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Background

Although radiation therapy (RT) improves local control for rectal cancer (RC), the long-term risks from RT, including development of a secondary malignancy, are controversial. The risk and prognosis of secondary bladder cancer (SBC) in RC patients undergoing RT have not been adequately studied. Our goal is to investigate the impact of RT on the risk of developing SBC and assess their survival outcomes.



Methods

This large population-based study included RC patients as their initial primary cancer from nine registries of the Surveillance, Epidemiology and End Results (SEER) database between 1973 and 2015. The cumulative incidence of SBC was assessed by using Fine and Gray’s competing risk regression. The standardized incidence ratio (SIR) was used to compare the incidence of SBC in RC survivors to the US general population. The Kaplan-Meier method was used to evaluate the 10-year overall survival (OS) and 10-year cancer specific survival (CSS) for patients with SBC.



Results

Of 74,646 RC patients, 24,522 patients were treated with surgery and RT and 50,124 patients were treated with surgery alone. The incidence of SBC was 1.85% among patients who received RT and 1.24% among patients who did not. The incidence of SBC in RC patients who received RT was higher than the US general population (SIR, 1.35; 95% CI, 1.19-1.53, P<0.05), and decreased with increasing age at diagnosis, and increased with time since diagnosis. In competing risk regression analysis, undergoing RT was associated with a higher risk of SBC (hazard ratio [HR], 1.443, 95% confidence interval [CI], 1.209-1.720; P<0.001). The results of the dynamic SIR for SBC revealed that a slightly increased risk of SBC was observed after RT in the early latency, and was significantly related to the variations of age at RC diagnosis and decreased with time progress. The 10-year OS and CSS among SBC patients after RT were comparable to SBC patients after NRT.



Conclusion

Radiation was associated with an increased risk of developing SBC in RC patients, and special attention should be paid to the surveillance of these patients.
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Introduction

Total mesorectal excision and (neo) adjuvant radiation therapy (RT) has been considered as the standard treatment regimen for locally advanced rectal cancer (RC), with superior local control when compared with surgery alone (1, 2). However, because of ionizing radiation, RT has been associated with several late side effects for long-term RC survivors (3). One of the most serious late side effects, the increased risk of occurring a radiation-induced second primary cancer (SPC) is controversial (4–6).

SPC is commonly seen in long term cancer survivors, and approximately 8% of patients with common cancers developed a second malignancy (7). Risk factors for the development of SPC are multifactorial, including normal aging, genetic predisposition, environmental and lifestyle risk factors, and treatment for initial primary cancer (5, 7, 8). Some of these risk factors could be partially avoidable, through methods such as adopting a healthy lifestyle and getting appropriate cancer treatment.

Although several studies have assessed the role of RT in the development of SPC for RC patients, the conclusions are inconsistent regarding the role of RT (9, 10). Warschkow et al. found a decreased overall risk of second malignancies after pelvic radiation attributed to decrease in prostate cancer following pelvic radiation (11). Therefore, the prostate gets a significant dose but had a lower chance for cancer. Furthermore, whether RT has an adverse effect on the survival outcome of SBC has very important prognostic and therapeutic implications, but no study has confirmed this issue. Therefore, we used the National Cancer Institute’s Surveillance, Epidemiology, and End Results (SEER) database to investigate the impact of RT for RC patients on the subsequent risk of occurring an SBC and to evaluate their long-term prognosis.



Methods


Database and Study Population

We identified patients diagnosed with histologically confirmed RC as their initial primary cancer from nine registries of the SEER program between January 1973 and December 2015. The RC (C20.9) and rectosigmoid cancer (C19.9) were included according to The 3rd Edition of International Classification of Diseases for Oncology (ICD-O-3). Localized and regional stage as defined by SEER was chosen for analysis. Exclusion criteria included patients where RC was not their first primary cancer, age younger than 20 years, survival less than 1 year after RC diagnosis, no rectal cancer surgery, distant metastases, and missing data on radiation, surgery, age, tumor stage, race and follow-up information. This study has been approved by the Ethics Committee of Cancer Hospital, Chinese Academy of Medical Sciences.



