility of advances in surgical techniques, additional therapy, and future larger studies. (Table 4) (60). For instance, extended involvement of the surrounding anatomic structures (Masaoka stage III or TNM system T3) makes radical surgery unfeasible in up to 30% to 40% of invasive thymomas and thymic carcinomas grouped together (20). Involvement of the InV, however, can be addressed with simple vein resection with or without reconstruction, and involvement of the SVC can be addressed surgically in certain circumstances although cardiopulmonary bypass may be necessary. Thus, there is likely significantly variability in the determination of resectability based on surgeon and center level experience.


Table 4 | Moran Stage.



Notably, Moran et al. also recognized that vascular invasion in thymomas may follow 2 different patterns, either direct wrapping/extension into the vascular wall, or spread within the vessel itself, as the cases reviewed in this article. Whether staging should be different for these tumors is uncertain. The significance of specific vessel differentiation in the stratification of staging systems, and the pattern of vascular involvement would need to be elucidated.


Limitations

In this study, we present cases of thymoma with intravascular/thrombotic pattern of vascular invasion based on a review of the literature. We excluded the cases that presented vascular invasion by contiguity, as well as those we deemed confusing or ambiguous. However, we recognize that our study is based on a retrospective literature review, and as such, accuracy of the data might be difficult to assess in some cases, especially older reports, which constitutes the main limitation of our study. Nonetheless, we believe that our study could set the base for the identification of these cases and development of future studies to delineate their significance.




Conclusion 

We provide a descriptive analysis of thymoma cases with vascular invasion resulting from downstream polypoid and/or thrombotic intravascular growth detected with imaging studies and/or intraoperatively. intravascular spread is rare among thymomas, regardless of histologic type or staging, and may create uncertainties regarding management. We acknowledge that precise assessment of the incidence of this phenomenon is challenging due to the ambiguity in defining the pattern of vascular invasion in most studies. Importantly, vital to the most appropriate intra-operative planning and perioperative support in managing patients with thymomas is an ongoing, multidisciplinary evaluation, appropriate physiologic assessment of the patient, and precise staging.
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Background

To improve the preoperative diagnostic accuracy and reduce the non-therapeutic thymectomy rate, we established a comprehensive predictive nomogram based on radiomics data and computed tomography (CT) features and further explored its potential use in clinical decision-making for anterior mediastinal masses (AMMs).



Methods

A total of 280 patients, including 280 with unenhanced CT (UECT) and 241 with contrast-enhanced CT (CECT) scans, all of whom had undergone thymectomy for AMM with confirmed histopathology, were enrolled in this study. A total of 1,288 radiomics features were extracted from each labeled mass. The least absolute shrinkage and selection operator model was used to select the optimal radiomics features in the training set to construct the radscore. Multivariate logistic regression analysis was conducted to establish a combined clinical radiographic radscore model, and an individualized prediction nomogram was developed.



Results

In the UECT dataset, radscore and the UECT ratio were selected for the nomogram. The combined model achieved higher accuracy (AUC: 0.870) than the clinical model (AUC: 0.752) for the prediction of therapeutic thymectomy probability. In the CECT dataset, the clinical and combined models achieved higher accuracy (AUC: 0.851 and 0.836, respectively) than the radscore model (AUC: 0.618) for the prediction of therapeutic thymectomy probability.



Conclusions

In patients who underwent UECT only, a nomogram integrating the radscore and the UECT ratio achieved good accuracy in predicting therapeutic thymectomy in AMMs. However, the use of radiomics in patients with CECT scans did not improve prediction performance; therefore, a clinical model is recommended.





Keywords: anterior mediastinal mass, radiomics, nomogram, thymectomy, computed tomography



Introduction

Mediastinal masses are uncommon compared to masses in the lungs. The prevalence of mediastinal masses ranges from 0.73% to 0.9%, taking reference from a population-based cohort study (1) and two lung cancer screening studies (2, 3). The masses most commonly occur in the anterior mediastinum, accounting for 50%–69.8% of all mediastinal masses (4, 5). Anterior mediastinal masses (AMMs) include a wide range of pathological entities, varying from benign cysts to neoplasms (benign and malignant) (6, 7). Therefore, they often pose a diagnostic challenge for clinicians (8).

Surgical excision is one of the most common treatments for AMMs (9), which may not necessarily be appropriate. The overall non-therapeutic thymectomy rate ranges from 22% to 68%, as it had been reported in the literature (10, 11), and is often due to diagnostic inaccuracies. For example, masses that did not warrant surgical intervention were misdiagnosed as thymomas (10). Thus, a definitive diagnosis is crucial for better preoperative counseling, appropriate treatment decisions, and follow-up management.

Biopsy of AMMs is an invasive approach to obtain tissue before surgical intervention and treatment for histopathological analysis (12, 13). However, not all patients are eligible for biopsy given the presence of certain comorbidities as well as lesion size and location (8, 14). On the other hand, there are also cases where direct surgical resection can be performed based only on imaging and clinical features, bypassing the superfluous step of biopsy (8). Imaging examination, as a non-invasive approach, is indispensable for preoperative workup and is essential for the differential diagnosis, staging, and follow-up monitoring of AMMs (15). CT is universally available for routine preoperative preparation and remains the current modality of choice. Nevertheless, the average diagnostic accuracy only ranged from 35% to 78% when radiologists provided the diagnosis based on their understanding and judgment of demographic and CT imaging features (5, 16, 17). The discriminating ability for malignant germ cell tumors (35%), thymic carcinomas (38%), and cysts (46%) is not satisfactory (5). Thus, there is an urgent need to improve the radiological diagnostic accuracy of AMMs to reduce the chances of unnecessary surgery for individuals who are unlikely to benefit from it.

Radiomics is an emerging translational field of research aimed at extracting features, more than those observed by radiologists, from radiological images for clinical decision-making (18). Most radiomics studies investigated thymic epithelial tumors (TETs) (19–21), the most prevalent primary tumor in the anterior mediastinum that accounts for 47% of the total mediastinal tumors (22). Quantitative radiomics analysis based on CT, MRI, and PET/CT has been conducted and has shown good diagnostic performance in differentiating tumor subtypes, staging, invasiveness, and risk categorization in TETs (19, 21, 23, 24). However, there is no empirical evidence proving that CT-based radiomics analysis would be beneficial for reducing the non-therapeutic thymectomy rate in AMMs. As such, this is an interesting problem that requires further investigation.

In this study, we sought to evaluate the potential value of CT-based radiomics features by establishing a comprehensive predictive nomogram that aims to improve preoperative diagnostic accuracy and reduce the non-therapeutic thymectomy rate. We also investigated the radiomics features extracted using different CT imaging techniques, including unenhanced CT (UECT) and contrast-enhanced CT (CECT), and explored their potential use in the clinical decision-making regarding AMMs.



Materials and Methods


Patient Selection

This retrospective, single-center study was approved by our institutional ethics committee (no. 2022048 K), which waived the need for informed consent. The workflow diagram of the analysis is shown in Figure 1.




Figure 1 | Flowchart of the patient recruitment pathway. The flowchart shows how the study population has been selected and its retrospective manner. N, number; UECT, unenhanced computed tomography; CECT, contrast-enhanced computed tomography.



We searched the electronic medical record system of our hospital for patients (n = 695) who underwent surgical resection of suspected mediastinal masses at our institution from January 2017 to April 2021. The inclusion criteria were as follows: 1) AMM, 2) underwent UECT and/or CECT within 1 month before surgery, and 3) available clinical data and surgical records. The exclusion criteria were as follows: 1) previous treatment or biopsy before the CT scan, 2) low-dose lung cancer screening or lung nodule follow-up CT scan protocols, 3) poor image quality due to severe respiratory motion artifacts or other reasons, 4) incomplete UECT data, and 5) hyperthyroidism or myasthenia gravis. AMM was defined as any mass no less than 5 mm in the short-axis diameter that was located in the anterior mediastinum as defined by the International Thymic Malignancy Interest Group (25, 26). The center method was used for defining the mass center on axial CT images and further locating the theoretical site of mass origin (25, 26). When multiple masses were present in a single patient, they were evaluated separately.

In total, 280 patients with 280 UECT and 241 CECT scans were enrolled in this retrospective study. Clinical information, including age, sex, body mass index (BMI), and pathological diagnosis of all cases, was obtained from our institutional medical record system. The median time from the preoperative CT scan to surgery was 7.5 days (interquartile range, IQR: 3–10) in UECT and 6 days (IQR: 3–9) on CECT.



Pathological Analysis

Surgical resection generally refers to total thymectomy or total thymectomy with partial en bloc resection of adjacent structures when complete resection is necessary. The procedures included open thoracotomy, mediastinoscopy, or robot-assisted mediastinoscopy. All resected specimens were formalin-fixed and hematoxylin–eosin-stained according to standard procedures. The pathological diagnosis was independently performed by two pathologists who were blinded to the radiological diagnosis. The diagnosis was made and reported according to the classification criteria issued in the 4th edition of the WHO classification of tumors of the thymus in 2015 (27).



Image Acquisition

CT imaging was performed using one of four 64-slice multidetector CT scan machines (Philips Brilliance CT 64; Philips Medical Systems, Eindhoven, Netherlands), Philips IQon spectral CT (Philips Medical Systems, Eindhoven, Netherlands), GE Discovery CT750 HD (GE Medical Systems, Waukesha, USA), and Somatom Definition Flash (Siemens Healthineers, Erlangen, Germany). Detailed acquisition and reconstruction protocol specifications are provided in Supplementary Material 1. All CT scans were performed over the entire thorax, in the supine position, at the end of the inspiratory phase. CECT was obtained 60 s after contrast agent administration. The contrast agent (Omnipaque 350, GE Healthcare, Waukesha, USA) was intravenously administered at a dose of 1.5 ml/kg body weight and a rate of 3.0 ml/s via a power injector, followed by a 20.0-ml saline flush.



Mass Analysis and Segmentation

Location (unilateral or bilateral), size (maximum axial diameter), shape (regular, irregular), boundary (clear, indistinct), mediastinal fatty line (preserved, infiltrate), fatty component (absence, presence), calcification (absence, presence), pericardial effusion (absence, presence), pleural effusion (absence, presence), and enhancement homogeneity (homogeneous, inhomogeneous) were verified by two radiologists (YZ and ZZ, both with 6 years of experience in thoracic imaging diagnosis) who were blinded to the pathological diagnosis. Subsequently, two attenuation-to-background ratios were calculated for each mass:

	

All CT findings were evaluated based on the mediastinal window setting on the transverse plain CT scan section (window width, 300 HU; window level, 30 HU).

The included masses were independently segmented by two radiologists (YZ and ZZ) using the open-source image processing software ITK-SNAP 3.8.0 (www.itksnap.org) (28). A three-dimensional mask, defined as the delineation around the mass border for every CT axial plane, was delineated manually. The original digital imaging in communications in medicine format and the segmentation mask were exported directly into neuroimaging informatics technology initiative (NIfTI) format after the above segmentation process.



Radiomics Feature Extraction

Referring to the recommended standardized radiomics analysis workflow (18), segmentation data were analyzed using Pyradiomics (version 3.0.1 https://pyradiomics.readthedocs.io/) in Python (version 3.7 https://www.python.org/) to extract the radiomics features (29). The NIfTI format data were resampled into 1.0 × 1.0 × 1.0-mm3 voxels using a nearest-neighbor algorithm. In total, 1,288 radiomics features were extracted, and the specific classifications were as follows: 1) first-order statistics and filter-based features (n = 252), 2) shape (n = 14), 3) gray level co-occurrence matrix and filter-based features (n = 308), 4) gray level run length matrix and filter-based features (n = 224), 5) gray level size zone matrix and filter-based features (n = 224), 6) gray level dependence matrix and filter-based features (n = 196), and 7) neighboring gray tone difference matrix and filter-based features (n = 70). All extracted radiomics features are listed in Supplementary Material 2. In addition to the shape features, all the features were computed on the original image or on a Gaussian- or wavelet-filtered image. Most features were defined in compliance with the imaging biomarker standardization initiative. The bin size in our analysis is 25.



Radiomics Feature Selection and Predictive Model Building

The CECT and UECT datasets were randomly divided into training and validation sets in a ratio of 2:1. The median padding method was used to fill in missing values and replace outliers, after which the standardized data were subsequently used for statistical analyses. Radiomics features from the training set were selected using the Mann–Whitney test or independent Student’s t-test when results achieved p <0.05. The selected features were further filtered using least absolute shrinkage and selection operator (LASSO) with 10-fold cross-validation. Clinical and radiographic features were analyzed using the Mann–Whitney test, independent Student’s t-test, or chi-square test when appropriate. Countable data were analyzed with the chi-square test, data that fit the normal distribution were analyzed with the independent Student’s t-test, and data that did not fit the normal distribution were analyzed using the Mann–Whitney test.

The receiver operating characteristic (ROC) curve was used to evaluate the predictive performance of the radscore (radiomics feature) model, clinical model (clinical and radiographic features), and combined model (clinical + radscore model) in the training and validation sets. The Youden index was calculated, and the score at the maximum Youden index was taken as the cutoff value. An individualized prediction nomogram was constructed.



Statistical Analysis

The intraclass correlation coefficient (ICC) was used to assess interobserver agreement during the segmentation process. Features with an ICC greater than 0.90 were retained for further statistical analysis. LASSO, Mann–Whitney test, independent Student’s t-test, chi-square test, and multivariate logistic analyses were performed to select the clinical, radiographic, and radiomics features. p-value was adjusted for multiple comparisons in the radiomics feature selection step as false discovery rate (FDR)-corrected q-value with a significance level of 0.05. Other statistical tests were two-sided with a significance level of 0.05. All statistical analyses were performed using the R software (version 4.0.5 https://www.r-project.org/) with “readr,” “irr,” “rms,” “foreign,” “Matrix,” “Hmisc,” “rmda,” “ggprism,” “ggDCA,” “ggplot2,” “ggsci,” “glmnet,” “fdrtool,” and “regplot” packages.




Results


Clinical and Radiographic Features

A total of 280 patients with 280 UECT and 241 CECT scans were recruited for this study. The pathological characteristics of the patients are shown in Table 1. Around 92.14% (258/280) of the masses were completely resected. The non-therapeutic thymectomy rates were 51.07% (143/280) and 48.55% (117/241) in the UECT and CECT datasets, respectively.


