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Background

Radiation therapy (RT) is a standard treatment for the local control of primary pelvic cancers (PPC), yet the risk of second corpus uteri cancer (SCUC) in PPC patients undergoing RT is still controversial. This study investigated the impact of RT on the risk of SCUC and assessed the survival outcome.



Methods

We queried nine cancer registries for PPC cases in the Surveillance, Epidemiology, and End Results (SEER) database. The cumulative incidence of SCUC was analyzed using Cox regression and Fine–Gray competing risk regression analysis. The Poisson regression analysis was employed to assess the standardized incidence ratios (SIRs) and radiation-attributed risk (RR) for SCUC. We evaluated the overall survival of patients with SCUC using the Kaplan–Meier method.



Results

Receiving radiotherapy was strongly associated with a higher risk of developing SCUC for PPC patients in Fine–Gray competing risk regression (No-RT vs. RT: adjusted HR = 1.77; 95% CI, 1.40–2.28; p < 0.001). The incidence of SCUC in PPC patients who received RT was higher than in the US general population (SIR, 1.66; 95% CI, 1.41–1.93; p < 0.05), but the incidence of SCUC in patients who did not receive RT was lower than with the US general population (SIR, 0.68; 95% CI, 0.61–0.75; p < 0.05). The dynamic SIR and RR for SCUC decreased with decreasing age at PPC diagnosis and decreased with time progress. In terms of overall survival, 10-year survival rates with SCUC after No-RT (NRT) and SCUC after RT were 45.9% and 25.9% (HR = 1.82; 95% CI, 1.46–2.29; p < 0.001), respectively.



Conclusion

Radiotherapy for primary pelvic cancers is associated with a higher risk of developing SCUC than patients unexposed to radiotherapy. We suggest that patients with pelvic RT, especially young patients, should receive long-term monitoring for the risk of developing SCUC.
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Introduction

Currently, radiation therapy (RT) is one of the main components of multimodality therapy for cancer management. RT has been extensively utilized alone or combined with surgery and chemotherapy to treat a variety of cancers (1). More than half of the patients with malignant tumors undergo RT with curative or palliative intents during their course of illness (2). RT plays a crucial role in improving disease control by precisely depositing high physical energy radiations on cancer cells, subsequently resulting in DNA damage and apoptosis of cancer cells (3).

However, RT is a double-edged sword. As with any cancer therapy, RT has short-term and long-term side effects which limit treatment applicability and affect patient survival (4–8). A second primary cancer occurrence is regarded as a severe event among long-term cancer survivors who underwent RT. Rombouts reported an increased risk of second rectal cancer after RT for pelvic cancers (9). Similarly, Warschkow demonstrated the linkage between pelvic RT for primary rectal cancer and the occurrence of second cancers including endometrial cancer (10). OHNO also found that patients who were diagnosed with cervical cancer and underwent RT had a small but significantly higher incidence of second cancer (11). In addition, Liauw et al. revealed that RT for primary prostate cancer was correlated with an increased risk of developing second malignancies (12). Moreover, there are multiple other studies that suggested that patients receiving RT for primary pelvic cancers (PPC) are at an increased risk of second malignancies in adjacent organs like the rectum, bladder, and prostate (13–15). It is worth noting that the uterus is in a close anatomical relationship with other pelvic target organs, which is within the pelvic irradiation field. Consequently, the uterus receives relatively high doses of irradiation during RT for one of the pelvic organs. Although several studies have assessed the role of pelvic RT in the development of second malignancies in rectum, prostate and other pelvic organs (16–20), data on the association between the risk of secondary corpus uteri cancer (SCUC) and RT for PPC are still lacking (21). Whether or not RT for PPC is associated with increased risk of SCUC remains debatable. Hence, we used data obtained from the National Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) database to comprehensively investigate the influence of RT for PPC on the risk of SCUC and to evaluate the long-term prognosis.