Treatment Interventions and Outcomes

RC patients were classified into two groups according to initial treatment modality. The RT group was composed of RC patients who received surgery and (neo)adjuvant external-beam RT, and the no RT (NRT) group was composed of patients who received surgery alone. To avoid bias caused by different modalities of RT, patients who received brachytherapy or combination RT were excluded from our analysis.

The primary outcome of the present study was to investigate the risk of development of a SBC more than one year after treatment of RC. The SEER program avoids the inclusion of recurrent disease of RC according to the ICD-O-3 guidelines. The follow-up for SBC started at 1 year after the initial treatment of RC and ended at the date of all-cause death, diagnosis of SBC, or reaching 30 years follow-up, whichever occurred first.

The secondary outcome was to evaluate the 10-year overall survival (OS) and 10-year cancer specific survival (CSS) of SBC. The definition of OS was the time from SBC diagnosis to the date of all-cause death, and the definition of CSS was the time from SBC diagnosis to the date of SBC-cause death. The survival analysis was performed by using case-control design, in which each SBC patient who received RT was compared with each SBC patient who did not received RT or with five patients diagnosed with only primary BC (OPBC). The definition of OPBC was the patient diagnosed with only BC, without any other malignancies diagnosed during their lifetime.



Statistical Methods

Fine-Gray competing risk regression analysis was performed with SBC as an event and a non-SBC or all-cause death were considered competing events to estimate the hazard ratios (HRs) and 95% confidence intervals (CIs) of SBC occurrence after RC. The multivariable risk model was built by using a backward selection procedure with variables with P values less than 0.05 (two sided) in univariable analyses, which were considered statistically significant and included in multivariable analyses. This analysis was performed with R software (version 3.5.3).

Furthermore, we calculated the standardized incidence ratio (SIR) and 95% CIs with Poisson regression analysis. The definition of SIR in our study was the ratio of observed incidence SBC among RC patients to the incidence of BC in the US general population. SIR was adjusted for sex, age at RC diagnosis, and the calendar year of RC diagnosis. To assess the dynamic risks and incidence for SBC, the SIRs were stratified by age at RC diagnosis, latency time since RC diagnosis and year of RC diagnosis. The SIR was calculated with SEER*Stat 8.3.6.

The Kaplan-Meier method was used to calculate the 10-year OS for SBC and OPBC, and P values were calculated with the log-rank test. To reduce possible bias for survival comparison, we used propensity score matching (PSM) to match the cases and controls by using variables of sex, age at BC diagnosis, race, year of BC diagnosis, stage of BC, tumor grade, and treatment for BC. These analyses were performed using R software (version 3.5.3).




Results


Patient Characteristics

A total of 74,646 RC patients were included in our analysis, 24,522 patients received RT and 50,124 patients did not receive RT (Figure 1). After one-year latency from RC diagnosis, 249 patients in RT group and 461 patients in the NRT group developed an SBC. The median follow-up time was 69 (35-135) months in the RT group and 85 (40-164) months in the NRT group. Compared with patients in the NRT group, patients in the RT group presented with younger, higher proportion of male sex, poor differentiation, regional stage, and mucinous tumor, with p< 0.05. In the RT group, more patients received chemotherapy compared with patients in the NRT group, with p< 0.05. The baseline characteristics of RC patients who developed an SBC were similar to RC patients. The detailed information of RC patients and RC patients who developed an SBC by treatment modality were 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 | Comparison of baseline characteristics of all RC patients and those who developed SBC by treatment modality.