Table 1 | Pathology characteristics of patients in UECT and CECT.



In the UECT dataset, diameter, shape, boundary, mediastinal fatty line, and UECT ratio showed a statistically significant difference (p < 0.05) between the non-therapeutic thymectomy and therapeutic thymectomy groups in both the training and validation sets, while sex, pleural effusion, and calcification exhibited evident differences in either the training or validation set (Table 2).


Table 2 | The clinical and radiographic features in the training and validation sets of UECT.



Furthermore, multivariate analysis revealed significant differences in diameter, calcification, and UECT ratio. These three features were subsequently selected to establish the UECT clinical model.

	

The area under the curve (AUC) of the clinical model was 0.814 (95% CI, 0.751–0.867; threshold: 0.06431; sensitivity: 79.12%; specificity: 72.63%) in the training set and 0.752 (95% CI, 0.653–0.836; threshold: 0.02138; sensitivity: 69.57%; specificity: 70.83%) in the validation set (Figure 2).




Figure 2 | ROC curves of the clinical (red lines), radscore (green lines), and combined (blue lines) models in the training set (A) and validation set (B) of the UECT model. The shaded areas represent the confidence intervals of the ROC curves. UECT, unenhanced computed tomography; ROC, receiver operating characteristic.



In the CECT dataset, diameter, shape, mediastinal fatty line, homogeneity, and UECT ratio showed statistical differences (p < 0.05) between the non-therapeutic thymectomy and therapeutic thymectomy groups in both the training and validation sets, while boundary, sex, pleural effusion, and calcification exhibited evident differences in either the training or validation set (Table 3). Multivariate analysis revealed significant differences in diameter, UECT ratio, and homogeneity. These three features were subsequently selected to establish a clinical CECT model.

	


Table 3 | The clinical and radiographic features in the training and validation sets of CECT.



The AUC of the clinical model was 0.852 (95% CI, 0.793–0.911; threshold: −0.92923; sensitivity: 90.24%; specificity: 67.95%) in the training set and 0.851 (95% CI, 0.769–0.933; threshold: −1.62975; sensitivity: 97.62%; specificity: 61.54%) in the validation set (Figure 3).




Figure 3 | ROC curves of the clinical (red lines), radscore (green lines), and combined (blue lines) models in the training set (A) and validation set (B) of the CECT model. The shaded areas represent the confidence intervals of the ROC curves. CECT, contrast-enhanced computed tomography; ROC, receiver operating characteristic.





Radiomics Feature Selection

In the UECT dataset, 587 features with good agreement (ICC > 0.90) were selected for further reduction (Supplementary Material 3). A total of 564 features were removed due to lack of statistical difference in the Mann–Whitney test, and 20 features were removed due to high correlation with other features in LASSO selection, with four features remaining (Supplementary Material 4; Figure 4). Consequently, the selected features were subjected to a radscore model:

	




Figure 4 | Radiomics feature selection using the LASSO regression model in the UECT model. (A) The partial likelihood deviance from the LASSO regression cross-validation procedure was plotted against log(λ). The optimal λ value of 0.116967 was selected. (B) LASSO coefficient profiles of the radiomics features. As the tuning parameter (λ) increased using 10-fold cross-validation, more coefficients tended to approach 0 and the optimal non-zero coefficients were generated, which yielded a set of the optimal radiomics features. LASSO, least absolute shrinkage and selection operator; UECT, unenhanced computed tomography.



The AUC of the radscore model was 0.886 (95% CI, 0.831–0.928; threshold: 0.40102; sensitivity: 96.70%; specificity: 69.47%) in the training set and 0.839 (95% CI, 0.749–0.907; threshold: 0.47809; sensitivity: 82.61%; specificity: 70.83%) in the validation set (Figure 2).

In the CECT dataset, 846 features with good agreement (ICC > 0.90) were selected for further reduction (Supplementary Material 3). A total of 712 features were removed due to lack of statistical difference in the Mann–Whitney test, and 129 features were removed due to their high correlation with other features, with five remaining features (Supplementary Material 5; Figure 5). Consequently, the selected features were subjected to a radscore model:

	




Figure 5 | Radiomics feature selection using the LASSO regression model in the CECT model. (A) The partial likelihood deviance from the LASSO regression cross-validation procedure was plotted against log(λ). The optimal λ value of 0.1010462 was selected. (B) LASSO coefficient profiles of the radiomics features. As the tuning parameter (λ) increased using 10-fold cross-validation, more coefficients tended to approach 0 and the optimal non-zero coefficients were generated, which yielded a set of the optimal radiomics features. LASSO, least absolute shrinkage and selection operator; CECT, contrast-enhanced computed tomography.



The AUC of the radscore model was 0.718 (95% CI, 0.639–0.797; threshold: 0.07717; sensitivity: 64.63%; specificity: 70.51%) in the training set and 0.618 (95% CI, 0.492–0.745; threshold: −0.02176; sensitivity: 90.48%; specificity: 38.46%) in the validation set (Figure 3).



Construction of the Prediction Nomogram and Clinical Utility

In the UECT dataset, diameter, calcification, and UECT ratio were incorporated into the multivariate logistic analysis to develop a prediction nomogram (Figure 6). As a result, the UECT ratio and radscore were selected as independent predictors of therapeutic thymectomy.

	




Figure 6 | Radiomics-based nomogram was developed in the training set for the UECT model. (A) Radscore and the UECT ratio were incorporated. (B) Decision curve of the nomogram. The y-axis represents the net benefit. The x-axis represents the threshold probability. The red line represents the radiomics-based nomogram of the training set. The green line represents the radiomics-based nomogram of the validation set. The blue line represents the assumption that all AMMs are fit for therapeutic thymectomy. The violet line represents the assumption that all AMMs are not fit for therapeutic thymectomy. The decision curve demonstrates that if the threshold probability is >5%, using the nomogram for therapeutic thymectomy adds more benefit than predicting either all or no patients. (C) Calibration curve of the radiomics-based nomogram in the training set. (D) Calibration curve of the radiomics-based nomogram in the validation set. The 45-degree lines represent perfect predictions. The black dotted lines represent the predictive performance of the nomogram. A closer fit to the 45-degree line represents a better prediction. AMM, anterior mediastinal mass; UECT, unenhanced computed tomography.



The calibration curve of the nomogram for predicting the probability of AMM suitable for therapeutic thymectomy demonstrated an acceptable agreement between prediction and observation in the training and validation sets (Figure 6). The AUC of the combined model was 0.895 (95% CI, 0.842–0.935; threshold: 0.15017; sensitivity: 93.41%; specificity: 74.74%) in the training set and 0.870 (95% CI, 0.784–0.930; threshold: 0.61539; sensitivity: 76.09%; specificity: 81.25%) in the validation set (Figure 2). The decision curve analysis of the nomogram is presented in Figure 6.

The radscore and the combined model achieved a higher accuracy (AUC: 0.886 and 0.895, respectively) than the clinical model (AUC: 0.814) for the prediction of therapeutic thymectomy probability among patients with AMMs in the UECT training set (Delong test; p = 0.019 and 0.001, respectively). A difference was observed only between the combined and clinical models in the validation set (p = 0.005).

In the CECT dataset, the UECT ratio and homogeneity were incorporated with the radscore into the multivariate logistic analysis and were selected for developing the prediction nomogram:

	

The calibration curve of the nomogram for predicting the probability of AMM suitable for therapeutic thymectomy demonstrated an acceptable agreement between prediction and observation in the training and validation sets. The AUC of the combined model was 0.868 (95% CI, 0.805–0.916; threshold: −0.83458; sensitivity: 95.12%; specificity: 69.13%) in the training set and 0.836 (95% CI, 0.738–0.909; threshold: 0.71154; sensitivity: 59.52%; specificity: 95.31%) in the validation set (Figure 3).

The clinical and combined models achieved a higher accuracy (AUC: 0.852 and 0.868, respectively) than the radscore model (AUC: 0.718) for the prediction of therapeutic thymectomy probability among patients with AMMs in the CECT training set (Delong test; p < 0.001 and 0.004, respectively). Similar results were obtained for the validation set.




Discussion

In this retrospective study, we developed and validated two radiomic nomograms for preoperative AMMs. The nomogram demonstrated an individualized selection of AMMs, which could help in screening patients who required surgical intervention.

For chest UECT-identified AMMs, follow-up diagnosis was always based on radiological features on CECT or MRI, and clinicians tended to choose surgical intervention as the first management strategy. The non-therapeutic thymectomy rate was as high as 51.07% (143/280) in our study, which is in line with previous studies (22%–68%) (10, 11). Unlike in previous studies (10), lymphoma was assigned to the therapeutic thymectomy group in our study. We considered that routine follow-up may not be justified for this disease since therapeutic thymectomy could help determine the pathological diagnosis, which is essential for subsequent treatments. There has been increased awareness of non-therapeutic thymectomy cases, and a more accurate preoperative diagnosis contributes to avoiding them.

In the current study, we mainly focused on UECT and CECT, which are the most common imaging examinations in routine preoperative preparation. Usually, in cases of renal insufficiency, CECT may be replaced with MRI or saved with only UECT. The value of the UECT clinical model was limited according to the AUC (training: 0.814, validation: 0.752), whereas the CECT clinical model was found to be acceptable (AUC, training: 0.852, validation: 0.851). In our study, patients who were suitable for surgical resection presented with larger diameters and larger UECT ratios and were inhomogeneous. Diameter is a readily accessible observable metric for the clinical diagnosis of AMMs, and this finding is consistent with that of a previous study (30). Previous studies have mostly focused on distinguishing between benign and malignant AMMs (30, 31). In our study, the therapeutic thymectomy group consisted mostly of malignant masses, which may explain the diameter result. In previous studies, benign masses had lower attenuation than malignant masses (16, 31). To reduce the risk of bias, attenuation was substituted by the UECT ratio in our study; therefore, our results also fit well with previous studies on this aspect. Cysts (76.1%, 89/117) were the most common low attenuation masses in the non-therapeutic thymectomy group, which might be the reason why we found the UECT ratio larger in the therapeutic thymectomy group. Mass enhancement patterns are typically associated with necrosis, cystic changes, and heterogeneity. TETs formed the largest proportion, approximately 75.8% (94/124), of the therapeutic thymectomy group. The inhomogeneity rate of TETs was approximately 67% versus 0% for cysts, as reported in the literature (10). The different disease distributions likely resulted in different radiological characteristics. We also explored other possible reasons for these silent radiological features. Unilateral location, lobulation, and fewer fatty components are commonly used to identify TETs (10, 16). However, all three features failed to achieve statistical significance in this study. As such, these results may be attributed to our grouping method. Teratomas, which occur in a central location, are oval or rounded, contain a fatty component, and require surgical intervention because of the risk of developing malignant change. It was also categorized into the therapeutic thymectomy group. This may partially explain the negative results obtained.

To construct the radiomics-based radscore, we screened 1,288 candidate radiomics features on both the UECT and CECT datasets. Radiomics analyses yielded results that differed from those of the clinical models. The UECT radscore model (AUC: training: 0.886, validation: 0.839) was more effective than the CECT score model (AUC: training: 0.718, validation: 0.618). There are some controversies regarding the diagnostic efficacy of UECT and CECT radiomics modeling. Yasaka et al. (32) studied solid AMMs and cysts using quantitative CT texture analyses and found that CECT (AUC: 0.983) was more effective than UECT (AUC: 0.780). Similar results were obtained in a study by Wang et al. that focused on risk categorization and clinical staging of thymomas (33). However, our results are similar to those of Sui et al., who showed that the radiomics features of UECT performed better than those of CECT in the prediction of anterior mediastinal lesion risk grading (34). This discrepancy could have been caused by a grouping bias. Another possible explanation is that the biological heterogeneity within the tumor that can be characterized by radiomics is confounded by contrast material (35). SurfaceVolumeRatio is one of the four target features selected and used to construct the UECT radscore model. It had a lower median value in the therapeutic thymectomy group, indicating that masses tended to have a more compact shape in this group. JointAverage had a higher median value in the therapeutic thymectomy group, reflecting mass attenuation. RunEntropy and SmallAreaHighGrayLevelEmphasis were utilized to evaluate heterogeneity, which resulted in higher median values in the therapeutic thymectomy group. This suggests that the heterogeneity of masses in this group was more apparent.

A comparison of the predictive power of the clinical, radscore, and combined models was performed in our study. In the UECT dataset, the predictive performance of the combined model (AUC: 0.870) was higher than that of the clinical model (AUC: 0.754; p = 0.005). Although there was no significant difference between the clinical and radscore models (AUC: 0.839; p = 0.093), the AUC of the radscore model was higher. This implies that incorporating the radscore to develop a combined model may improve the predictive performance for the therapeutic thymectomy ratio compared to using the UECT clinical model only. Therefore, we adopted a nomogram that presented quantitative differences, which is more accessible than the calculation formula. The nomogram combining radscore and UECT ratio demonstrated satisfactory calibration and discrimination in the training and validation sets. This finding offers the potential for application in patients with renal failure or contrast allergies. In the CECT dataset, the predictive performance of the combined model (AUC: 0.836) and the clinical model (AUC: 0.851) was higher than that of the radscore model (AUC: 0.618; p = 0.002 and <0.001, respectively). This result could provide some hints that assessing the CECT qualitative and quantitative features such as UECT ratio, diameter, and enhancement homogeneity could reduce the unnecessary non-therapeutic thymectomy rate in AMMs. Comparing the UECT combined model (AUC: 0.870) to the CECT clinical model (AUC: 0.851), we see that their performance is very similar. In this case, expert-based lesion quantification on CECT is probably more efficient and faster than expert-based lesion quantification on UECT plus target delineation and radiomics calculation.

Several limitations of this pilot study must be acknowledged. First, this was a retrospective study in which only surgically resected AMMs were included, and patient selection bias was inevitable. Second, our study was subject to the inherent limitations of any single-center study, without external validation. Third, the technical parameters and scan protocols for the CT examinations were not consistent. Although resampling-based approaches have been adopted to address this problem, the potential influence of radiomic stability should still be considered. Another point of concern was that the CT imaging evaluations of both UECT and CECT groups were done based on the UECT scans, except for enhancement homogeneity and CECT ratio; therefore, we recommend that all patients require a UECT scan. In addition, the distribution of the pathological types of AMMs was uneven, and the number of TETs and cysts was relatively large. This might have affected the stability of the model. Finally, image processing algorithms and segmentation process techniques are bottlenecks of radiomics applications, which are time-consuming and highly prone to artificial error. This may restrict the further clinical application of these techniques, and there remains a need to develop a more reliable and robust segmentation tool.