Methods


Database and study population

We identified female patients diagnosed with solid pelvic cancers in five sites as their initial primary malignancies from the nine registries (Atlanta, Connecticut, Detroit, Hawaii, Iowa, New Mexico, San Francisco–Oakland, Seattle–Puget Sound, and Utah) of the SEER program between January 1975 and December 2018. The pelvic cancers consisted of the rectum and rectosigmoid, anorectum, cervix uteri, ovary, and bladder, which were included based on the third edition of the International Classification of Diseases for Oncology (ICD-O-3). The PPCs in regional and localized stages identified by SEER were collected for analysis. The exclusion criteria included patients who were not diagnosed with the first primary pelvic cancer, were younger than 20 years old, had a survival and follow-up time of less than 12 months after PPC diagnosis, had no surgery, distant metastases, were treated with radioisotopes and radioactive implants, and had missing data on race surgery performed, radiation, chemotherapy, tumor stage and grade, age and follow-up information. This study has been approved by the Ethics Committee of Cancer Hospital, Chinese Academy of Medical Sciences.



Treatment interventions

Patients with pelvic cancers, including tumors in the rectum and rectosigmoid, anorectum, cervix uteri, ovary, and bladder, are routinely treated with beam radiation. Patients would be divided into two groups based on their radiation therapeutic schedule: No-radiotherapy (NRT) and RT. The dosages of radiation administered and detailed adjuvant radiotherapy treatment was not registered in the SEER database.



Outcomes

The primary endpoint was to evaluate the risk of SCUC during more than 12 months of latency time after receiving RT. The secondary primary cancers were identified with ICD-O-3 guidelines by the SEER database, which could prevent the inclusion of locoregional or distant recurrences of PPC. The latency time for the development of SCUC started at 1 year after the diagnosis time of primary PPC and ended at the date of diagnosis of SCUC, overall survival (OS), cancer-specific survival (CSS), or reaching 30 years of follow-up, whichever happened first.

The secondary outcome was to calculate the 10-year OS and CSS of SCUC. The OS time was established from the diagnosis of SCUC to the data of all-cause death, and the CSS time was established from the diagnosis of SCUC to the data of cancer-specific death. The SCUC patients were divided into two groups: SCUC patients receiving RT for primary PPC and SCUC patients without RT for primary PPC. Moreover, the patients with sporadic corpus uteri cancer and who did not develop any second cancers during their follow-up time, who were referred to as the only primary corpus uteri cancer (OPCUC) patients, were included in the survival analysis to investigate the prognostic effects of RT on SCUC.



Statistical methods

The Cox regression analysis was performed to evaluate the risk of SCUC in primary PPC patients. However, the Fine–Gray competing risk regression analysis was also established with SCUC as the primary endpoint and other kinds of secondary primary cancer or all-cause death were considered competing events, which was performed to eliminate the influence from competing events. Both of them were performed to calculate the hazard ratios (HRs) and 95% confidence intervals (CIs) of SCUC occurrence after RT. The characteristic features of primary PPC with a p-value of less than 0.05 (two-sided) in the univariable analysis would be included in the multivariable risk model through the backward method.

Furthermore, we evaluated the radiotherapy-associated risk (RR), standardized incidence ratio (SIR), and 95% CIs through Poisson regression analysis. The definition of RR in our study was the ratio of SCUC occurrence in PPC patients, and the SIR was the ratio of SCUC occurrence among PPC patients to the incidence of corpus uteri cancer in the US general population. Both RR and SIR were adjusted for age at PPC diagnosis and calendar year of PPC diagnosis. The RR was evaluated with R software (version 3.5.3), and the SIR was calculated with SEER*Stat 8.3.6.

The Kaplan–Meier method and the log-rank test were performed to evaluate the 10-year OS and CSS of SCUC and OPCUC patients. To balance the characteristic baseline between SCUC and OPCUC patients, we used the propensity score matching (PSM) to match the cases with age at corpus uteri cancer (CUC) diagnosis, year of CUC diagnosis, race, stage of CUC, and type of treatment for CUC.