Cumulative Incidence and SIR of SBC

The cumulative incidence for developing SBC was 1.38% in RC survivors during 30 years of follow-up. The cumulative incidence of RC survivors developing SBC that received RT (1.85%) was higher than RC survivors developing SBC that did not receive RT (1.24%), with adjusted P=0.015 (Figure 2). Then, we calculated the SIRs to assess the incidence risk of SBC. The incidence risk of SBC in RC patients who received RT was higher than the US general population (SIR, 1.35; 95% CI, 1.19-1.53, P<0.05; Table 2). However, the incidence risk of SBC in patients who did not receive RT was similar to the US general population (SIR, 0.92; 95% CI, 0.84-1.01, P>0.05; Table 2).




Figure 2 | Comparisons of cumulative incidence of secondary bladder cancer (SBC) between patients who received radiation therapy (RT) and patients who did not receive RT. P values were calculated with the Gray test.




Table 2 | Standardized Incidence Ratio of Secondary Bladder Cancer by Age at RC Diagnosis, Latency and Year of RC Diagnosis.





Risk of RT for Developing SBC

The variables presented in Table 1 were selected to assess the risk of developing SBC in univariable competing risk regression (Table 3), and the variables including age at RC diagnosis, sex, race, year at RC diagnosis, tumor stage, tumor histology, and RT could significantly influence the risk of developing SBC in univariable analysis (with P< 0.05).


Table 3 | Univariable and Multivariable Competing Risk Regression Analysis of Risk of Developing SBC in RC Patients.



The factors including age at RC diagnosis, sex, race, year at RC diagnosis, tumor stage, tumor histology, and RT were also associated with a higher risk of developing SBC in multivariate analysis (with P< 0.05; Table 3). In the final multivariable analysis, RT was an independent risk factor of developing SBC in RC survivors (HR, 1.443; 95% CI, 1.209-1.720; adjusted P< 0.001). In addition, subgroup analyses were performed to further evaluate the risk of developing SBC by competing risk regression. We found that the increased risk associated with RT was noted in most subgroups but not all were statistically significant (Figure 3).




Figure 3 | Subgroup analyses of competing risk regression for the risk of developing secondary bladder cancer.





Dynamic Incidence Risk for SBC

We established three dynamic SIR plots based on time after RC diagnosis, age at RC diagnosis and year of RC diagnosis, to further evaluate the dynamic incidence risk of SBC for RC patients treated with and without receiving RT. In dynamic latency-SIR plot, significant incidence change of SBC with longer follow-up after RC diagnosis was only observed for patients treated with RT (Figure 4A). In dynamic age-SIR plot, decrease in risk of SBC was observed in different age groups at RC diagnosis only for patients treated with RT (Figure 4B). The younger patients treated with RT had a higher risk compared to older patients, which is compared with the US general population in the matching age group, although older patients are more likely to develop bladder cancer (Figure 4B). In dynamic diagnosis time-SIR plot, compared with the background incidence rate of SBC, a decrease in the risk of SBC was observed in patients with RC treated with surgery and RT. And this risk reaching baseline rates was observed for patients diagnosed with RC in 2005-2015 (Figure 4C).




Figure 4 | (A) Dynamic standardized incidence ratio (SIR) for secondary bladder cancer (SBC) in latency-SIR plot; (B) Dynamic SIR for SBC in age-SIR plot; (C) Dynamic SIR for SBC in diagnosis time-SIR plot. (A–C) SIRs of developing SBC in patients treated with radiation therapy (RT) versus the US general population are plotted, as well as patients treated without 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 the Supplementary Data. HR, hazard ratio; RC, rectal cancer; RT, radiation therapy; SIR, standardized incidence ratio; SBC, secondary bladder cancer.