Conclusion

In patients who underwent UECT scan only, a nomogram model integrating the radscore and UECT ratio achieved good accuracy in predicting therapeutic thymectomy probability in AMMs. Nevertheless, the use of radiomics as a clinical biomarker in CECT scans did not improve the predictive performance of the model. A clinical model consisting of the diameter, UECT ratio, and homogeneity may be helpful and more practical in finding an appropriate solution for the management of AMMs. The individualized model may avoid blind follow-ups and high non-therapeutic thymectomy rates.
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Purpose

To investigate the efficacy and safety of buparlisib, an oral pan-PI3K inhibitor, in relapsed or refractory thymomas.



Methods

This was a single center, single arm, open label phase II trial of buparlisib in patients with recurrent thymoma who have progressed after at least one prior line of treatment. The primary endpoint was objective response rate (complete response [CR] + partial response [PR]). Secondary endpoints included toxicity; progression free survival (PFS); overall survival (OS); disease control rate (DCR), i.e., the percentage of patients who achieve either PR or CR or stable disease [SD] for at least 4 months.



Results

Between 10/13/2014 and 1/18/2017, 14 patients with stage IV disease were enrolled. Median age was 58y (23–74). 71% were females and 71% white. All patients had WHO B2 (29%) or B3 (71%) thymoma. Patients received buparlisib for a median of 4.5m (2–33). At a median follow up of 16.6m (2.4–31.3), onr patients (7%) achieved a PR. DCR was 50%. Median PFS was 11.1m (95% CI 2.9 – 18.8). Median OS, updated as of March, 2021 was 22.5m (10.7–31.3). Most common grade 3-4 adverse events related to buparlisib were dyspnea (21%), rash (14%), elevated transaminases (14%), cough (7%), pneumonitis (7%), anxiety (7%), fatigue (7%) and hyperglycemia (7%). Reasons for treatment discontinuation included progression of disease (n= 5), rash (n=4), pulmonary toxicity (n=3), sinusitis (n=1), and disseminated toxoplasmosis plus autoimmune cholangitis (n=1). As of 3/2021, 8 patients have died, 7 due to disease progression and 1 due to central nervous system toxoplasmosis and autoimmune cholangitis.



Conclusion

Buparlisib showed modest activity in patients with relapsed or refractory thymomas. Further investigation of PI3K pathway targeted therapy in thymoma is warranted. (clinicaltrials.gov ID: NCT02220855).



Clinical trial registration
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Introduction

Thymic malignancies are rare but represent the most common tumors in the anterior mediastinum (1). Thymic epithelial tumors (TET) originate from the epithelial cells within the thymus and are histologically classified into WHO types A, AB, B1, B2, B3 thymoma, and thymic carcinoma. Whereas types A, AB and B1 thymomas have a better prognosis than the other histologies, all of these tumors are felt to be malignant and thus capable of producing metastasis and death. Management is multidisciplinary in nature with complete surgical resection the primary means for long-term survival.

In the setting of advanced thymoma or thymic carcinoma, the chance of cure is remote, and systemic therapy is typically employed with or without radiation therapy. Evidence-based guidelines favor combination chemotherapy regimens in the first line, usually containing a platin agent and some combination of doxorubicin, cyclophosphamide, paclitaxel, or etoposide (2–4). Unfortunately, given the rarity of the disease, there have been few prospective trials of systemic therapy in the advanced or metastatic settings. Using platin-based combination chemotherapy, response rates in first line therapy for locally advanced or metastatic disease are good are over 50% as reported in multiple phase II studies but few produce durable remissions (5).

As such, the vast majority of patients with locally advanced or metastatic thymic malignancies ultimately fail initial therapy and therefore require second-line therapy. Few agents have been investigated for these patients with variable rates of response (10-20%) which are rarely durable. Examples of these agents include: octreotide ± prednisone, imatinib, pemetrexed, belinostat, gefitinib, everolimus and interleukin-2 (5). There is a clear need for better therapies, especially those that can target specific mutations (6).

Given the infrequency of these tumors, the use of established tumor cell lines has been invaluable to evaluate potential new targets for therapeutic trials. One of these targets is the phosphoinositide-3-kinase/Akt (PI3K/Akt) pathway. Prior published data from our group demonstrated that a subset of thymomas activate the PI3K pathway through upregulation of a large microRNA cluster on Chromosome 19 (7). We have also demonstrated that the majority of thymomas have an active pathway as evidenced by elevated phospho-AKT compared to normal tissues (7). Albertobello and colleagues demonstrated that a mutation in the gene, PIK3R2 (that encodes a regulatory subunit of PI3K) and other PI3K subunit genes were found in a newly established thymic carcinoma (MP57) cell line, where inhibition of PI3K with GDC-0941 resulted in anti-tumor activity (8). Another independent group also observed an activated PI3K pathway at the protein level in thymoma tissues (9). Further support of targeting the PI3K pathway comes from a Phase II trial in thymoma patients with the mTOR inhibitor, everolimus. This demonstrated a disease control rate in 30 of 32 (93.8%, 95% CI, 79.2% to 99.2%) including three (9.4%) PRs (10).

Supported by this preclinical data, we initiated a Phase II trial of the oral pan-PI3K inhibitor, buparlisib, in patients with advanced thymoma (clinicaltrials.gov ID: NCT02220855). Buparlisib has potent inhibitory activity of all PI3K isoforms: alpha, beta, gamma, and delta. The primary objective of this trial was to evaluate the objective response rate, with secondary objectives being progression free survival, duration of response, toxicity, and overall survival.



Methods


Trial design and patient selection

We initiated a single-arm, Phase II trial of the oral pan-PI3K inhibitor, buparlisib, in patients with relapsed or refractory thymomas. The primary endpoint was objective response rate (ORR), with secondary endpoints of progression free survival (PFS), overall survival (OS), disease control rate (DCR), and toxicity evaluation. An exploratory objective to evaluate molecular markers of response was also planned. Eligible patients must have had with histologically confirmed thymoma (WHO Type A, AB, B1, B2, B3) with least one prior line of platinum-based chemotherapy (unless refused or not tolerated). Patients with thymic carcinoma (WHO Type TC) were excluded. Patients must have measurable disease, adequate bone marrow function (ANC ‗1.5 x 109/L, platelets ‗100,000 x 109/L, Hb >9 g/dl), liver function tests (ALT and AST WNL or ¾3 x ULN if liver metastases present, bilirubin WNL or ¾1.5 x ULN if liver metastasis present) and serum creatinine ¾ 1.5 x ULN. Patients with concurrent severe and/or uncontrolled concomitant medical conditions (e.g. cardiac, diabetic, gastrointestinal or pulmonary dysfunction). Pulmonary function tests including measures of predicted lung volumes and DLco were performed only for those patients in whom pulmonary dysfunction was suspected. Patients who were on chronic oral corticosteroids or immunosuppressive agents were not eligible. Buparlisib (also known as BKM120) was administered orally at 100mg QD for two or more months until disease progression or unacceptable toxicity. The study was initially designed to treat patients until disease progression or unacceptable toxicity for a maximum of one year. The study was amended later to allow treatment beyond one year for those with continued benefit from treatment.



Statistical design

The primary endpoint of the study was objective response rate (CR+PR) according to RECIST 1.1 criteria for buparlisib monotherapy in patients with advanced thymomas. The sample size was calculated based on the objective response rate. A two-stage Simon’s Minimax design was used to test the null hypothesis of 10% objective response rate (p0 = 0.10) versus a clinically meaningful response rate of 30% (p1 = 0.30) with a two-sided alpha = 0.10 and a power of 90%. The first stage of the study was planned to enroll 16 evaluable patients with thymoma. If ¾ 1 of the 16 patients demonstrated an objective response, then no further patients would be accrued. If two or more of the first 16 patients have a response, then accrual would continue until 25 evaluable patients would be treated. If there are 2 to 4 patients with a response in the total of 25 evaluable patients, then the objective response rate would be considered as uninterestingly low, while if there are 5 or more patients of the 25 who have a response, then the study therapy would be considered as clinically sufficient to warrant further study in a phase IIb or III trial. Under the null hypothesis (10% response rate), the probability of early termination in this cohort is estimated to be 52%. The sponsor prematurely terminated the study due to discontinuation of the investigational drug program. Prior to this, a total of 14 patients are included for efficacy and safety analyses.



Data analysis

Demographic and disease characteristics were summarized using descriptive statistics. As the study was discontinued by an external reason that was completely independent of the observed data, the primary outcome of objective response rate was calculated with 95% confidence interval without adjustment to the two-stage nature of the study design. Survival curves were estimated using the Kaplan-Meier method, with 95% confidence interval calculated using Greenwood’s method. Progression Free Survival was defined as the time from study start until progression or death, with censoring at last follow-up. Overall survival was defined as the time from the study start to documented death, with censoring at last follow-up.



Molecular analysis


Whole exome sequencing

This trial was able to capture 10 matched pairs of tumor and peripheral blood. The concentration and quality of gDNA was assessed using Agilent 4200 TapeStation. A DNA Integrity Number (DIN) of five or higher was required to pass quality control. One hundred nanograms of DNA per patient sample were used to prepare single-indexed cDNA libraries using SureSelectXTHS Human All Exon V6 (Agilent). The resulting libraries were assessed for their quantity and size distribution using Qubit 2.0 (Life Technologies) and Agilent 2100 Bioanalyzer. Libraries pooled at 200pM were utilized for clustering amplification using HiSeq 3000/4000 PE cluster kit and sequenced with 2x75bp paired-end configuration on the HiSeq 4000 (Illumina) using HiSeq 3000/4000 PE SBS kit. A Phred Q-score was used to measure the quality of sequencing with more than 90% of the reads reaching Q30 (99.9% base call accuracy).

The sequencing data was first assessed using FastQC (Babraham Bioinformatics, Cambridge, UK) for quality control. The sequenced libraries were mapped to the human genome (UCSC hg38) using BWA MEM aligner in an alternate contig aware (alt-aware) manner followed by post alt-processing step with BWA kit. The PCR duplicates were marked using PICARD Mark Duplicates. The coverage across target regions was assessed using PICARD Collect Alignment Summary Metrics and Collect Hs Metrics. Quality control of sequencing and mapping results was summarized using MultiQC. Base quality score recalibration (BQSR) was performed using GATK Base Recalibrator and Print Reads to generate analysis-ready BAM files. GATK Mutect2 was used to generate somatic variant VCF files and Ingenuity Variant Analysis (Qiagen) was used to visualize variants. For copy number analysis, variants were called using CODEX2 (11). Standard quality control was used comparing matched patient samples.




RT-PCR

RNA from 14 patients was isolated using Allprep DNA/RNA FFPE kit (Qiagen #80234). cDNA conversion was then performed using High Capacity RNA-to-cDNA kit at 1ug per patient (Thermo Fisher Scientific). MicroRNA experiments were run on 7900HT Fast Real-Time PCR system and expression was observed using TaqMan Gene Expression Mastermix and miRNAs 519d, 517a, and RNU48 as the endogenous (Thermo Fisher Scientific Assay ID: 47897_mir, 479485_mir, and 001006 respectively). Analysis was achieved using Sequence Detection System version 2.4 and RQ manager (Thermo Fisher Scientific)




Results


Baseline characteristics

The patients characteristics are illustrated in Table 1. This trial enrolled a total of 14 patients with relapsed or refractory thymomas. The median age was 58 years (23 – 74) with 71% being females. All patients had stage IVa (pleural metastasis) or IVb (other metastatic sites) disease. The patients were heavily pretreated with a median of 3.5 prior regimens (range 0-8) and the majority had prior radiation therapy.


Table 1 | Subjects characteristics at time of enrollment to the study.





Adverse events

All reported toxicities related to buparlisib are listed in Table 2. The grade 3-4 adverse events were dyspnea (21%), rash (14%), elevated transaminases (14%), cough (7%), pneumonitis (7%), anxiety (7%), fatigue (7%) and hyperglycemia (7%). One patient developed documented pneumonitis which resolved with corticosteroids but was removed from study. No patient had irreversible pulmonary fibrosis.


Table 2 | Treatment Related Adverse Events.





Efficacy results

Patients received buparlisib for a median of 4.5 months (2 – 33). At a median follow up of 35.8 months (range 6.3 – 58.6 month), 1 out 14 patients (7.1% with 95% CI, 2%-42.8%) achieved a PR. DCR was 50%. The median progression-free survival (PFS) was 11.1 months (95% CI 2.9 – 18.8). As demonstrated in the waterfall plot shown in Figure 1, the majority of patients had some degree of regression with this agent. As of March, 2021, eight patients have died, seven due to disease progression and one due to central nervous system toxoplasmosis and autoimmune cholangitis. The median OS with the updated data was 40.0 months (95% CI, 28.3 – not reached) with the overall survival curve in Figure 2.




Figure 1 | Waterfall plot of the 14 evaluable patients treated with buparlisib demonstrating best response of target lesions by RECIST criteria. One PR result was unconfirmed by follow-up scan (taken off study for toxicity).






Figure 2 | Swimmer plot of the 14 evaluable patients treated with buparlisib.





Molecular analysis of the C19MC cluster and exome-sequencing

In our previous studies, it was found that thymomas types A and A/B revealed a microRNA cluster on chr19q13.42 that was significantly overexpressed. With thymoma WHO subtypes being ambiguous, microRNAs 519d and 517a from this cluster were tested to evaluate activation status among the patients in this trial who have responded versus those that had progressive disease. In all patients that were tested, both mir519d and mir517a were observed to have little to no expression at the RNA level that would indicate that a patient may have been incorrectly subtyped pathologically (Figure 3).




Figure 3 | Kaplan-Meier survival curve of all evaluable patients.




Whole exome sequencing

Ten patients with matched tumor and blood samples were sequenced to observe any genomic variants that may explain the responses to buparlisib seen in two of the patients. Looking at SNVs we found no significant alterations that would explain sensitivity to PI3K inhibition. Further observation of copy number variation found a single amplification in PIK3CD in patient. This however did not meet the criteria of significance and could be described as an aneuploidy. Here we have found no significant genomic markers of response for buparlisib.





