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Objective

To predict the risk factors of radiation pneumonitis (RP) in patients with esophageal squamous cell carcinoma (ESCC) who received radiotherapy.





Methods

From January 2015 to October 2021, 477 ESCC patients were enrolled and were assessed retrospectively. All these patients received radiotherapy for primary lesions or mediastinal metastatic lymph nodes. Clinical efficacy and adverse events (AEs) were observed. Univariate analysis identified clinical and dosimetric factors associated with the development of RP, and multivariate logistic regression analysis identified independent potential risk factors associated with the development of RP. Nomograms were constructed to predict RP based on the results of multivariate logistic regression analysis.





Results

Among the 477 ESCC patients, the incidence of RP was 22.2%, and the incidence of grade 4 or higher RP was 1.5%. Univariate analysis indicated that chronic obstructive pulmonary disease (COPD), pulmonary infection, leucopenia, PTV volume, V5, V20, V30 and MLD affected the occurrence of RP. The multivariate logistic regression analysis indicated that COPD (OR:1.821, 95%CI:1.111-2.985; P=0.017), pulmonary infection (OR:2.528, 95%CI:1.530-4.177; P<0.001), higher V20 (OR: 1.129, 95% CI:1.006-1.266; P=0.029) were significant independent predictors of RP in ESCC patients. COPD, pulmonary infection, V20 have been integrated for the RP nomogram. The rate of RP was significantly reduced in the V20<21.45% group. Further analysis indicated that the old age, diabetes, higher V20, and higher MLD were risk factors for grade 4 or higher RP. The area under the curve (AUC) value for V20 was 0.73 (95% CI, 0.567-0.893, P < 0.05).





Conclusion

We have determined the risk factors of RP and grade 4 or higher RP in ESCC patients after radiotherapy. MLD, V20, COPD were independent factors for RP. It was necessary to take measures to reduce or avoid the occurrence of RP for patients with these risk factors at the early stage.
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Esophageal carcinoma (EC) is one of the most common malignancies worldwide and there were nearly 604 thousand newly diagnosed cases of EC worldwide in 2020 (1). In China, the incidence and mortality of EC are higher (2), and according to the National Cancer Center, EC was the sixth most common cancer and the fifth most common cause of cancer-related deaths in 2016. Esophageal squamous cell carcinoma (ESCC) was the most common pathologic type, accounting for 90% of cases (3–5). Due to the lack of early symptoms and signs of EC, most patients have already lost the opportunity for surgery when diagnosed. Therefore, radiotherapy is one of the most important treatments for EC patients and has an irreplaceable position in the treatment of EC.

The esophagus has distinctive anatomical features that are closely related to the lungs. In the process of radiation for EC, lung tissue will inevitably be injured by radiation. The physiological characteristics of lung tissue are sensitive to radiation, therefore RP is one of the most common complications of radiation for EC (6). RP limits the radiation dose to the primary tumor and decreases the rate of local tumor control. High-grade RP severely affects the quality of life and long-term survival rate of patients. Continuous technological advances in radiotherapy have made it possible to apply radiation more precisely to the tumor while minimizing the dose to normal tissues, but the incidence of RP is still high (7, 8). The current treatment of RP mainly relies on symptomatic management such as glucocorticoids and antimicrobial drugs, which are poorly controlled in terms of overall efficacy (9). It is essential to predict the occurrence of RP at an early stage and to identify the relevant risk factors affecting the development of RP.




Materials and methods

From January 2015 to October 2021, 477 ESCC patients were enrolled and were assessed retrospectively in the Affiliated People’s Hospital of Jiangsu University. All these patients received radiotherapy for primary lesions or mediastinal metastatic lymph nodes. Inclusion criteria were: (1) pathologically confirmed ESCC, (2) completed radiotherapy course and complete clinical records, (3) an Eastern Cooperative Oncology Group performance status (ECOG PS) of 0-2. Exclusion criteria were: (1) patients with contraindications to radiotherapy, (2) interruption of radiotherapy due to severe cardiopulmonary dysfunction (unrelated to radiotherapy), (3) patients had any other primary tumors or distant metastases. All patients were divided into two groups: the RP group and the No-RP group. The following indicators were recorded: gender, age, smoking, cT category, cN category, surgery, COPD, diabetes, occurrence of pulmonary infection during radiotherapy, leucopenia, hemoglobin, whether concurrent chemoradiotherapy was performed, radiation modality, whether reirradiation, PTV volume, radiotherapy dose, V5, V20, V30, MLD.