Survival Outcome of SBC

We compared survival between patients with SBC after RT and NRT, and we found no significant differences of 10-year OS and 10-year CSS observed between patients who developed SBC after RT and patients who developed SBC after NRT, both before PSM (10-year OS, 22.1% vs 24.8%, P=0.360; 10-year CSS, 68.7% vs 74.7%, P=0.560; Figure 5A, Supplementary Figure 1A) and after PSM (10-year OS, 22.1% vs 15.7%, P=0.260; 10-year CSS, 71.9% vs 67.8%, P=0.260; Figure 5B, Supplementary Figure 1B), which may suggest that patients could have a higher risk of death but not due to bladder cancer within the 10-year follow-up. To further evaluate the survival outcomes of SBC, we matched the OPBC with SBC by using PSM. Compared with matched population controls with OPBC, significantly difference of 10-year OS was observed between patients developed SBC after RT and matched OPBCs (10-year OS, 24.8% vs 37.9%, P<0.001; 10-year CSS, 74.7% vs 71.0%, P=0.560; Figure 5C, Supplementary Figure 1C), and significant survival difference of 10-year OS was observed in patients without RT compared with matched OPBC (10-year OS, 22.1% vs 35.2%, P<0.001; 10-year CSS, 68.7% vs 69.3%, P=0.880; Figure 5D, Supplementary Figure 1D). Detailed information on OPGMs and survival analyses were shown in the Supplementary Table 2, 3, and Supplementary Figure 1.




Figure 5 | (A) Survival comparison between rectal cancer (RC) patients who developed secondary bladder cancer (SBC) after radiation therapy (RT) and RC patients who developed SBC after no RT (NRT) (before PSM); (B) Survival comparison between RC patients who developed SBC after RT and RC patients who developed BC after NRT (after PSM); (C) Survival comparison between RC patients who developed SBC after RT and patients with only primary bladder cancer (OPBC); (D) Survival comparison between RC patients who developed SBC after NRT and patients with OPBC. (B) RC patients who developed SBC after RT and RC patients who developed SBC after NRT were matched by PSM at a ratio of 1:1. (C, D) are case-control comparisons, RC patients who developed SBC (cases) versus patients with OPBC (controls), with a PSM ratio of 1:5 for SBC versus OPBC. The variables matched for PSM included age at SBC diagnosis, year of SBC diagnosis, race, stage of SBC and type of treatment for SBC. The detailed patient characteristics of OPBC before and after PSM are shown in the Supplementary Data. HRs were calculated using Cox regression. HR, hazard ratio; RC, rectal cancer; RT, radiation therapy; CI, confidence interval; SIR, standardized incidence ratio; SBC, secondary bladder cancer; OPBC, only primary bladder cancer.






Discussion

To our knowledge, this is the first large population-based study to comprehensively assess the risk of developing SBC in RC survivors and to evaluate the survival outcomes of SBC. The cumulative incidence of SBC in RC patients who received RT was higher than those who did not receive RT, and RT was considered as an independent risk factor for SBC occurrence in RC patients. Second, the incidence of SBC in RC patients who received RT was higher than the US general population, and the incidence of SBC after RT decreased with diagnosis time and increased with latency period. The younger patients treated with RT had a higher risk compared to older patients, which is compared with the US general population in matching age group. Third, no survival differences were observed for SBC after RT compared with those without RT.

In literature, previous studies evaluating the risk of SBC after RT treatment for RC patients presented conflicting results (9–14). Several reasons could affect the interpretation of results, including sample size of cohort population, length of follow-up duration, latency period selection, and study methodology. Birgisson et al. has performed a study to observe the occurrence of SPC in RC patients treated with RT based on the participants from Uppsala Trial and Swedish Rectal Cancer Trial, and the results showed that both pre- and postoperative RT could not lead to a higher risk of developing SBC in RC patients. Due to the fact that only 12 SBCs were observed in this study, the sample size led to the limited statistical power for the conclusion (9). Furthermore, Wiltinik et al. performed a pooled trial cohort study including more than 2,500 patients with pelvic cancers, those who were treated with external-beam RT or vaginal brachytherapy had no increased probability of developing an SBC than patients who underwent surgery alone (10). Wang et al. used Taiwan’s National Health Insurance Research Database to evaluate the risk of SPC after pre- or postoperative RT in RC survivors. They found that preoperative RT had no increase in SBC, but the postoperative RT could increase risk of developing SBC (14). In our analysis, we found that RC patients who received RT had an increased risk of developing SBC compared with those who did not receive RT. The major strength of our study is the large sample size and the long-term follow-up of up to 30 years, which presented higher statistical power for the conclusion than previous studies.