Discussion

Therapeutic options for patients with recurrent TETs are limited. Whereas systemic cisplatin-based chemotherapy commonly produces remissions in previously untreated patients, most targeted agents have limited impact in previously treated disease. These include agents such as pemetrexed, sunitinib, cixutumumab and pembrolizumab (5, 12) with objective response rates between 6- 23%. In one of the largest prospective trials evaluating the mTOR inhibitor, everolimus, in recurrent TET (thymoma and thymic carcinoma), five partial and one complete responses were noted in 51 patients (CR + PR =12%) with 3 partial responses occurring in the 32 patients with thymoma (10). This current trial is the first proof of principle study that prospectively evaluated a PI3K inhibitor in thymoma. This trial clearly demonstrates clinical activity with buparsilib in patients with recurrent thymoma.

The rationale for evaluating this targeted therapeutic approach is based upon strong preclinical data. A unique microRNA cluster on chromosome 19 (C19MC) has been identified that is highly overexpressed in a significant subset of thymomas primarily comprised of the A and A/B subtype (7). We subsequently validated this observation in additional 35 thymomas by qPCR (7). This cluster is normally silent in adult tissues, with normal expression restricted to embryonic development. MicroRNAs within the C19MC cluster, miR-517 and miR-519d, have been previously demonstrated to inhibit key proteins in the PI3K/AKT pathway. Namely, PTEN, a negative regulator of AKT, and p21, a cell cycle arrest protein (13). In addition, gene expression analysis reveals over-expression of PIK3CA (aka PI3K p110), the canonical activator of AKT.To confirm, we performed a quantitative ELISA on a validation set of 35 thymomas for phospho-AKT (Ser 473), and demonstrate that C19MC positive thymomas have significantly higher levels of phospho-AKT compared to C19MC negative thymomas which in-turn has higher levels than adjacent normal tissue. Similarly, mutations of PI3K have also been observed in a new thymic carcinoma cell line, (MP57) (8).

These data demonstrate that TETs have the potential to have sensitivity to PI3K inhibition, in particular those that are positive for C19MC. We further tested a variety of PI3K, AKT, and mTOR inhibitors in our thymoma cell line (IU-TAB-1) and found significant activity for several of these agents (Figure 4). The serine-threonine kinase mammalian target of rapamycin (mTOR) is a key component of the PI3K/AKT/mTOR intracellular axis. Several investigators suggest that the PI3K/AKT network plays an important role in thymoma growth as mentioned above and may sensitize cells thymic epithelial tumors (TET) to mTOR inhibition (8, 14). This study confirmed that targeted blockage of the PI3k/AKT pathway has merit in advanced thymoma.




Figure 4 | The thymoma cell line, IU-TAB-1 with increasing dosages of PI3K, AKT and dual PI3K/mTOR inhibitors. Cells were treated for 72 hours, and cell viability was assessed. The data demonstrates marked sensitivity of the cell lines to these inhibitors including Buparlisib (NVP BKM120).



One of the limitations of this study was that all of the patients entered on the trial had WHO type B2 and B3 thymoma, whereas the molecular features suggest that the PI3K/AKT pathway may be especially important for WHO type A and AB thymoma. As the frequency of recurrent metastatic disease is more common in B2 and B3 thymoma, patients with type A, AB and B1 histology still develop recurrent metastatic disease but were not seen on this study. Another limitation was that the study was terminated early when the sponsoring company determined that they would no longer pursue this drug because of toxicities seen in other concurrent and previous trials. We did observe toxicity (notably dermatologic and pulmonary) that led to early discontinuation in several patients. Patients with thymoma have a high incidence of autoimmune disorders and altered immune systems making them more susceptible to opportunistic infections. In this series, one patient who was on study for 31 months developed autoimmune cholangitis and was started on corticosteroids, but died from disseminated CNS toxoplasmosis (documented by autopsy) many years after first contracting this disease. This patient was not neutropenic at the time of his diagnosis but died within one month of discontinuing study drug.

Early discontinuation was required in over half of the treated patients. Nonetheless, the results from this trial, demonstrate activity in thymoma among 14 patients treated on trial. All but five of the 14 eligible patients had some degree of regression while on therapy. Since initiation of this trial, three PIK3CA inhibitors have been approved by the FDA including, copanlisib (for refractory lymphoma); duvelisib (for refractory CLL and follicular B-cell lymphoma); and alpelisib (for refractory breast cancer) (15–17). Non-infectious pneumonitis and severe cutaneous reactions were noted to occur in ¾5-10% of treated patients. This trial provides evidence to support further evaluation of the targeting of PI3K/Akt pathway with novel and less toxic agents in patients with advanced thymoma.
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Carboplatin-paclitaxel/
nab-paclitaxel
Pembrolizumab IV Thymic carcinoma NCT03463460 After at least one previous regimen - Single arm 40 ORR
(anti-PD-1) of platinum-based chemotherapy phase 2
+ - Recruiting
Sunitinib PO (multi-TKI)
Pembrolizumab IV — Thymic carcinoma NCT03858582 Neoadjuvant chemo-immunotherapy - Single arm 40 Percentage of major
(anti-PD-1) — Thymoma for patients with unresectable phase 2 pathologic response rate
+ Cisplatin — docetaxel thymic epithelial tumors (Masaoka - Recruiting defined by <10% of tumor
IV (chemotherapy) stages lll, IVA) followed by surgery composed of viable tumor
and pembrolizumab consolidation
therapy with or without radiation
KNO46 IV (bispecific PD- - Thymic carcinoma NCT04925947 After prior platinum-based - Single arm 29 Disease response rate
L1/CTLA-4 inhibitor) chemotherapy and at least one phase 2
immune checkpoint blockade - Recruiting

therapy targeting PD-1, PD-L1, or
CTLA-4 for locally advanced
unresectable or metastatic disease

CTLA-4, cytotoxic T-lymphocyte antigen 4; DOR, duration of response; IDO1, indoleamine 2,3-dioxygenase 1; IV, intravenously; NSCLC, non-small cell lung cancer; ORR, partial response
+ complete response; PD-1, programmed death-1; PD-L1, programmed death ligand-1; PO, per os; PFS, progression-free survival; SCLC, small cell lung cancer; TKI, tyrosine kinase
inhibitor; VEGF, vascular endothelial growth factor.
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Patient characteristics Value (N = 18)
Cisplatin dose

80 mg/m? 3(17)

60 mg/m? 15 (83)
Average number of cycles 3.6 (1-6)
Response to cisplatin and irinotecan

Complete response 0(0)

Partial response 8 (44)

Stable disease 8 (44)

Progressive disease 2(12)
Discontinuation of first-line regimen 6 (33)

Reason for discontinuation

Progressive disease 2

Adverse event 3

Other 1
Later chemotherapy line

Average of later chemotherapy line (range) 2.8(0-9)

Number of later chemotherapy line 1

8 1

6 1

5 3

4 3

3 3

2 4

1 2

0

Data are presented as n (%) unless otherwise stated.
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Chemotherapy N PR SD PD RR (%) Median PFS, months (95% confidence interval)

S-1 15 5 5 5 33% 8.1(0.7-10.3)
CBDCA+ PTX 8 3 1 3 38% 4.1 (0.9-7.7)

PFS, progression-free survival; PR, partial response; SD, stable disease; PD, progressive disease; RR, response rate; CBDCA, carboplatin; PTX, paclitaxel.
*The outcome of one patient was not evaluated.
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Adverse events Grade 1 or 2, n (%) Grade 3, n (%) Grade 4, n (%)

Hematological

Leukocytopenia 739 1(6) 0
Neutropenia 9 (50) 3(17) 0
Anemia 6(33) 2(11) 0
Thrombocytopenia 3(16) 0 0
Febrile neutropenia - 0 0
Non-hematological

Nausea 12 (67) 1(6) 0
Vomiting 5(27) 0(0) 0
Anorexia 4(22) 3(17) 0
Diarrhea 5 (29) 1(6) 0
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Study Chemotherapy N RR (%) PFS, months (median) 0S, months (median) Toxicities (Grade > 3)
Hematological (%) FN (%)
Agatsuma et al. (6) ADOC 34 50 = 21.3 7 12
Magois et al. (8) VIP 9 44 - 20 - -
Igawa et al. (9) CBDCA+PTX " 36 7.9 22.7 45 0
Hirai et al. (10) CBDCA+PTX 39 36 75 - 44 5
Current study CDDP+CPT-11 18 44 8.4 45.6 33 0

PFS, progression-free survival; RR, response rate; OS, overall survival; FN, febrile neutropenia; ADOC, cisplatin + doxorubicin + vincristine + cyclophosphamide; VIP, cisplatin + etoposide
+ cyclophosphamide; CBDCA, carboplatin; PTX, paclitaxel: CDDP, cisplatin; CPT-11, irinotecan.
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Patient characteristics Value (N = 18)
Age (years), median (range) 56 (44-73)
Sex, n (%)

Male 11(61)

Female 7 (39
ECOG

0 7 (39)

1 11 (61)

2-4 0(0)
Masaoka-Koga staging system

Va 3(17)

Vb 15 (83)
Metastatic sites at diagnosis

LUNG 7

HEP 4

LYM 6

BRA 2

0oss 5

PLE 8
Histology

Squamous cell carcinoma 14.(77)

Undifferentiated carcinoma 3(17)

Large cell neuroendocrine carcinoma 1(6)
Smoking history

Never-smoker 5(28)

Previously/current smoker 13 (72)
Paraneoplastic syndrome 0

Data are presented as n (%) unless otherwise stated. ECOG, Eastem Cooperative
Oncology Group; HEP, liver: LYM, lymph nodes; BRA, brain; OSS, bone; PLE, pleura.
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CD27+iTIL

low high p-value
PD-L1 0.033
Score 0 7 1
Score 1 7 9
Score 2 1 5

CD27+ sTIL
low high p-value
0.719
4 4
9 7
2 4

iTIL, intratumoral tumor-infiltrating lymphocytes; sTIL, stromal tumor-infiltrating

lymphocytes; PD-L1, programmed death ligand-1.
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TSCC Thymoma
Male/female 1714 21/39
Age, years (median, range) 65.5, 41-83 58, 34-84
Masaoka-Koga staging n (%) n (%)
| 1) 15 (25)
I 7(29) 33 (55)
1 10 (32) 4(7)
IVa 3(10) 35
Vb 10 (32) 4(7)
Histological subtype (%)
A 5(8)
AB 20 (33)
B1 9 (15)
B2 9 (15)
B3 17 (28)
Neoadjuvant chemotherapy and/or radiotherapy
Yes 6(19) 23
No 25 (81) 58 (97)

TSCC, thymic squamous cell carcinoma.
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TScC Thymoma Thymic carcinoid Lscc

(n=381) (n=60) (n=3) (n = 30)
CD70-positivity 27 (87%)  0/60 (0%) 0/3 (0%) 6/30 (20%)*
Score 0 4(13%) 60 (100%) 3 (100%) 24 (80%)
Score 1 12(389%)  0(0%) 0 (0%) 4 (13%)
Score 2 4(13%) 0 (0%) 0 (0%) 2 (7%)
Score 3 8 (26%) 0 (0%) 0 (0%) 0 (0%)
Score 4 3(10%) 0 (0%) 0 (0%) 0 (0%)

TSCC, thymic squamous cell carcinoma; LSCC, lung squamous cell carcinoma.
*The proportion of CD70-positive cases in LSCC was significantly lower than that
observed in TSCC (p<0.0001).
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CD70 CD5 CD117
(%) (%) (%)
Positivity in biopsy specimens of TSCC 9/11 1011 11/11
81 @1 (100)
Concordance between surgical and biopsy 6/6 6/6 6/6
specimens from the same patient (100)  (100) (100)

TSCC, thymic squamous cell carcinoma.
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Significant Enriched KEGG_DISEASE.disease Terms (Top 30)

Epidermolysis bullosa, simplex | H00584 [
Primary immunodeficiency [y
Congenital generalized lipodystrophy | H00419 [
Classic complement pathway component defects | H00102 |
Immune system diseases
T-B+ Severe combined immunodeficiencies | H00091
Striate palmoplantar keratoderma | H0O0717
Familial thoracic aortic aneurysm and dissection (TAAD) | H00801
Hereditary hemorrhagic telangiectasia (HHT) | H00533
Burkitt lymphoma | H00008
Combined immunodeficiencies | H00093
Other congenital disorders of metabolism
Thalassemia | H00228
Renal tubular dysgenesis | H00575
Myofibrillar myopathies (MFM) | H00595
Alternative complement pathway component defects | H00104
T-B- Severe combined immunodeficiencies | H00092
Penile cancer | H00025
Ehlers-Danlos syndrome (EDS) | H00802
Primary open angle glaucoma | H00612
Nasopharyngeal cancer | H00054
Vascular diseases
Macular degeneration | H00821
Head and neck cancers
Common variable immunodeficiency | HO0088
Osteosarcoma | H00036
Malignant pleural mesothelioma | H00015

Laryngeal cancer | H00055
Oral cancer | H00016 [
Dermatopathia pigmentosa reticularis | HO0796 [

T T T
) - o

04
2

~log(p-Value)
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Variables

Cases

Percentage (%)

CAP (15 cases)

TP (29 cases)

P (6 cases)

Other (VP or GP, 17 case)

PR
SD
RO
R1
R2
CR
PR
SD
PD
RO
R1
R2
PR
SD
PD
RO
R1
R2
CR
PR
SD
RO
R1
R2

DON AN W A NDWON

EN Sy

86.7
13.3
80.0
133
6.6
6.9
51.7
31.0
10.3
75.9
6.9
17.2
50.0
33.3
16.7
50.0
33.3
16.7
1.8
52,9
35.3
64.7
1.8
23.5

ORR: 86.7

RO: 80.0

ORR: 58.6

RO: 75.9

ORR: 50.0

RO: 50.0

ORR: 64.7

RO: 64.7
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Variables Cases Percentage (%)

Thymoma (49 cases) CR 4 8.2 ORR: 69.4
PR 30 61.2
SD 138 26.5
PD 2 4.1
RO 37 75.5 R0:75.5
R1 4 8.2
R2 8 16.3

Thymic carcinoma (32 cases) CR 5 15.6 ORR: 68.9
PR 17 53.1
SD 8 25.0
PD 2 6.3
RO 23 71.9 R0: 71.9
R1 6 18.8
R2 3 9.4
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Variables