The radiotherapy equipment was Siemens Oncor and Medtronic Synergy VMAT linear accelerator, and the planning system was Pinnacle3. All patients received 3D-CRT or IMRT with involved field radiotherapy, and all the plans were implemented using linear accelerator and multileaf grating. The GTV, CTV and PTV were delineated according to the ICRU50 and ICRU62 reports. RT doses ranged from 41.4 to 64.8 Gy with a median dose of 54 Gy. Primary EC foci and mediastinal metastatic lymph nodes were placed externally 0.5 cm around and 2 cm above and below for CTV, and 0.5 cm outside of the CTV and 1 cm above and below for PTV. The delineation of organs at risk (OARs) based on the Radiotherapy and Oncology Group (RTOG) guidelines. The dose constraints were defined as follows: total lungs: V5 <70%, V20 <30%, V30 <18%, maximum point dose of the spinal cord <45 Gy; heart: V30 <40%, V40 <30%. All radiotherapy plans were certified according to standard requirements. The total prescribed dose of radiotherapy was determined on an individual patient basis at 1.8–2.0 Gy per fraction, once daily, and 5 fractions per week.

Adverse events (AEs) were evaluated according to National Cancer Institute Common Terminology Criteria for Adverse Events (NCI-CTCAE) version 4.0. The severity of radiation pneumonitis was graded according to the RTOG criteria.




Statistical analysis

All statistical analyses were performed using SPSS (version 26.0; IBM Corporation, Armonk, NY, USA). Categorical variables were presented as numbers and percentages, and groups were compared using the χ2 test. Continuous variables were presented as means and standard deviations or percentiles, and groups were compared using the one-way ANOVA or the nonparametric Mann-Whitney U test. Logistic regression analysis was performed for those with significant single-factor analysis. A two-sided P < 0.05 was considered statistically significant. The nomogram applied to construct the scoring system was developed with independent risk factors based on multivariate logistic analysis using the rms package in R (version 3.6.0, R Development Core Team).






Results




Patient characteristics

A total of 502 ESCC patients were enrolled in this study, including 353 men (74.0%) and 124 women (26.0%), with a median age of 68.4 ± 8.3 years (range: 32-88). Details of patient characteristics were shown in Table 1. Twenty-five patients were excluded according to the criteria. Finally, 477 patients were included. A detailed flowchart of patient selection was shown in Figure 1. 106 patients developed RP. 48 patients exhibited only grade 1 RP. The remaining were 9 patients with grade 2, 42 patients with grade 3, 4 patients with grade 4, and 3 patients with grade 5. Three patients died of RP. We found that 5 patients had RP during radiotherapy, 34 patients occurred within the first month after the end of radiotherapy, 36 patients occurred within the second month after the end of radiotherapy. In addition, there were 14 patients occurred RP in the third month after radiotherapy, and 17 patients occurred RP in the 3-6 months after the radiotherapy.


Table 1 | Patient characteristics (n=477).






Figure 1 | Flowchart of participant selection.







Univariate and multivariate analysis of RP after radiotherapy for ESCC

In the univariate analysis, COPD, pulmonary infection that occurring during RT, leucopenia, PTV volume, dosimetric factors (V5, V20, V30, and MLD) were associated with RP (P<0.05) (Table 2). Additionally, gender, age, smoking, concurrent chemotherapy, radiation modality, reirradiation, hemoglobin concentration at the beginning of RT, radiotherapy dose was not risk factors of RP (P > 0.05). Logistic regression analysis showed that COPD, the occurrence of pulmonary infection during RT, and elevated V20 were independent risk factors for RP in patients with ESCC (P < 0.05) (Table 2).


Table 2 | Univariate and multivariate analysis for risk factors of RP in 477 ESCC patients.



A nomogram was constructed to predict the risk of RP in ESCC patients treated with radiotherapy. This model included three predictors: (Figure 2A): COPD (Yes=1 or N=0), the occurrence of pulmonary infection during RT (Yes=1 or No=0) and V20. For example, a patient with COPD, pulmonary infection, V20 (25%) was given a total of 110 points for RP (13 points for COPD, 24 points for pulmonary infection, 83 points for V20). This indicated that the risk of RP was over 40% in this patient. The calibration curve showed that this diagnostic nomogram had a good calibration (Figure 2B). Moreover, decision curve analysis (DCA) was applied to evaluate the clinical utility of the diagnostic nomogram, as shown in Figure 2C.