The statistical consideration is very critical for the interpretation of results. In previous studies, Cox regression is preferred to assess the risk of SPC after RT treatment for RC patients (11, 13, 15, 16), but this approach might lead to a potential statistical bias because of a very small proportion of SBC occurrence in RC survivors. In our study, we used Fine-Gray competing risk regression to evaluate the risk of developing SBC. Compared with other statistical methods, competing risk regression in our study could adequately assess the risk of developing SBC against the competing events including development of a non-SBC second primary malignancy or all-cause death. In addition, we evaluated the SIR to compare the incidence of SBC in RC patients to the US general population, which could further suggest the influence of RT on the incidence of SBC.

In our study, we innovatively evaluated the dynamic incidence of SBC based on the latency period, age at RC diagnosis, and year of RC diagnosis. For RC survivors after treatment of RT, there was no obvious increased incidence of SBC in the early latency, but the incidence of SBC generally increased and the highest incidence of SBC was found after a latency of over 20 years. This finding indicated that long-term follow-up is necessary for the detection of SBC. Considering the influence of the age of RC patients on the risk of SBC, a tendency of decreased incidence for SBC was observed with increasing age at RC diagnosis, which suggested that young RC patients who underwent RT were at a higher risk of SBC compared with elderly RC patients. The possible reason contributing to the increased risk in young RC patients might be that young patients could have a long life expectancy which increased their likelihood of detection of SBC. With the improvements of RT treatment for RC, we found that the incidence of SBC gradually decreased from 1975-1984 to 2005-2015. During the study period from 1975 to 2015, radiation treatment modality has shifted with a trend toward hypofractionation, which may influence the incidence of SBC in more recent years. Besides, more precise radiotherapy target area formulation with time progress can further reduce the extra radiation exposure for the surrounding tissues and organs around the tumor.

Up to now, no studies have reported the prognosis of RT-related SBC. This is a very important clinical issue for SBC, because potential heterogeneity of RT-related SBC might be presented compared with non-RT-related SBC. To better address this issue, we performed survival analyses to compared prognosis of SBC after RT to those without RT and to matched OPBC. However, no survival differences were observed between SBC with and without RT. Although development of RT-related SBC is probably due to the induction of different genetic signaling pathways after radiation exposure which might be different from the normal signaling pathway of OPBC, the varied genetic phenotype of RT-related SBC is not resistant to standard treatment for OPBC.


Limitations

The main limitations of the present study were as follows. First, a lack of randomization of the initial treatment for RC may contribute to potential biases. However, the occurrence of SBC may not only be associated with radiation exposure but may also be affected by other crucial risk factors, such as smoking history, genetic background, environmental factors, and other cancer-related treatments. These unmeasured covariates are likely related to both the primary cancer as well as the development of a second primary malignancy and, as such all influencing factors between the two treatment types could not be balanced. Instead, we adjusted all confounding risk factors using a multivariable risk competing model to reduce the potential effect of bias associated with the lack of randomization. Second, we could not determine the effect of dose, fractionation, and timing of radiation on the risk of SBC because of the lack of information on RT in the SEER database. However, the relatively homogenous treatment approach for the large observation population has been identified in the SEER database. Third, SEER database records only the initial treatment information for RC, and whether the delayed RT is performed in subsequent treatment is unknown. which therefore could lead to an underestimate of the actual risk of SBC associated with RT.




Conclusion

Radiation for RC was associated with an increased risk of SBC. More attention should be paid to the surveillance of SBC in RC patients. The strengths of the present study include a long follow-up period to discover potential SBC as well as a large observation population with relatively homogenous treatment exposure identified from the SEER database. Furthermore, several methodologies were used together to obtain strong evidence of an increased risk of developing SBC in RC patients who received RT, and the risk of SBC was evaluated from several dimensions, which together could provide a more valuable reference for the treatment and follow-up of SBC in RC patients after RT.
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