Radiotherapy (12 cases)

Chemotherapy (41 cases)

Chemo-radiotherapy (26 cases)

Chemo-immunotherapy (2 case)

CR
PR
SD
RO
R1
R2
CR
PR
SD
PD
RO
R1
R2
CR
PR
SD
PD
RO
R1
R2
PR
SD
RO

Cases

™o o

32

>3- O0FwWwoD

N = =N

M“.7
4.7
16.7
83.3
83
83
24
68.3
220
73
78.0
14.6
73
11.5
50.0
34.6
38
61.5
77
30.8

Percentage (%)

ORR: 83.3

RO: 83.3

ORR: 70.7

RO: 78.0

ORR: 61.5

RO: 61.5
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Autoimmune Radiotherapy or  Symptom Antibody WHO  Masaoka TNM  Genetic Invasion of adjacent Autoimmune disease

disease Chemotherapy +) histology  stage stage mutation mediastinal structures occurs after thymoma
(Y/N) (Y/N) (Y/N)
Autoimmune N dyspnea ANA B1 Il p53 N Y
hepatitis fatigue
Myocarditis AMA mdm4
Autoimmune N dyspnea ANA B2 Il p53 ¥ Y
hepatitis
Myocarditis fatigue AMA mdm4 (lung)
Autoimmune tenesmus  GAB
enteritis Ro52
Autoimmune N fatigue ANA B2 Il p53 Y Y
hepatitis
Myocarditis dizzy AMA mdm4 (chest wall)
Autoimmune N nausea ANA B1 I p53 N ¥
hepatitis
Myocarditis jaundice AMA mdm4
Autoimmune N dyspnea ANA AB | p53 N X
hepatitis
Myocarditis fatigue AVA mdm4
Dermatomyositis erythra
Autoimmune ¥ dyspnea ANA B3 | p&3 Y ¥
hepatitis
Myocarditis fatigue AMA mdm4 (pericardium)
Autoimmune ¥ fatigue ANA B1 I p53 N Y
hepatitis
Myocarditis arthrodynia ~ AMA mdm4
Rheumatoid fever SSA
arthritis CccP
Autoimmune N dyspnea ANA B2 | p&3 N ¥
hepatitis fatigue
Myocarditis AMA mdm4
Autoimmune Y dyspnea ANA B1 I p53 ¥ ¥
hepatitis fatigue
Myocarditis AMA mdm4 (phrenic nerve)
Autoimmune Y dyspnea ANA B2 I p53 ¥ hd
hepatitis fatigue
Myocarditis chromatosis  AMA mdm4 (left innominate vein)
Graves' disease hypotension ACA
Autoimmune N dyspnea ANA AB Il p53 N ¥
hepatitis fatigue
Myocarditis AMA mdm4
Autoimmune N dyspnea ANA B3 1} 1] p53 Y ¥
hepatitis fatigue
Myocarditis AMA mdmé4 (lung)
Autoimmune N dyspnea ANA B3 I I p53 ¥ Y
hepatitis fatigue
Myocarditis diminution  AMA mdm4 (pericardium)
of vision SSA
Ro52
Jo-1

ANA, anti-nuclear antibody; AMA, anti-mitochondrial antibody: ACA, anti-cardiolipin antibody; CCP, cyclic citrullinated peptide.
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Total T-lymphocytes (CD3+)

TH (CD3+CD8+

TS (CD3+CD4+
CD4+/CD8+T-lymphocytes ratio
Treg (CD4+CD25+foxp3+)

NK (CD3-CD16+56+

preoperative%

91.92 + 5.30
51.10 £ 1.24
28.20 + 3.87
0.55 £ 0.08
6.98 + 1.31
9.76 + 2.95

postoperative% (6 months)

80.23 + 2.56
33.6 +2.32
59.01 + 12.25
1.756+ 0.34
6.85 + 1.36
8.81+204

t value

8.77
28.27
-7.34
-10.96
0.23
1.86

p value

<0.01
<0.01
<0.01
<0.01
0.822
0.088
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Group Number  Male/female Age Masaoka clinical stage (number) ~ Sternotomy ~ Thoracoscopic
of cases surgery
>60  41~60 <40 1 1 [ w

Thymorna with MG 220 98/122 56 126 33 74 % 9 7 99 121
Thymoma without MG 205 1001105 48 133 24 58 76 55 16 112 a8
Chi-square value - 1.289 1522 1494 1427 2133 1663 1473 1.637 1.433 1.622
P-value = 0621 0389 0474 0876 0372 0528 0445 0581 0.421 0.489
Group Combined WHO Pathological Classification Histopathology of thymus around tumor ~ Unresected

hyperthyroidism cases

TypeA AB B B2 B3  Thymic Thymic Thymic microscopic
carcinoma  atrophy hyperplasia  thymoma

Thymomna with MG 52 0 49 88 67 46 0 137 64 7 12
Thymorma without MG 9 22 31 43 53 33 23 171 13 1 20
Chi-square value 12,310 16.225 8551 2405 1956 1628  18.142 - 23.630 - 4305
P-value 0.000 0000 0059 0.120 0.161 0202  0.000 = 0.000 - 0.028
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Case WHO Type pTNM % (Intensity)  Krenning Score/  Treatment with Treatment & Outcome
SSTR2-positive  Description of Octreotide/
Tumor Cells Scan somatostatin
analogue
1 Squamous  T3N1MO 0 Increased uptake No Incomplete resection, adjuvant radiation
cell No recurrent disease
carcinoma Died 4 yrs after resection of unknown cause
2 Atypical T3N1MO 10 (moderate)  No uptake No Complete resection of 3.2 cm tumor; adjuvant radiation
carcinoid First metastasis at 15 months after resection
tumor Metastases/recurrence to lymph nodes, bone, pleura, mediastinum, lung,
brain
DOD 3.5 years after resection
3 Atypical T3N1MO 5 (moderate) 3 Yes MEN1 syndrome
carcinoid Neoadjuvant chemotherapy
tumor Complete resection of 12.5 cm tumor, adjuvant radiation, octreotide
acetate (Sandostatin)
First metastasis 3.3 years after resection
Metastasis to pleura
AWD 11.2 years after resection
4 Atypical T3N1MO 0 1 No Complete resection of 4.4 cm tumor; adjuvant radiation
carcinoid First metastases/recurrence 3.2 years after resection
tumor Metastases to hilar lymph nodes, lung, mediastinum
(Figure 2) AWD 5.2 years after resection
5 Atypical TINTIMO 0 2 No Complete resection of 3.7 cm tumor; adjuvant chemotherapy and
carcinoid steroids
tumor First metastasis 0.3 years after resection
Metastasis to breast
AWD 2.8 years after resection
6 WHO type N/A 0 Performed 4 No Resection of recurrence 6 years after initial incomplete resection, adjuvant
B3 months after chemoradiation
thymoma, resection Alive without disease 11.7 years after resection of primary tumor.
recurrent Negative
7 Squamous  T3NXM1b 5 (strong) Performed at Yes Neoadjuvant chemotherapy
cell time of Complete resection of 5 cm tumor; metastases to lung and liver at time
carcinoma recurrence/ of initial diagnosis
metastasis First metastasis at 1.4 years after resection
3 Metastasis to lung
4.5 years after resection metastases to lymph nodes, pleura, pericardium,
lung - at that time Ga68-DOTATATE scan; treatment with Octreotide for
3 months until diagnosed with breast carcinoma
AWD 7.9 years after resection of primary tumor
8 Small cell TINXMO 100 (strong) 3 Yes Complete resection of 2.7 cm tumor; adjuvant chemoradiation,
carcinoma Multiple First metastasis 1 year after resection
(Figure 1) postoperative Metastases to bone; treatment with octreotide (Sandostatin) for 3
scans with months; follow up Ga68-DOTATATE showed progressive disease;
scores 3 or 4 chemoradiation
AWD 1.6 years after resection of primary tumor
9 Atypical T3N2MO 0 Multiple No Complete resection of 18.3 cm tumor; neoadjuvant & adjuvant
carcinoid postoperative chemotherapy & adjuvant radiation
tumor scans with score First metastasis/recurrence 0.8 years after resection
2 Metastases to lung, pleura, mediastinal and abdominal lymph nodes

DOD, died of disease; AWD, alive with disease; N/A, not applicable.

AWD 0.9 years after resection of primary tumor
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Stage

Thymoma Type (N)

Thymic Carcinoma

Thymic Neuroendocrine Tumor

A
IVA

VB

A(16)
B3 (5)
Micronodular thymoma with lymphoid stroma (3)

Micronodular thymoma with lymphoid stroma (1)
B3 (1)

Squamous cell carcinoma (2)
Adenocarcinoma (1)

Squamous cell carcinoma (1)
Squamous cell carcinoma (3)
Squamous cell carcinoma (8)
Adenocarcinoma (2)
Squamous cell carcinoma (1)
Adenosquamous carcinoma (1)
Lymphoepithelial carcinoma (1)
Undifferentiated carcinoma (1)

Small cell carcinoma (1)

Atypical carcinoid tumor (4)

Atypical carcinoid tumor (1)

A0nly includes patients with primary tumors and available staging.
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Tumor Histology ~ Number Number of Number of Total Cases Number of Cases Expressing Number of Cases Expressing  P-Value
of Cases SSTR2- Expressing SSTR2in 1-100% of SSTR2in 1-49% of Tumor Cells SSTR2in > 50% of Tumor Cells  [Pos vs
(%) negative Tumor Cells (%) (median % (%) (median % SSTR-positive (%) (median % SSTR-positive ~ Neg?, 1-
Cases (%) SSTR-positive tumor cells, tumor cells, range) tumor cells, range) 49% vs
range) >50%"]
Total number of 80 51(63.7) 29 (36.3) 17 (21.3) 12 (15.0)
cases, N (%)
Age in years, 61.3 639 (28.1- 56.3 (19.1-87.3) 61.6 (29.7-87.3) 49.4 (19.1-65.6) 0.09, 0.023
median (range) (19.1- 83.9)
87.3)
Thymoma 40 (50.0) 34 (85) 6(15.0) (1.5; 1-5) 6(15.0) (1.5; 1-5) 0 <0.001,
Type A 24 21(87.5) 3(12.5) (1;1-5) 3(12.5) (1;1-5) 0 0.07
Type B3 9 8(88.9) 1(11.1) (1) 1(11.1) (1) 0
Micronodular 7 5(71.4) 2 (28.6) (3.5,2-5) 2 (28.6) (3.5,2-5) 0
thymoma with
lymphoid stroma
Thymic carcinoma 33 (41.3) 14 (42.4) 19 (57.6) 9(27.3) 10 (30.3)
(50; 1-100) (10; 1-30) (85; 50-100)
Squamous cell 23 7 (30.4) 16 (69.6) (40;1-100) 8(34.8) (10;1-30) 8 (34.8) (90;50-100)
carcinoma
Adenocarcinoma 4 4 (100.0) 0 0 0
Mucoepidermoid 2 2(100.0) 0 0 0
carcinoma
Lymphoepithelial 2 0(0.0) 2(100.0) 0 2(100.0)
carcinoma (70; 70 each) (70; 70 each)
Adenosquamous 1 0(0.0) 1(100.0) (5) 1(100.0) (5) 0
carcinoma
Undifferentiated 1 1(100.0) 0 0 0
carcinoma
Thymic 788 3(42.9) 4(67.1) 2(28.6) 2(28.6)
neuroendocrine (562.5; 2-100) (6.0; 2-10) (97.5; 95-100)
tumor
Atypical carcinoid 5 3(60.0) 2 (40.0) (52.5;10-95) 1 (20.0) (10) 1 (20.0) (95)
tumor
Small cell 2 0(0.0) 2 (100.0) (51;2-100) 1(50.0) (2) 1(50.0) (100)
carcinoma
TNM Stage 0.10,0.22
| 28(52.8) 20(71.4) 8 (28.6) (3.5; 1-70) 7 (25.0) (2; 1-10) 1(3.6)(70)
Il 1(1.9)  1(100.0) 0 0 0
A 4(7.5) 1(25.0) 3(75.0) (90; 10-95) 1 (25.0) (10) 2 (50.0) (92.5; 90-95)
VA 15(28.3) 8 (53.3) 7(46.7) 3(20.0) 4(26.7)
(90.0; 1-100) (10.0; 1-30) (95.0; 90-100)
VB 5(9.4) 2 (40.0) 3(60.0) (5.0; 5-70) 2 (40.0) (5 each) 1 (20.0) (70)
N/A 27 19 (70.4) 8(29.6) 4(14.8) 4(14.8)
(37.5; 1-100) (7.5; 1-25) (75.0; 50-100)

aP-value for comparison of positive vs negative SSTR2 expression (1-100% vs <1%) between thymoma, thymic carcinoma, and thymic neuroendocrine tumor.
bP-value for comparison of SSTR2 expression (1-49% vs =50%) between thymoma, thymic carcinoma and thymic neuroendocrine tumor (excluding those with <1% expression).

N/A, not available.
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Follow up available, N
Follow up time in years, median (range)
Metastasis and/or recurrence, N (5-year estimate, %)>°
Ongoing disease after incomplete resection, N
Alive, N (5-year estimate, %)
Alive without disease, N
Alive with disease, N
Death, N (5-year estimate, %)
Died due to disease, N
Died due to other cause, N
Died due to unknown cause, N

Results
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37 (46.3)
61.3 (19.1-87.3)

34 (42.5)
3

W= =S N W

78
3.1 (0.1-19.6)
23 (41.3 [95% Cl: 27.4%-55.2%))
1
53 (68.1 [95%Cl: 55.5%-80.7%)])
43
10
25 (32.9 [95% Cl: 19.3%-45.5%))
10
5
10

%In these 2 patients the specimen at time of recurrence/metastasis was tested for SSTR2 expression;

“Only including completely resected primary tumors;

°Only including resected tumors;

Al 3 patients received octreotide in addition to other additional treatment;
®Data available in 75 patients; N/A, not available.

date of resection of primary tumor was used for outcome analysis;
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Category Group 1 Group 2 p-value

(SUVmax ratio (SUVmax ratio
<1) >1)
Sex (W/F) @3 ©/12) 0245
Age (mean + SD) 426 £15.76 498 £16.8 0.373
[range) years [27-73) [25-76]
Size (mean + SD) (6.79 +2.49) (9.09 +3.25) 0002
range] cm [22-10) [4.5-18)
Thymomas 2 12 0.058
Thymic 0 2 054
carcinomas
Thymolipomas 3 0 0.03
Thymic 3 4 0657
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Thymic remnant 2 1 0251
Other 0 1 1
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A 0 1 1
AB ) 3 0532
B1 0 2 054
82 1 2 1
Mixed B1B2 0 1 1
83 0 0 -
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| 0 2 054
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o 1 2 1
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Na 0 3 0532
Surgical access
Stermotomy 3 16 0005
VATS 7 1 o
Thoracotomy 0 2 054
Cenvicotomy 0 1 1
Resection margins (thymomas and thymic carcinomas)
RO 2 11 0.119
R 0 3 0532
Capsular invasion 2 13 0.02

VATS, video-assisted thoracoscopic surgery.
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VATS, video-assisted thoracoscopic surgery.