Results


Patient characteristics

A total of 70,214 patients with primary pelvic cancer were included in this population-based study, 16,231 patients underwent pelvic RT and 53,983 patients did not receive pelvic RT, respectively (Figure 1; Table 1). Primary pelvic cancers include malignancies in the rectum and rectosigmoid (39%), bladder (27%), cervix uteri (17%), ovary (15%), anus, anal canal, and anorectum (2%). After 1 year of latency after PPC diagnosis, 152 patients in the RT group and 282 patients in the NRT group developed SCUC, indicating that patients with PPC in the RT group are more susceptible to SCUC. Compared with patients without RT, patients in the RT group present with younger age at PPC diagnosis, more advanced tumor grade (III/IV), and regional tumor stage, with p < 0.001. Consequently, a significantly higher proportion of patients in the RT group received chemotherapy in comparison to patients without RT, with p < 0.001. The detailed baseline characteristic of patients is shown in Table 1.




Figure 1 | Flow diagram. RT, radiation therapy; NRT, no radiation therapy; SEER, Surveillance, Epidemiology and End Results; PSM, propensity score matching.




Table 1 | Comparisons of Baseline Characteristics of Patients with PPC by Treatment Modality.





Risk of RT for developing SCUC

The cumulative incidence of SCUC in the RT group (1.44%) is higher than that in the NRT group (0.65%) (adjusted HR = 1.77; 95% CI, 1.40–2.28; p < 0.001) (Figure 2). The important features were selected to evaluate the risk of developing SCUC in univariable competing risk regression (Table 2). It was demonstrated that RT for PPC and other variables including age at PPC diagnosis, and chemotherapy could significantly influence the risk of developing SCUC in univariable analysis, with p < 0.05. We then performed a multivariable analysis to further assess the role of these factors in the development of SCUC for PPC patients. Factors including RT, age at PPC diagnosis, tumor site, and chemotherapy could affect the risk of SCUC for PPC survivors. In the final multivariable analysis, RT for PPC was proved to be an independent risk factor for developing SCUC in PPC survivors (adjusted HR, 1.79; 95% CI, 1.40–2.28; adjusted p < 0.001). A Cox regression analysis was also performed to identify factors that could probably influence the occurrence of SCUC (Supplementary Table S1). Consistent with the results of competing risk regression, multivariable Cox regression analysis demonstrated that RT for PPC was an independent risk factor for SCUC (HR, 2.18; 95% CI, 1.67–2.87; p < 0.001). Moreover, subgroup analysis was also performed to further assess the risk of developing SCUC by competing for risk regression and found that RT for PPC was related to an increased risk of developing SCUC with statistical significance in most subgroups (Figure 3).




Figure 2 | Comparisons of the cumulative incidence of secondary corpus uteri cancer (SCUC) between patients who received radiation therapy (RT) and patients who did not receive RT (NRT) in primary pelvic cancer (PPC) patients. The adjusted hazard ratios (HR) were adjusted for age at PPC diagnosis, tumor site, and chemotherapy by multivariable competing risk regression analysis. RT, radiation therapy; NRT, no radiation therapy; HR, hazard ratios.




Table 2 | Univariable and multivariable competing risk regression analyses of risk of developing SCUC in PPC patients.






Figure 3 | Subgroup analysis of competing risk regression analysis for the risk of developing secondary corpus uteri cancer (SCUC) in primary pelvic cancer (PPC) patients. RT, radiation therapy; NRT, no radiation therapy; PPC, primary pelvic cancers; CI, confidence interval; HR, hazard ratio.