Figure 2 | Nomogram of the probability of RP in the ESCC patients. (A) Nomogram of the probability of RP. (B) Calibration curve of the nomogram. (C) DCA of the nomogram.







The optimal cutoff values for dosimetry parameters

The optimal cutoff values for the dosimetry parameters were confirmed using a receiver operating characteristic (ROC) curve. As shown in Table 3. Controlling V5 within 51.47%, V20 within 21.45%, V30 within 10.54%, and MLD within 10.98% could protect patients from RP and reduced the probability of RP significantly.


Table 3 | The optimal cutoff value for dosimetric parameter to protect from RP.







Univariate analysis for risk factors of grade-4 or higher RP

A portion of patients developed grade 4 or higher RP (7 of 106), which was life-threatening or even fatal. In this study, three patients died of RP. To reduce the risk of patients developing grade 4 or higher RP and to find common risk factors affecting these patients, we reanalyzed 106 patients with RP, which were shown in Table 4.


Table 4 | Univariate analysis for risk factors of grade 4 or higher RP.



Univariate analysis showed that age, diabetes, high V20 and MLD were significantly associated with the occurrence of grade 4 or higher RP (P< 0.05). The ROC curve was performed to analyze age, diabetes, V20, and MLD levels separately for predicting RP and to determine the area under the curve (AUC) and the optimal cut-off value. The results showed that V20 was the best predictor (P<0.05) with an AUC of 0.73 (95%CI:0.567-0.893), an optimal cut-off value of 21.18%. Figure 3 showed the ROC curve of V20 for predicting the occurrence of grade 4 or higher RP.




Figure 3 | ROC curve of V20 in predicting the occurrence of grade 4 or higher RP.








Discussion

EC is a common gastrointestinal cancer, and squamous cell carcinoma and adenocarcinoma are the main pathologic subtypes of EC. In China, predominant histological type of EC is squamous cell carcinoma (approximately 90%) (4, 5). Radiotherapy plays an essential role in cancer treatment, especially in ESCC, which is highly sensitive to radiation. Radiotherapy increases the survival rate and improves the prognosis of EC patients by reducing the risk of distant metastasis and relapse. The higher radiation doses have been associated with the superior local control rate of ESCC (10). However, radiotherapy can cause various AEs, and RP is one of the most common AEs in EC. RP is a major factor limiting the dose of radiotherapy, which not only influences the completion of radiotherapy but also decreases the survival benefit of the patient, especially for grade 4-5 RP. The aim of the present study was to determine the risk factors associated with the occurrence of RP and grade 4 or higher RP in ESCC patient receiving radiotherapy. Our study showed that the incidence of RP in ESCC patients was 22.2% and the incidence of grade 4 and grade 5 RP was 1.5%, which is similar to the previous reports (11, 12).

In recent years, clinical practitioners have tried to find the most applicable risk factors for predicting RP, such as age (13–15), smoking (16, 17), and relevant dosimetry parameters in RT (18–20), but the results were still contradictory. In the present study, there were no statistically significant differences between smoking and the occurrence of RP. Vogelius et al. reported a lower incidence of RP in smokers compared with nonsmokers (21), whereas Monson JM et al. reported a higher incidence of RP in smokers (22). Whether smoking is a risk factor for RP remains a topic of debate. Gender was not considered a risk factor for inducing RP in our study, which is consistent with previous findings (21). We found that there were no statistically significant differences between age and RP. However, Jin H et al. reported that older patients may have comorbidities and reduced lung function, which may increase the risk of RP (16). Univariate and multifactorial analyses revealed that COPD, pulmonary infection during RT and higher V20 were significantly associated with the development of RP and were independent risk factors predicting the development of RP.

The predictive value of COPD is controversial, which was consistent previous publications (23, 24). Studies about the occurrence of RP in EC patients combined COPD are limited. Some studies about lung cancer have shown that patients combined COPD had an increased risk of RP (24, 25), but other reports held the opposite view that the risk of RP was not relevant to COPD (16, 26). Our study indicated that patients with COPD had a higher risk of suffering from RP, while COPD was not associated with grade 4 or higher RP. Patients were more susceptible to RP if they developed a pulmonary infection during RT. The mechanism is that lung infections cause an increase in inflammatory cytokines, and chronic inflammation damages lung tissue. Injured lung tissue suffered from increased sensitivity to radiation and weakened self-healing capacity (27). Therefore, it is important to pay special attention and provide early intervention for patients with ESCC who have these risk factors.