13 (81.3%)
3(18.7%)
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Author

Macchiarini et al. (9)
Lucchi et al. (17)
Hassan and Seoud (16)
Kunitoh et al. (24)
Berruti et al. (8)

Rea et al. (20)
Berruti et al. (21)
Tan et al. (25)

Bretti et al. (15)
Leuzzi et al. (26)
Shin et al. (18)

Kim et al. (19)
Cardillo et al. (12)
Yokoi et al. (22)
Ishikawa et al. (27)
Nakamura et al. (11)
Park et al. (23)

Sample size

7
30
9
21
6
16
16
14
25
"
12
22
4
14
"
19
9

Stage

llla
ll-IVa
ll-IVa

n
lll-Va
lll-Va
lll-vVa
lll-vVa
lll-Va
-V
ll-IVa
-V
lll-IVa
-V

IVa-IVb

\%

-V

Pathology

thymic tumor*
thymoma
thymoma
thymoma
thymoma
thymoma
thymoma
thymoma
thymic tumor*
thymic tumor*
thymoma
thymoma
thymic tumor*
thymoma
thymoma
thymoma
thymoma

Chemo regimen

PAE
PAE
EP
PAE-+vincristine
ADOC
ADOC
ADOC
ADOC
ADOC, EP
PAC
PACE
PACE
PACE
CAMP
CAMP
CAMP
P

Response rate % (CR+PR)

100%
73.3%
77%
62%
83.3%
100%
81.3%
100%
72%
81.8%
91.7%
7%
75.6% at least a minimal response
92.9%
75%
78.9%
55.6%

No. of RO/No. of surgery (%)

417 (57.1%)
23/30 (76.7%)
5/8 (62.5%)
9/13 (69.2%)
/5 (%)
11/16 (68.8%)
9/13 (69.2%)
9/14 (64.3%)
11/14 (78.6%)
9/11 (81.8%)
9/11 (81.8%)
16/21 (76.2%)
2/9 (22.2%)
477 (57.1%)

7/7 (100%)

“including thymoma and thymic carcinoma.
EP, cisplatin+etoposide; PAE, cisplatin+etoposide+ epirubicin; ADOC, cisplatin +adriamycin +cyclophosphamide +vincristine; PAC, cisplatin +doxorubicin +cyclophosphamide; PACE,
cisplatin +doxorubicin +cyclophosphamide +prednisone; CAMP, cisplatin +doxorubicin +methylprednisolone; TP, docetaxol+cisplatin; CR, complete remission; PR, partial remission; RO,

complete resection.
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Author Sample size Stage Pathology RT dose Response rate % (CR+PR) No. of R0/No. of surgery (%)
Bretti et al. (15) 8 l-IVa malignant thymoma* 30 Gy 37.5% 1/3 (33.3%)

Akaogi et al. (28) 12 lI-IVb thymoma 12-21 Gy 91.7% 9/12 (75%)

Yagi et al. (29) 1" -V thymoma 20-66 Gy - =

Ohara et al. (30) 6 -V thymoma 12-20 Gy 83.3% 3/6 (50%)

*Detailed information was not shown.

RT, radiotherapy; CR, complete remission; PR, partial remission.
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Group Genotype Allele 7 P
CC Case (%) CT Case (%) TT Case (%) C Case (%) T Case (%)

Controls 29(40.3) 35(48.6) 8(11.1) 93(64.6) 51(35.4) 7.987 .018°

Patients 4(12.5) 22(68.7) 6(18.8) 30(46.9) 34(53.1) 5.750 016"

“Compared MTHFR C667T genotype distribution in patients with TETs and healthy controls.
bCompared MTHFR C667T allele distribution in patients with TETs and healthy controls.
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Variables Training cohort Test cohort

AUC ACC (%) SEN (%) SPE (%) AUC ACC (%) SEN (%) SPE (%)
Clinico-radiologic model  0.860 (95% Cl: 0.808-0.913) 83.6 7.2 91.4 0.843 (95% Cl: 0.759-0.923) 84.5 70.4 93.2
Radiomics 0.965 (95% Cl: 0.941-0.990) 89.5 83.3 93.3 0.961(95% Cl: 0.917-1.000) 90.1 92.6 88.6
model
Combined 0.975 (95% Cl: 0.956-0.995) 91.8 89.4 93.3 0.955(95% Cl: 0.915-0.996) 85.9 815 88.6
model

AUC, area under the summary receiver operating characteristic curve; ACC, accuracy: SEN, sensitivity; SPE, specificity: Cl, confidence interval.
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Manufacturers Image extent (pixels) Voxel space (mm) Slice thickness (mm) Voltage (kV) Tube current (mA)
SIEMENS, n=144 512x512 Mean + SD 0.7,n=2;1.0,n=2 80, n=2 Mean + SD
PHILIPS, n=65 0.707 + 0.077 20, 2.5, n=1 100, n=70 278.6 + 100.8
UIH, n=12 Median 0.702 5.0, n=220; 7.0, n=5 120, n=168 Median 267
GE, n=21 Range 7.5,n=1; 8.0, n=9 140, n=2 Range
0.5639-0.973 79-649
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Variables TETs Lymphomas Estimated risk P valve

Age (years) 50.2 £ 12.4 31.2+£10.0 0.88 (0.85-0.91) <0.001

Sex
0, male 73 +49.0 42 +452 1.17 (0.69-1.97) 0.600
1, female 76 +51.0 51+ 54.8

Chest pain
0, absent 121 81.2) 60 (64.5) 2.38 (1.32-4.32) 0.004
1, present 28 (18.8) 33 (35.5)

Respiratory symptom
0, absent 105 (70.5) 31(33.3 5.10 (2.93-9.07) <0.001
1, present 44 (29.5) 62 (66.7)

B symptom
0, absent 132 (88.6) 77 (82.8) 1.61(0.77-3.39) 0.200
1, present 17 (11.4) 16 (17.2)

Lymphadenopathy
0, absent 148 (99.3) 76 (81.7) 33.1(6.61-602.00) <0.001
1, present 1(0.7) 17 (18.9)

Myasthenia gravis
0, absent 110 (73.8) 92 (98.9) 0.03 (0.00-0.15) <0.001
1, present 39 (26.2) 1(1.1)

Autoimmune disease
0, absent 106 (71.1) 91 (97.8) 0.05 (0.01-0.18) <0.001
1, present 43 (28.9) 2(2.2)

Red blood cell count 46+07 46+06 0.93 (0.61-1.42) 0.700
(x10™21L)

Leukocyte count 65+26 14.9 +43.7 1.00 (0.99-1.00) 0.056
(x10%)

Lymphocyte count 1.8+07 1.3+1.1 0.39 (0.25-0.59) <0.001
(x10%L)

Platelet count 187.8 + 70.0 290.0 + 123.3 1.01 (1.01-1.02) <0.001
(x10%L)

Lactate dehydrogenase 163.5 +40.2 437.0 + 385.2 1.02 (1.02-1.03) <0.001

(un)

B symptoms is defined as the patient manifests at least one of the following three symptoms: 1) unexplained fever >38°C, 2) night sweats , 3) weight loss more than 10% within 6 months

respiratory symptom including cough, wheezing, expectoration, chest tightness, and hemoptysis; lymphadenopathy, lymphadenopathy at physical examination.
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Variables TETs Lymphomas Estimated risk P valve
Max diameter (cm) 52+24 9.7+30 1.87(1.61-2.22) <0.001
Location
0, central 130 (87.2) 76 (81.7) 153(0.74- 0.200
1, peripheral 19 (12.8) 7(183) 3.19)
Morphology
0, regular 48 (32.2) 12(12.9) 3.21(1.64- 0.001
1, irregular 101 (67.8) 81(87.1) 6.69)
Fat gap
0, present 43 (28.9) 7(7.5) 4.98(2.26- <0.001
1, absent 106 (71.1) 86 (92.5) 12.60)
Small vessel
0, absent 93 (62.4) 8(8.6) 17.6 (8.38- <0.001
1, present 56 (37.6) 85 (91.4) 42.00)
Pericardial effusion
0, absent 138 (92.6) 31(33.3) 25.1 (12.30- <0.001
1, present 1(7.4) 62 (66.7) 55.60)
Pleural effusion
0, absent 135 (90.6) 53 (57.0) 7.28 (3.74- <0.001
1, present 14 (9.4) 40 (43.0) 14.90)
Necrosis
0, absent 91 (61.1) 23 (24.7) 478 (2.72- <0.001
1, present 58 (38.9) 70 (75.3) 8.62)
Density uniformity
0, uniform 56 (37.6) 16(17.2) 2.90 (1.57- <0.001
1, nonuniform 93 (62.4) 77 (82.8) 5.59)
Boundary clarity
0, clear 114 (76.5) 19 (20.4) 12.7 (6.88- <0.001
1, vague 35 (23.5) 74 (79.6) 24.40)
CT value (HU) 456+ 11.4 422 £9.3 0.97 (0.94-0.99) 0.019
NEV 0.119 + 0.079 0.088 + 0.055 0.00 (0.00-0.05) 0.001

Max diameter, The longest diameter in the largest cross-section of the tumor; Location, Peripheral is defined as more than 2/3 of the tumor volume is located on one side of the mid-sternal
line; Morphology, Lesions with round, oval, or rectangular shape are defined as regular morphology; Fat gap, Fat gaps between the nodules/masses and the ascending aorta or main
pulmonary artery; Small vessel, Continuous blood pool enhancement on the chest enhanced CT image; Pericardial effusion (Pleural effusion), CT images show pericardial (pleural)
thickening, pericardial (pleural) effusion, or both; Boundary clarity, Existing fuzzy boundary between the tumor and the surrounding structures, which is defined as unclear boundary; NEV,

Normalized enhancement value.
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® Thymic carcinoma (10.7%=16/149)
® Thymoma (89.3%=133/149)

Primary mediastinal large B-cell lymphoma (49.5%=46/93)

Nodular sclerosis classic Hodgkin lymphoma (20.4%=19/93)

T-lymphoblastic lymphoma (17.2%=16/93)

Thymic marginal zone lymphoma of mucosa-associated lymphoid tissue (5.4%=5/93)
B-cell non-Hodgkin lymphoma of the subtype is uncertain (4.3%=4/93)

Mediastinal gray-zone lymphoma (1.1%=1/93)

Hodgkin lymphoma of the subtype is uncertain (1.1%=1/93)

Non-Hodgkin lymphoma of the subtype is uncertain (1.1%=1/93)
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Inpatients from October 2008 to March 2021 with suspected TETs and
lymphomas (TETs =332, Lymphomas = 520)

Excluded patients (n = 435) :

1. TETs and lymphomas not confirmed by
pathology

2. without CECT images or without lesions in
anterior mediastinum in CECT images

All pathological confirmed TETs or lymphoma patients underwent
preoperative CECT (TETs = 222; Lymphomas = 195)

Excluded patients (n = 175):

1.age <16 (n=14)

2. inadequate clinical data (n = 55)

3. history of malignancy or concomitant

malignancy (n = 9)
4. with intervention before CECT examination

(n =80)

5. inadequate image quality (n = 14)

6. TETs with completely cystic components
(n=3)

Enrolled patients: (TETs = 149; Lymphomas = 93)
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Model

Radiomics
nomogram
Rad-score
Conventional CT

Radiologist

AUC (95% CI)

0.980 (0.963-
0999)
0.909 (0.864-
0.948)
0.917 (0.882-
0.949)

NA

Training cohort

Sensitivity
(95% CI)

0.870 (0.779-
0.928)
0.946 (0.872-
0.980)
0.783 (0.682-
0.859)
0.859 (0.767-
0.920)

Specificity
(95% CI)

0.983 (0.897-
0.999)
0.746 (0.613-
0.846)
0.898 (0.785-
0.958)
0.373 (0.253-
0509)

Accuracy

0.914

0.868

0.828

0.669

AuC
(95% CI)

0.992 (0.969-
1.000)
0.953 (0.893-
0.997)
0.868 (0.759-
0.944)

NA

Validation cohort

Sensitivity
(95% CI)

0.958 (0.769-
0.998)
0917 (0.715-
0.985)
0583 (0.369-
0.772)
0.792 (0573
0.921)

Specificity
(95% CI)

0.933 (0.660-
0.997)
0.867 (0.584-
0.977)
1.000 (0.747-
1.000)
0.400 (0.175-
0671)

Accuracy

0.949

0.897

0.744

0.641
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Predictive performance

AUC (95% ClI)

Sensitivity (95% Cl)

Specificity (95% CI)

Accuracy

2-3
>3

1.000 (1.000-1.000)
1.000 (1.000-1.000)
1.000 (1.000-1.000)

0.800 (0.299-0.989)
0.800 (0.299-0.989)
0.929 (0.769-0.998)

1.000 (0.310-1.000)
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Characteristics

Training cohort

Validation cohort

Thymic cyst Thymic epithelial tumor P Thymic cyst Thymic epithelial tumor P
(n=59) (n=92) (n=15) n=24)