Dynamic incidence risk for SCUC

We calculated the SIRs and RRs according to latency from PPC diagnosis, age at PPC diagnosis, and year of PPC diagnosis and established three dynamic plots to further evaluate the risk of SCUC for PPC patients treated with RT and without RT, respectively (Figure 4; Supplementary Tables S2, S3). In the dynamic latency-SIR plot, we found that the risk of developing SCUC increased with time after a 5-year latency from the diagnosis of PPC in the RT group but not in the NRT group (Figure 4A; Supplementary Table S2). In the dynamic latency-RR plot, although RR showed a trend of fluctuating downward on a whole (from 1.28 to 1.20), RR was greater than 1 with the increasing latent period (Figure 4D; Supplementary Table S3). Additionally, in the dynamic diagnosis time-SIR plot, we observed that the risk of SCUC increased with fluctuation for patients who received RT for their PPC as the calendar year of PPC diagnosis increased when compared with the background incidence rate of SCUC (Figure 4B). However, as for dynamic RR for the calendar year of PPC diagnosis, the gradual descent of RR was witnessed as the year of PPC diagnosis raised oppositely (Figure 4E; Supplementary Table S3). Furthermore, in the dynamic age-SIR plot, RT group patients presented a tendency for a decreasing risk of developing SCUC with the increasing age at PPC diagnosis, indicating that patients who were diagnosed with PPC at younger ages were at a higher risk of developing SCUC compared to older patients among PPC survivors who underwent RT (Figure 4C; Supplementary Table S2). The RR for age at PPC diagnosis was still more than 1, but the value of the RR decreased inversely with the increased in diagnostic age (Figure 4F; Supplementary Table S3).




Figure 4 | (A) Dynamic standardized incidence ratio (SIR) for secondary corpus uteri cancer (SCUC) in the latency-SIR plot. (B) Dynamic SIR for SCUC in PPC diagnosis time-SIR plot. (C) Dynamic SIR for SCUC in PPC diagnosis age-SIR plot. (D) Dynamic radiotherapy-associated risk (RR) for SCUC in the latency-RR plot. (E) Dynamic RR for SCUC in PPC diagnosis time-RR plot. (F) Dynamic RR for SCUC in PPC diagnosis age-RR plot. (A–C) Adjusted SIRs and 95% CIs of developing SCUC in primary pelvic cancer (PPC) patients treated with RT versus the US general population are plotted, as well as PPC patients who did not receive RT versus the US general population, and the incidence in the background US population is represented by the gray line (at y = 1). The detailed data of SIRs are shown in Supplementary Table 2. (D–F) The RR was estimated by Poisson regression analysis with the relative risks and 95% CIs of SCUC in primary PPC patients who underwent RT compared with those who did not undergo RT. The RR was adjusted for age at PPC diagnosis and calendar year of PPC diagnosis. In our study, the high risk of developing SCUC from RT required both adjusted HR >1 and adjusted RR >1, and the low risk of developing SLC from RT required both adjusted HR <1 and adjusted RR <1. RT, radiation therapy; NRT, no radiation therapy; RR, radiotherapy-associated risk; SIR, standardized incidence ratio; SCUC, secondary corpus uteri cancer; PPC, primary pelvic cancers.





Survival outcome of SCUC

Univariable and multivariable Cox regression analyses of prognostic factors for overall survival in patients with SCUC were conducted, indicating that radiation therapy for PPC was associated with worse overall survival in patients with SCUC, with statistical meanings (p < 0.001). The HRs of radiotherapy in the univariable and multivariable Cox regression analysis were 1.74 (95% CI, 1.34–2.26) and 1.59 (95% CI, 1.22–2.07), respectively (Supplementary Table S5). Moreover, survival analysis was performed to investigate the impact of RT on the prognosis of patients with SCUC in the RT and NRT groups. In terms of OS, the 10-year OS rate (45.9%) of the NRT group was higher than that (25.9%) of the RT group (Figure 5A). As for CSS, the 10-year CSS rate of patients treated with RT and without RT was 43.5% and 65.0%, respectively (Figure 5B). These results suggested that RT was associated with worse survival outcomes in terms of OS and CSS, indicating that radiation-associated SCUC had a poor prognosis. To further estimate the effects of RT on survival outcomes of SCUC, the only primary CUC (OPCUC) patients, who were referred to as the patients with sporadic corpus uteri cancer and without any second cancers during their follow-up time, were set as the control group. Compared with matched population controls with OPCUC, a significant difference of 10-year OS and CSS was observed between patients who developed SCUC after RT and matched OPCUC (10-year OS, 25.9% vs. 42.7%, p < 0.001, Figure 5C; 10-year CSS, 43.5% vs. 73.7%, p < 0.001, Figure 5D). Furthermore, we next compared survival outcomes of SCUC patients without RT with matched OPCUC. It was observed that OPCUC patients had a better prognosis than SCUC patients without RT in terms of 10-year OS (53.7% vs. 42.7%, p < 0.001, Figure 5E). The difference for 10-year CSS between SCUC patients in the RT group and OPCUC failed to reach a statistical significance (73.7% vs. 74.8%, p = 0.570, Figure 5F).