Leucopenia is a common AE of chemoradiotherapy. Univariate analysis indicated that the rate of RP was 38.9% in the group of grades 3-4 leucopenia, which was higher than the other group of leucopenia stage below grade 3. The susceptibility to RP was associated with the severity of leucopenia. The mechanism is that radiotherapy provokes myelosuppression and decreases leucocyte, which results in immunosuppression and susceptibility to infection (28).

Dosimetry parameters were considered to play a crucial role in the development of RP. It was an effective measure to reduce the incidence of RP by controlling dosimetry parameters strictly. In the present study, PTV-volume, V5, V20, V30, MLD were associated with RP, but multivariate analysis indicated that only V20 was independent influencing factor of RP. However, some researchers suggested that V30 may be the better predictor of the occurrence of RP based on lung cancer (29, 30). Therefore, more data are needed to validate the dosimetry parameters that predict the incidence of RP in ESCC. For further clinical guidance and optimization of dosimetry parameters, we used ROC curves to determine the optimal limiting range of relevant dosimetry parameters. The study showed that the probability of RP was significantly lower in those with V20 <21.45% compared with those with V20 ≥21.45% (20.18% vs 40.52%, P=0.002). In clinical practice, it is very important to reduce the risk of RP by limiting V20 to less than 21.5%.

In recent years, with the development of analytical methods, the construction of mathematical models based on multi-index has been increasingly applied in the field of medicine (31–33). This approach combines a number of important parameters to generate a predictive model to achieve a better diagnostic performance. In the present study, we selected the most significant indices based on the multivariate analysis to construct a predictive model. In the practical application of the nomogram, we only need to convert the corresponding predictor value into the corresponding nomogram score value, and then add the score values to obtain the total score. Then the risk incidence corresponding to the total score is obtained, as described in the results section. The operation of the nomogram is simple and intuitive, without complicated calculation, less time-consuming, easy to use and can be popularized quickly.

In our study, the incidence of RP above grade 4 was 1.5%, and older age, diabetes, high V20 and MLD could cause grade 4 or higher RP. Although there was no statistical difference in the occurrence of RP in combination with diabetes, our data suggest that the occurrence of RP in patients with diabetes leads to the appearance of RP above grade 4. In the hyperglycemic environment of diabetic patients, changes such as fibrin-like degeneration and fat necrosis in the alveolar basement membrane cause increased permeability of the vascular wall and aggravate extravasation at sites where inflammation occurs (34). In addition, chronic hyperglycemia could lead to the imbalance of lymphocyte, impaired cellular immunity, result in susceptibility to various pulmonary infections and aggravate the symptoms of RP (35). If the ESCC patients had diabetes, the level of V20 and MLD should be strictly controlled in order to avoid the occurrence of grade 2 or higher RP and to alleviate the clinical symptoms of RP.

Few controlled studies have been conducted to evaluate the role of various therapies in RP patients. For mild symptoms, clinical observation can be considered. Glucocorticoids reduce inflammation and inhibit lymphocyte and endothelial cell toxicity, and systemic glucocorticoids to treat significantly symptomatic RP; a dose of 60-100 mg/day of prednisone for 2 weeks followed by a slow taper over 3-12 weeks (36). Supportive care with antibiotics, oxygen and anti-tussive therapy is also helpful. However, recent advances in molecular mechanisms of RP have led to identification of several potential targets for therapy.

In this study, we focused on the risk factors associated with the development of RP in ESCC patients. With a detailed classification of RP, we investigated the risk factors associated with grade 4 or higher RP for the first time. However, there were still some limitations: (1) the study was retrospective; (2) the number of samples is small; (3) only ESCC were included in this study, and esophageal adenocarcinoma needs further investigation.

In conclusion, our study confirmed the risk factors for the occurrence of RP and RP above grade 4 for ESCC patients in RT. Dosimetric parameters such as V20 and clinical features such as COPD are closely related to the occurrence of RP. For patients with these risk factors, taking effective measures at early stage will reduce and prevent the occurrence of RP. Next, we will explore the risk factors associated with radiation-induced pulmonary fibrosis in order to improve the quality of patient survival.
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