Gender (%)
Male 24/59 34/92 0.646 6/15 7/24 0.508
Female 35/59 58/92 9/15 17/24
Age (year) 52.75 + 10.87 54.75 + 11.86 0297 5567 +9.27 54.46 + 9.04 0.292
Myasthenia gravis (%) 4/59 17/92 0.043 0/16 6/24 0.065
Location (%)
Right 13/59 29/92 0.026 3/16 11/24 0.106
Left 18/59 39/92 5/15 9/24
Midline 28/59 24/92 715 4/24
Size (cm) 273+ 141 3.84 +1.79 0.000 2.46 +0.68 3.41 +1.44 0.023
Lesion edge (%)
Smooth 51/69 67/92 0.048 10/15 20/24 0.266
Rough 8/59 25/92 5/16 4/24
Lesion shape (%)
Round 26/59 38/92 0.158 4156 10/24 0.041
Oval 25/59 49/92 715 14/24
Plaque 8/59 5/92 4/15 0/24
Lobulation (%) 7/59 60/92 0.000 115 12/24 0.006
Conformal to the shape of adjacent mediastinum (%) 14/59 2/92 0.000 6/15 2/24 0.037
Calcification (%) 11/59 27/92 0.139 115 8/24 0.115
Homogeneous (%) 56/59 67/92 0.001 14/15 16/24 0.115
CT value (HU) 28.16 + 17.64 47.25 + 9.55 0.000 24.60 +17.34 46.67 + 12.87 0.000
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Radiomics Features Coefficients

wavelet-LLH_firstorder_Minimum -0.06640596
wavelet-HLL_glem_Autocorrelation 0.087935231
wavelet-LLH_glrim_RunEntropy 0.017874634
original_shape_Maximum2DDiameterSlice 0.009097243
original_shape_Elongation 0.103026944
wavelet-HHL_glszm_ZoneEntropy 0.043976985
wavelet-HHL_glcm_Autocorrelation —-0.007486597
wavelet-HHL_gldm_GrayLevelVariance -0.004601087
wavelet-HHL_firstorder_Entropy —0.000113446
wavelet-HHL_glszm_GrayLevelVariance 0.017546166
wavelet-HHL_glszm_GrayLevelNonUniformityNormalized -1.51E-08

logarithm_firstorder_Range 0.058735878
exponential_firstorder_Minimum -0.044695771
square_firstorder_Minimum -0.034266806
square_firstorder_Kurtosis -0.034990685
squareroot_firstorder_RobustMeanAbsoluteDeviation 0.006370002

glem, gray level co-occurrence matrix; girim, gray level run length matrix; glszm, gray level
size zone matrix; gldm, gray level dependence matrix.
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Patients received surgical resection for suspected of
mediastinum masses from January 2017 to April 2021
N=695

N=334 Non-anterior mediastinal masses

N=30 With a history of previous treatment or biopsy
N=11 Low dose lung cancer screening protocol
N=14 Poor image quality

N=2 Incomplete UECT data

N=24 Hyperthyroidism or myasthenia gravis

Validation set (Therapeutic thymectomy
& Non-Therapeutic thymectomy)
UECT: N=94 CECT: N=81

Enrolled patients for analysis
UECT: N=280 CECT: N=241

Training set (Therapeutic thymectomy
& Non-Therapeutic thymectomy)
UECT: N=186 CECT: N=160

3D Segmentation

1288 Features Extraction Feature selection Model Building and Validation

Radiomic Features
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0 Encapsulated tumor

| Invasive tumor into perithymic adipose tissue
I Direct invasion
A. InV, mediastinal pleura, lung
B. Pericardium
C. GCreat vessels (aorta, SVO), heart
il Metastatic disease
A. Intrathoracic structures, diaphragm, LNs
B. Extrathoracic invasion

InV, Innominate vein; SVC, Superior vena cava; LNs, Lymph nodes.
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Year Ref Age Gender Clinical presentation MG Imaging studies Imaging Intraoperative Imaging: Intraoperative: Largest Histologic
(as described) studies: vessels other oher organs size type
vessels involved organs (cm)
involved
1978 22 70 F dyspnea, face No  SVC cavogram InV, SVC InV, SVC N/A none 16 LE
swelling, hoarseness
1979 23 39 M SVC syndrome No  angiography SVC SvC none none N/A N/A
1989 24 80 F swollen neck veins, No echocardiography, SVC, RA  surgery not N/A N/A N/A spindle cell
pleural effusion angiography performed
1990 25 38 M abdominal pain, No echocardiography ~ SVC, RA,  SVC, RA, RV none pericardium 9 N/A
weight loss RV
1990 26 50 M Neck and chest No CT,SVC SVC SVC N/A N/A 10 EP
venous distension, cavogram
face swelling
1992 28 65 f dizziness, cough, No echocardiography, SVC, RA  SVC, RA none none N/A N/A
anorexia transesophageal
us
1992 27 72 M swelling of the face No CT, SVC SvVC InV, SVC, RA pericardial pericardium, 15.5 EP
and exertional cavogram efussion RUL, LUL
dyspnea
1993 29 56 M face and upper No US, CT, MRI, SVC SVC, RA SVC, RA N/A pericardium 4 EP
extremity edema cavogram
1994 39 37 M SOB, edema upper No CT, SVC SvVC pericardium,  pericardium, N/A N/A
limb, hemoptysis, echocardiogram RML, chest ~ RML, chest wall
cardiac tamponade wall
1997 31 52 F neck swelling No transthoracic 2- InV, SVC, IV, SVC,RA  none none 15 N/A
dimensional RA
echocardiography
1999 32 74 M eyelid ptosis, Yes CT N/A Inv none sternothyroid 52 EP
myasthenia gravis and sternohyoid
muscles
1999 33 44 M facial, upper extremity No CT, InV, SVC,  InV, azygous none pericardium, N/A N/A
edema, hoarseness, echocardiogram, RA ven, SVC, RA LUL, RUL, RML,
venography, right phrenic
gallium nerve
scintigraphy
2004 34 64 N/A anterior chest No CT InV, SVC Inv, SVC pericardial pericardium, 16 B2
discomfort effusion RUL
2006 35 56 F swelling of face and No CT, MRI, InV, SVC, InV, SVC, RA N/A LUL, tumor N/A AB
upper extremities echocardiogram RA implant in
diaphragm
2007 36 71 F lethargy, facial edema No  CT, MRI InV, SVC InV, SVC none left phrenic 6 AB
nerve
2007 37 48 M face and the right No CT, InV, SVC InV, SVC, none pericardium, N/A AB
upper extremity echocardiography, and RA LBCV, RA RUL, RML, right
venocavogram phrenic nerve
2007 38 8 M N/A N/A MDCT InV, SVC,  no surgery N/A N/A N/A N/A
angiography RA
2008 39 50 F dyspnea, enlargement No  CT, cardiac MRI SVC, RA N/A N/A right side of the 13 N/A
of chest vessels sternum.
2009 40 53 M face and upper No CT InV, SVC, InV, SVC, RA, none right lung hilum, 10 AB
extremity edema. right tricuspid valve, right phrenic
atrium RV nerve,
pericardium
2010 41 40 N/A swelling of the face No CT, InV, SVC,  InV, SVC, RA pericardial none 14 B3
and the left upper echocardiogram RA effusion
extremity
2012 42 53 F SVC syndrome No CT, SVC, RA InV, SVC, RA N/A right phrenic 8 N/A
echocardiography nerve
2012 43 69 M swelling of the face No CT, MRI InV, SVC, InV, SVC, N/A pericardium N/A AB
and bilateral upper jugular and  jugular,
extremities subclavian  subclavian
veins veins
2013 44 44 F facial and left upper No CT, PET CT, InV, SVC, InV, SVC, RA N/A pericardium 52 B3
limb edema echocardiogram RA
2013 46 39 F facial edema and No CT, PET-CT InV, SVC  ImV, SVC,RA  none none N/A B2
dyspnea and right
atrium
2013 47 53 F severe dyspnea and No NCCT, CCT, MRl InV, SVC, no data N/A N/A N/A B3
facial oedema RA
2013 45 74 M SVC syndrome No CT, MR, InV, SVC,  no surgery N/A N/A 6 B2
angiography RA
2014 48 54 M N/A N/A  CT, MRI SVC, IV, SVC, N/A none 3 B3
azygos azygos vein, RA
vein, RA
2016 49 57 F facial swelling No CT,CT Inv,8VC  InV, SVC N/A N/A 3.5 B2
angiography
2016 50 74 F Face and upper No  echocardiogram, SVC, RA InV, SVC, RA none RUL, 9.9 B1
extremity swelling, cardiovascular MRI pericardium,
chest wall, jugular right phrenic
veins distention nerve
2018 51 84 F N/A No CT, PET/CT none seen  InV, via thymic  metastases 4.4 A
vein bilateral
lungs
2019 52 50 F N/A No CT, Inv, 8VC,  InV, SVC, RA pericardial IVC 5 B3
echocardiogram RA effusion
2019 53 39 F facial and upper limb ~ No  CT, MRI Inv Inv, SVC pericardium  lung, 79 B1
swelling pericardium
2020 55 63 F exertional dyspnea, No N/A N/A Inv, SVC none mediastinal 12 B2
and upper limb and pleura,
facial edema pericardium,
RUL, LUL
2020 54 76 M incidental, cardiac No CT, MRI InV, SVC, N/A N/A 6.5 A
surgery RA

CT, Computed tomography; EP, Epithelial predominant; InV, Innominate vein; LE, lymphoepithelial; LUL, Left upper lobe; MG, Myasthenia gravis; MRI, Magnetic resonance studies; PET,
Positron emission tomography; RA, Right atrium; RML, Right middile lobe; RUL, right upper lobe; RV, Right ventricle; SVC, Superior vena cava.

N/A, not applicable.
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T1 a Encapsulated or unencapsulated with or without extension into
mediastinal fat
b. Extension into mediastinal pleura

T2 Pericardium

T3 Lung, InV, SVC, chest wall, phrenic nerve, hilar extrapericardial pulmonary
vessels

T4 Aorta, arch vessels, main pulmonary artery, myocardium, trachea, or
esophagus

InV, Innominate vein; SVC, Superior vena cava.
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Grossly and microscopically completely encapsulated

a.  Microscopic transcapsular invasion

b. Macroscopic capsular invasion into thymic or surrounding fatty tissue or
grossly adherent to but not breaking through, mediastinal pleura or
pericardium

Macroscopic invasion of neighboring organs pericardium, great vessels, or
lung

a. Pleural or pericardial dissemination

b. Lymphatic or hematogenous metastasis
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Variable

OR (95%Cl) P
CT/CC 4.557 (1.409-14.735) on
TT/CC 2.332 (1.108-4.906) 026
CT+TT/CC 4.721 (1.497-14.889) 008
T/C

2.067 (1.136-3.758)

.017
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Characteristic All (n=27)
Age

Median 53

Range 25-70
Sex

Male 12 (44%)

Female 15 (56%)
Race

Asian 27 (100%)
Histologic Type

A 2 (7.4%)

AB 6 (22.2%)

B1 4 (14.8%)

B2 7 (25.9%)

B3 5 (18.5%)

TG 3(11.1%)
Masaoka Stage

| 13 (48.2%)

I 5 (18.5%)

i 9 (33.3%)
TNM Stage

| 13 (48.2%)

I 5 (18.5%)

A 8 (29.6%)

B 1(3.7%)
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Author Sample size Stage Pathology

Wright et al. (32) 10 ll-IvVa thymic tumor*
Korst et al. (33) 21 - thymic tumor*
Wang et al. (34) 33 n thymic tumor*

Chemo regimen RT dose Response rate % (CR+PR)
EP 40-45Gy 40%
EP 40-45Gy 47.6%
TP 40Gy 78.8%

No. of R0/No. of surgery (%)

8/10 (80%)
17/21 (77%)
85.7%

including thymoma and thymic carcinoma.
RT, radiotherapy: EP, cisplatin+etoposide; TP, docetaxol+cisplatin;

R, complete remission; PR, partial remission.
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Characteristic

Age, median in years (range)

Gender, n (%)

Female

Male

WHO histological subclassification, n (%)
B2

B3

Masaoka Staging, n (%)

[Va

IVb

Presence of paraneoplastic syndromes, n (%)

Yes (myasthenia gravis (MG)-2; pure red cell aplasia plus MG-1;
hypogammaglobulinemia-1)

No

ECOG performance status, n (%)

0

Prior therapies

History of prior surgery

History of prior radiation therapy

Number of prior chemotherapy regimens, median (range)*

Prior platinum-based chemotherapy*

Value
(n=14)

57.8 (23.0-
74.5)

10 (71%)
4 (29%)

4 (29%)
10 (71%)

6 (43%)
8 (57%)

4(29%)
10 (71%)
14 (100%)
12 (86%)
8 (57%)

3.5(0-8)
13 (93%)

ECOG, Eastern Cooperative Oncology Group; WHO, World Health Organization.