Figure 5 | (A) Overall survival (OS) comparison between primary pelvic cancers (PPC) patients who developed secondary corpus uteri cancer (SCUC) after radiation therapy (RT) and PPC patients who developed SCUC after no RT (NRT). (B) Cancer-specific survival (CSS) comparison between PPC patients who developed SCUC after RT and PPC patients who developed PPC after NRT. (C) OS comparison between PPC patients who developed SCUC after RT and patients with only primary corpus uteri cancer (OPCUC). (D) CSS comparison between PPC patients who developed SCUC after RT and patients with OPCUC. (E) OS comparison between PPC patients who developed SCUC after NRT and patients with OPCUC. (F) CSS comparison between PPC patients who developed SCUC after NRT and patients with OPCUC. (C–F) Case-control comparisons, PPC patients who developed SCUC (case group) versus patients with OPCUC (control group), with a PSM ratio of 1:5 for SCUC versus OPCUC. The variables matched for PSM included age at CUC diagnosis, year of CUC diagnosis, race, stage of CUC, and type of treatment for CUC. The detailed patient characteristics of OPCUC before and after PSM are shown in Supplementary Table S5. HRs were calculated by Cox regression. HR, hazard ratio; OPCUC, only primary corpus uteri cancer; RT, radiation therapy; CI, confidence interval; SCUC, secondary corpus uteri cancer; OS, overall survival; CSS, cancer-specific survival.






Discussion

It is a well-known phenomenon that radiation exposure can lead to malignant neoplasms. Although SCUC incidence post-RT is only 0.5%–0.8%, according to previous reports (22), SCUC can significantly impair the survival outcomes of PPC survivors post-RT (23). To our best knowledge, our SEER-based study investigated the largest patient cohort and explored the relationship between pelvic RT for PPC and SCUC risk for the first time. Among the population-based cohort of 70,214 patients, our data confirm that patients who have previously undergone pelvic RT for PPC are at an increased risk of developing SCUC. Treatment with pelvic RT may contribute to an excess risk of SCUC. We also observed that patients treated with pelvic RT for PPC had higher SCUC incidence than the general population. The SIR of SCUC after pelvic RT appeared to increase with prolonged latency and decrease with diagnosis age. Lastly, our data indicate that SCUC after pelvic RT results in a worse prognosis than PPC patients without RT.

Consistent with our findings, previous reports have demonstrated that RT for PPC is associated with an increased risk of SCUC (23–25). However, these studies have several limitations. First, the sample size of patients was relatively small (24–26), which can bias the interpretation of results and impair statistical power. In addition, although SCUC can potentially develop after irradiation of tumors of several pelvic organs adjacent to the uterus, it is evident that most relevant studies attempted to estimate the risk of SCUC after irradiation of cervical cancer only (22–26). For the first time, our study comprehensively estimates the impact of RT on PPC, including both cervical cancer and noncervical cancers. Consistent with published studies, our findings suggest that RT for cervical cancer indeed elevates the risk of developing SCUC. Additionally, RT for noncervical cancers, including bladder, ovary, and colorectal cancer, is also associated with an increased incidence of SCUC.