*one patient refused initial standard cisplatin therapy.
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Characteristics

Training set (n = 160)

Validation set (n = 81)

Therapeutic thymectomy  Non-therapeutic thymectomy  p- Therapeutic thymectomy  Non-therapeutic thymectomy  p-

(n=82) (n=178) value (n=42) (n =39) value
Age, years 56.3 (45.6, 63.3) 53.0 (45.5, 62.2) 0.428 57.7 (41.8, 63.9) 53.2 (45.5, 60.6) 0.643
Gender 0.192 0.036
Female 41 (50.0%) 47 (60.3%) 15 (35.7%) 23 (59.0%)
Male 41 (50.0%) 31(39.7%) 27 (64.3%) 16 (41.0%)
BMI, kg/m? 22,6 (20.8, 24.4) 23.1(21.2, 25.5) 0.407 222 (20.6, 23.8) 23.3 (21.4, 24.9) 0.050
Diameter, mm 55.9 (41.4, 71.4) 32,5 (22.3, 58.8) <0.001 53.5 (37.2, 68.5) 27.8 (19.6, 45.1) <0.001
UECT ratio 0.84 (0.71, 0.94) 0.63 (0.29, 0.86) <0.001 0.81(0.63, 0.93) 0.47 (0.24, 0.81) <0.001
CECT ratio 4.22 (1.94,9.82) 1.28 (0.28, 4.23) 0.180 4.09 (1.47, 9.39) 0.83 (0.27, 2.29) 0.263
Location 0.160 0.429
Unilateral 34 (41.5%) 37 (47.4%) 20 (47.6%) 22 (56.4%)
Bilateral 48 (58.5%) 41 (52.6%) 22 (52.4%) 7 (43.6%)
Shape 0.003 <0.001
Regular 60 (73.2%) 71 (91.0%) 27 (64.3%) 37 (94.87%)
Imegular 22 (26.8%) 7 9.0%) 15 (36.7%) 2(5.13%)
Boundary 0.005 0.058
Clear 67 (81.7%) 75 (96.2%) 35 (83.3%) 38 (97.4%)
Indistinct 15 (18.3%) 3 (3.85%) 7 (16.7%) 1(2.6%)
Mediastinal fatty line <0.001 <0.001
Preserve 62 (75.6%) 76 (97.4%) 29 (69.1%) 38 (97.4%)
Infiltrate 20 (24.4%) 2 (2.6%) 13 (30.9%) 1(2.6%)
Fatty component 0.766 0.093
Absence 75 (91.5%) 73 (93.6%) 39 (92.9%) 35 (89.7%)
Presence 7 (8.5%) 5 (6.4%) 3(7.1%) 4(10.3%)
Calcification 0.020 0.145
Absence 54 (65.9%) 64 (82.1%) 32 (76.2%) 35 (89.7%)
Present 28 (34.1%) 14 (17.9%) 0 (23.8%) 4(10.3%)
Pleural effusion <0.001 1.000
Absence 71 (86.6%) 78 (100.0%) 41 (97.6%) 39 (100.0%)
Present 11 (13.4%) 0 (0.0%) 1(2.4%) 0(0.0%)
Pericardial effusion 0.059 0.494
Absence 77 (93.9%) 78 (100.0%) 40 (95.2%) 39 (100.0%)
Present 5(6.1%) 0(0.0%) 2 (4.8%) 0(0.0%)
Homogeneity <0.001 <0.001
Homogeneous 25 (30.5%) 65 (83.3%) 19 (45.2%) 35 (89.7%)
Inhomogeneous 57 (69.5%) 3(16.7%) 23 (54.8%) 4(10.3%)

Enumeration data are the number of masses with percentage in parentheses, and measurement data are expressed as median and interquartile range (IQR). Bold p-values <0.05.
BMI, body mass index; CECT, contrast-enhanced computed tomography.
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Characteristics

Training set (n = 186)

Validation set (n = 94)

Therapeutic thymectomy  Non-therapeutic thymectomy  p- Therapeutic thymectomy  Non-therapeutic thymectomy  p-

(n=91) (n=95) value (n = 46) (n =48) value
Age, years 56.5 (46.1, 63.5) 53.4 (45.7, 60.6) 0.181 57.4 (47.1,64.7) 57.0 (49.2, 64.9) 0.464
Gender 0.006 0.833
Female 41 (39.8%) 62 (60.2%) 24 (52.2%) 24 (50.0%)
Male 50 (60.2%) 33 (39.8%) 22 (47.8%) 24 (50.0%)
BMI, kg/m? 224 (207, 24.3) 23.1(21.2,25.2) 0.300 22.3 (206, 24.1) 227 (20.1,25.5) 0.560
Diameter, mm 54.3 (39.0, 70.6) 36.0 (23.0, 54.7) <0.001 52.2 (35.8, 69.8) 24.0(18.8, 46.9) <0.001
UECT ratio 0.86 (0.73, 0.95) 0.57 (0.24, 0.84) <0.001 0.81(0.63, 0.92) 0.61(0.29, 0.86) 0.008
Location 0.464 0.064
Unilateral 43 (47.3%) 50 (52.6%) 9 (41.3%) 30 (62.5%)
Bilateral 48 (52.8%) 45 (47.4%) 27 (58.7%) 18 (37.5%)
Shape <0.001 0.016
Regular 65 (71.4%) 88 (92.6%) 33 (71.7%) 44 (91.7%)
Iregular 26 (28.6%) 7 (7.4%) 3(28.3%) 4 (8.3%)
Boundary 0.013 0.026
Clear 78 (85.7%) 92 (96.8%) 37 (80.4%) 46 (95.8%)
Indistinct 13 (14.3%) 3 (3.2%) 9 (19.6%) 2 (4.2%)
Mediastinal fatty line <0.001 0.001
Preserve 70 (76.9%) 93 (97.9%) 32 (69.6%) 47 (97.9%)
Infitrate 21 (23.1%) 2(2.1%) 14 (30.4%) 1(2.1%)
Fatty component 0.604 0.481
Absence 86 (94.5%) 88 (92.6%) 41(89.1%) 45 (93.7%)
Presence 5 (5.5%) 7 (7.4%) 5 (10.9%) 3 (6.3%)
Calcification 0.018 0.165
Absence 61 (67.0%) 81 (85.3%) 36 (78.3%) 43 (89.6%)
Present 30 (33.0%) 14 (14.7%) 10 (21.7%) 5 (10.4%)
Pleural effusion 0.242 0.005
Absence 86 (94.5%) 93 (97.9%) 39 (84.78%) 48 (100.0%)
Present 5 (5.5%) 2(2.1%) 7 (16.22%) 0(0.0%)
Pericardial effusion 0.983 0.113
Absence 87 (95.6%) 95 (100.0%) 43 (93.5%) 48 (100.0%)
Presence 4(4.4%) 0(0.0%) 3 (6.5%) 0(0.0%)

Enumeration data are the number of masses with percentage in parentheses, and measurement data are expressed as median and interquartile range (IQR). Bold p-values <0.05.
BMI, body mass index; UECT, unenhanced computed tomography.
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Diagnoses UECT (n = 280) NECT (n = 241)

Therapeutic thymectomy
WHO type A thymoma 8 7
WHO type AB thymoma 23 20
WHO type B1 thymoma 12 10
WHO type B2 thymoma 22 22
WHO type B3 thymoma 14 13
Thymic carcinoma 22 22
Lymphoma 4 4
Small cell carcinoma 4 2
Atypical carcinoid 2 2
Castleman’s disease 3 2
Sarcomatoid carcinoma 3 3
Metastatic lymphoma node 2 2
Thyroid carcinoma 1 1
Seminoma 3 2
Yolk sac tumor 2 2
Teratoma 10 9
Aggressive fibromatosis 1 1
Solitary fibrous tumor 1 0
Total 137 124

Non-therapeutic thymectomy
Cyst 110 89
Thymic hyperplasia 15 13
Hemangioma 5 3
Tuberculosis 5 4
Sarcoidosis 3 3
Eutopic thyroid 1 1
Lymphoma node 1 1
Fibrosing mediastinitis 3 3
Total 143 117

Data are the number of masses. UECT, unenhanced computed tomography; CECT,
contrast-enhanced computed tomography; WHO, World Health Organization.
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Grade of toxicities

AE Term 1 2 3 4 5 Total % Total Grade 3-5 % Grade 3-5
Fatigue 8 2 1 0 0 11 79 1 7
Anorexia 8 2 0 0 0 10 71 0 0
Pruritus 6 4 0 0 0 10 71 0 0
Rash acneiform 3 4 1 0 0 8 57 1 7
Rash maculo-papular 0 1 1 0 0 2 14 1 7
Anxiety 3 3 1 0 0 7 50 1 7
Cough 2 3 1 0 0 6 43 1 7
Nausea 6 0 0 0 0 6 43 0 0
Dyspnea 1 1 3 0 0 S 36 3 21
Pneumonitis 0 4 1 0 0 5 36 1 7
Tremor 5 0 0 0 0 5 36 0 0
Depression 2 1 0 0 0 3 21 0 0
Dysgeusia 2 1 0 0 0 3 21 0 0
Hyperglycemia 2 0 1 0 0 3 21 1 7
Insomnia 2 1 0 0 0 3 21 0 0
Musculoskeletal and connective tissue disorder 3 0 0 0 0 3 21 0 0
Alopecia 2 0 0 0 0 2 14 0 0
Diarrhea 1 1 0 0 0 2 14 0 0
Dizziness 1 1 0 0 0 2 14 0 0
Dyspepsia 1 1 0 0 0 2 14 0 0
Endocrine disorders - Other, specify 1 1 0 0 0 2 14 0 0
Mucositis oral 1 1 0 0 0 2 14 0 0
Skin and subcutaneous tissue disorders - Other, specify 2 0 0 0 0 2 14 0 0
Vomiting 2 0 0 0 0 2 14 0 0
Weight loss 1 1 0 0 0 2 14 0 0
Non-cardiac chest pain 1 1 0 0 0 2, 14 0 0
Grade of toxicities
AE Term 1 2 3 4 5 Total % Total Grade3-5 % Grade 3-5
Alanine aminotransferase increased 0 0 0 1 0 1 7 1 7
Aspartate aminotransferase increased 0 0 0 1 0 1 7 1 7
Confusion 1 0 0 0 0 1 7 0 0
Constipation 1 0 0 0 0 1 7 0 0
Fever 0 1 0 0 0 1 Z 0 0
Gastrointestinal disorders - Other, specify 1 0 0 0 0 1 7 0 0
Headache 1 0 0 0 0 1 7 0 0
Hypokalemia 1 0 0 0 0 1 7 0 0
Infections and infestations - Other, specify 0 1 0 0 0 1 7 0 0
Pain in extremity 0 1 0 0 0 1 7 0 0
Platelet count decreased 1 0 0 0 0 1 7 0 0
Psychiatric disorders - Other, specify 1 0 0 0 0 1 7 0 0
Respiratory, thoracic, and mediastinal disorders - Other, specify 0 0 1 0 0 1 7 1 7
Sinusitis 0 1 0 0 0 1, 7 0 0
Skin infection 0 1 0 0 0 1 7 0 0
Edema limbs 0 1 0 0 0 1 7 0 0
Bronchial infection 0 1 0 0 0 1 7 0 0
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Treatment planning Proposition Remark

phase
Initial imaging "®F-FDG PET Target delineation.
Radiomic prognosis.
Patient simulation 4D-CT scans or DIBH DIBH may be spirometer-controlled
Delineation and dose According to guidelines for CTV = GTV (or tumor bed) + 5-8 mm.
photon RT Thymic loge, tumor expansion, and anterior upper-middle mediastina to be included in the CTV according
to ESMO guidelines.
ITV to be delineated if 4D-CT acquisition.
PTV margins according to local referential (usually, +5 mm)
Dose: 45-50 Gy (RO surgery). 50-54 (R1 surgery). 60 Gy (R2 surgery or definitive)
Particle Proton therapy should be Limited experience for CIRT (metastatic sites only)
preferred
Particle delivery modality ~ For proton therapy: PBS. For CIRT: PBS
DS possible when PBS is not
available
Fractionation For proton therapy: 1.8-2.0 Gy/  For CIRT (metastatic site): 4.4 Gy/fraction, 12 fractions
fraction
Dose calculation Monte Carlo algorithms
Planning Robust planning algorithms

'8F-PET, fluorodeoxyglucose F18 positron emission tomography; CIRT, carbon ion radiation therapy; DIBH, deep-inspiration breath hold; CT, computed tomography; PBS, pencil beam
scanning; DS, double scattering; GTV, gross target volume; ITV, internal target volume; CTV, clinical target volume.
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All patients who had anterior mediastinal lesions underwent contrast-enhanced
CT examination and pathological examination after surgical resection (n=240)

25 patients who were given a histopathologic diagnosis of not
thymic cyst or thymic epithelial tumor (14 thymic hyperplasia, 3
thymic dysplasia, 4 lymphoma, and 4 mature teratoma)

14 patients with lesions that showed malignant features, such as
mnfiltration growth, invasion of adjacent tissues, or metastasis of
lymph nodes or other part (11 thymic carcinoma and 3 B3
thymoma)

4 patients with a history of previous treatment (3 thymic
carcinoma and 1 B3 thymoma)

4 patients whose images had severe respiratory motion artifacts (3
AB and 1 B2 thymoma)

3 patients for whom the interval between CT examination and
surgery was greater than 2 weeks (1 AB and 2 B2 thymoma)

l

Training cohort (n=151) Validation cohort (n=39)
CT scanner: 1 CT scanner: 2 (n=23), 3 (n=16)

Thymic Thymic
epithelial tumor

(n=92)

Thymic cyst
(n=15)

Thymic cyst

(n=59) epithelial tumor

(n=24)
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Study Size
Figura 1
etal (32) pt.
Sugawara 1
etal. (33) pt.
Parikh 4
etal (34) pts.
Vogel etal. 27
(35) pts.
Zhueta. 6
(36) pts.
Hayashi 1
etal. 37) pt.
Mercado 22
etal (38) pts.
Fukaietal. 1
(39) pt.
Loap etal. 1
(40) pt.
McGunigal 7
etal (41) pts

Particle

Proton
Proton

Proton

Proton

Proton
Carbon
ion
Proton

Proton

Proton

Proton

Technique

NA

DS. Respiratory
gating
us

DS. Respiratory
gating

DS. Respiratory
gating

Respiratory
gating

DS, US, and
PBS. Respiratory
gating

NA

DS. DIBH

PBS. Respiratory
gating

Radiation therapy Dose
setting (RBE) up

Adjuvant 50.4 + NA
10.8 Gy

Definitive (cardiac 74 Gy NA

invasion)

Adjuvant 57 Gy 5.5
[60.4-66.6 months
Gyl

Adjuvant (63%), 61.2 Gy 20

definitive (22%) and
relapse (15%) Gyl

Adjuvant (83%), 60 Gy [54- 2.6
definitive (17%) 74 Gy]
Metastatic (lung) 52.8 Gy NA
(12
fractions)
Adjuvant (91%), 54 Gy [45- 13
definitive (9%) 70 Gy]
Definitive (progressive 50 Gy NA
residual intramyocardial
lesion)
Definitive (primitive lesion 60 Gy NA
+ pericardial nodules)
Adjuvant 54 Gy 21

months

Follow-

[60.4-70.2 years

years

months

Efficacy
NA
NA
No relapse

2-year local control:
100%.

3-year regional control:
96%.

3-year distant control:
74%. 3-year overall
survival: 94%

Local control at 2.6 years:

100%.
2 out-of-field recurrences
NA

5 relapses (including 1
local relapse)

NA

NA

No relapse

DS, double scattering; PBS, pencil beam scanning; US, uniform scanning; NA, non-assessable; Pt, patient; Gy, Gray.

Tolerance

NA
NA

One grade 2 dermatitis. No grade >3
toxicity

Grade 2 dermatitis (37%), esophagitis
(7%), and pneumonitis (4%). No grade
>3 toxicity

Grade 2 dermatitis (83%), grade 2
esophagitis (17%). No grade >3 toxicity

NA

Grade 2 dermatitis (37%), cough (13%)
and esophagitis (10%). No grade >3
toxicity

NA

NA

Grade 2 dermatitis (29%). No grade >3
toxicity)