We also innovatively analyzed the dynamic incidence of SCUC based on latency duration, age at SCUC diagnosis, and year of SCUC diagnosis. In comparison to the general population, the SCUC incidence increased with the extension of latency duration from the diagnosis of PPC in the RT group. However, this tendency was not observed in the NRT group, indicating that pelvic RT induced an excess risk of developing SCUC. These findings suggest that we need more prolonged surveillance for patients who receive RT for PPC. It is also of great interest that the SCUC risk decreased with the increasing calendar year of PPC diagnosis. The possible explanation can be the improvement of RT treatments for PPC, which increases radiation delivery accuracy to the tumor area and consistently minimizes exposure of uninvolved normal tissue. Moreover, we also observed that patients diagnosed with PPC at a younger age were at a higher risk of developing SCUC. Understandably, younger patients have a longer life expectancy after RT for PPC, which imposes a greater cancer risk for SCUC in this group.

Furthermore, we present the prognosis of pelvic RT-related SCUC in this study. We performed a survival analysis to compare the survival outcomes of SCUC after pelvic RT to those without RT. Depending on entities, RT was associated with worse survival outcomes in terms of OS and CSS, which was consistent with previous reports (23). Several factors may contribute to this poor prognosis. Studies have shown that patients who develop SCUC after RT are more likely to have aggressive histological subtypes than patients with sporadic SCUC (24–26). This indicates that pelvic RT might be regarded as a carcinogenic factor in the development of poorly differentiated SCUC. Furthermore, a large proportion of patients were diagnosed with advanced-stage disease after RT for PPC (23, 27, 28), probably resulting in a worse prognosis of SCUC. In comparison to the majority of sporadic SCUC patients whose clinical manifestations are vaginal bleeding and other clinical presentations which are relatively noticeable, the clinical manifestations of SCUC after RT for PPC can be atypical and imperceptible, such as the enlarged uterus, leading to delays in diagnosis. Radiation-induced cervical stenosis may prevent early symptoms of vaginal bleeding. Thus, patients with SCUC might merely present with nonspecific symptoms of an enlarged uterus and abdominal pain or cramping, leading to a delay in diagnosis. Consequently, consideration should be given to long-term surveillance for SCUC in patients treated with RT for PPC. It is also crucial to educate patients to report any relevant symptoms to their clinicians, thereby facilitating early diagnosis of SCUC. Moreover, developments in treatments for early carcinoma in corpus uteri will also improve the prognosis and quality of patients’ lives (29, 30).

The greatest strengths of the present study are the large patient numbers and long-term follow-up of over 30 years, which provides higher statistical power and makes our study more generalizable. Moreover, instead of using COX regression, which is usually used to assess the risk of SCUC after pelvic RT, we used Fine–Gray competing risk regression analysis, thus avoiding interferences caused by competing events, including all-course death.

However, we must acknowledge certain limitations of this study. Foremost, this was a retrospective study that prevented treatment randomization and increased the potential for confounding. Additionally, other risk factors that may alter the risk of SCUC, including genetic predisposition, lifestyle, family history, and environmental factors, were not available in the SEER database. Confounding can happen if these unmeasured covariates related to PPC were also associated with the development of SCUC. Hence, we used a multivariable competing model to adjust risk factors that were available, such as age at diagnosis and year of diagnosis. This study also lacks data on dosage, fractionation, and duration of RT because such information was not coded in the SEER database. Considering the significant advances in RT for PPC, RT modality has changed towards hypofractionation, which may influence the incidence of SCUC after RT. Therefore, more studies with randomized allocation and precise information on RT regimens are warranted. In addition, the precise proportion of patients had corpus uteri left after treatment for primary pelvic cancer was unknown, because the SEER database failed to provide detailed information (including surgical procedure and resection range) of surgical treatment. The treatment information we could obtain was whether patients received surgery, radiotherapy, or chemotherapy. Therefore, it was regarded as one of the limitations of this study.

In conclusion, we observed a higher risk of SCUC in patients who underwent RT for PPC compared to PPC patients without RT and the general US population. Moreover, the radiation-associated SCUC carried a grave prognosis. Therefore, long-lasting surveillance for patients receiving RT for PPC is recommended, especially for younger patients.
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