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Objective

To estimate the risk of death from lung cancer in patients treated for breast cancer (BC) in relation to the general population.



Methods

BC data, covering 2000 to 2015, were extracted from the Surveillance, Epidemiology and End Results-18 (SEER-18) cancer registry database. A comparison of lung cancer attributed mortality between BC patients and the general population was performed using standardized mortality ratios (SMRs) and SMRs conditional on survival length (cSMRs). Prognostic factors of lung cancer mortality were identified using flexible parametric modelling. Our model adjusts the effect of downstream (histopathological BC tumor grade and hormone receptor status) and upstream (age at diagnosis, ethnicity, and marital status) factors.



Results

The median follow-up was 6.4 years (interquartile range, 3.0–10.3 years). BC cases who received only radiotherapy (cSMR = 0.93; 95%CI: 0.77–1.13), only chemotherapy (cSMR = 0.91; 0.62–1.33), and radio-and chemotherapy (cSMR = 1.04; 0.77–1.39) had no evidence of increased lung cancer mortality relative to the general population. The adjusted model identified that lung cancer mortality was higher for women who were older at diagnosis compared to those <50 years (ranging from HR50-59 = 3.41 [95%CI: 2.72–4.28] to HR70-79 = 10.53 [95%CI: 8.44–13.13]) and for cases with negative estrogen and progesterone receptors (HR =1.38; 95% CI: 1.21–1.57). Compared to married cases, widowed, divorced, single or others had a 76%, 45%, and 25% higher hazard of lung cancer mortality, respectively. Lung cancer mortality was lower for American Indian/Alaska Native and Asian/Pacific Islander ethnicities (HR = 0.51; 95% CI: 0.40–0.64) compared to BC cases with white ethnic background.



Conclusions

There is no evidence for a higher lung cancer mortality in BC patients when compared to the general population.
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Introduction

On a global scale, female breast cancer (BC) is one of the cancer types with the highest incidence and a leading cause of death (CoD) with age-standardized incidence and mortality rates of 45.3 and 15.9 per 100,000 population in 2017, respectively (1, 2). In the United States, more than 3.8 million women were reported to live with history of invasive BC in 2019 and the life-time risk of having BC was 12.4% (3, 4).

Due to the advent of early screening and multidisciplinary treatment (5–8), the health loss from BC is currently decreasing, although there is still need for an optimization of cancer care (9, 10). These improvements in BC health services have led to increased survival among BC patients (11). However, deaths from secondary cancers after BC diagnosis could negatively impact long-term survival (12). Studies have reported that radiotherapy for BC has been linked to increased risk of lung cancer incidence and mortality (12–17). Analyses based on SEER data addressing ipsilateral versus contralateral lung cancer mortality indicated that the risk elevation started 10 years after radiotherapy and increased over time since the initial radiotherapy (14, 16). In a similar line, a meta-analysis of cohort studies analysing secondary non-breast cancers, indicated a peak between 10 and 15 years after breast cancer diagnosis (17). Other studies suggested that modern radiotherapy methods (3D planning) are associated with a lower mortality risk than earlier treatments (12, 14). Based on data from randomized trials, Taylor et al. estimated the excess risk ratio (ERR) for incident lung cancer and subsequently lung cancer mortality per Gy (15). They compute an ERR of 0.11 per Gy whole-lung dose 10 years after therapy. Implications depended strongest on the additional risk related to smoking.

Using recent data with a sufficiently long follow-up, we analyzed the mortality ratio compared to general population.

In addition, we investigated the down- (clinico-pathological) and upstream (socio-demographic) prognostic factors for lung cancer-attributed mortality and the competing CoD among BC patients.



Methods and Materials


Data Sources and BC Cases

The National Cancer Institute (NCI) through its Surveillance, Epidemiology and End Results-18 (SEER-18) program collects detailed population-based cancer data (18). This data platform, which includes 18 cancer registries covering nearly 30% of the US population, is considered to be representative in terms of poverty and education measures (18). Information on CoDs is traced by the assigned codes using the 10th International Classification of Diseases (ICD-10) (19). Our study uses the SEER BC data collected between January 1, 2000 and December 31, 2015 for BC cases aged 15 years or older. Data on the US female population, along with the crude lung cancer and all-cause mortality rates stratified by age and calendar period, were obtained from the Wide-ranging ONline Data for Epidemiologic Research of the Centers for Disease Control and prevention (CDC WONDER), an information management architecture designed to provide scientific public health information (20, 21).

All cases with early stage BC (T1-T3N0), known history of surgery, known BC stage (excluding stage 0) and recorded ICD-10 codes (for both CoD and BC diagnosis) were included in this study. Since triple negative BC cases have a high risk of BC metastases, these cases were also excluded. For the purpose of further analyses, the inclusion criteria were narrowed to retain only those who were treated by radio-or chemotherapy or both (irrespective of endocrine and/or targeted treatment). We performed treatment specific analyses in order to account for different indications for radio and/or chemotherapy according to TNM-stage, human epidermal growth factor receptor 2 (HER2), hormone receptor and lymph node status according to NCCN guidelines (https://www.nccn.org/). In general, after breast conserving surgery radiotherapy is part of the general treatment recommendation with chemotherapy being applied according to tumor size, nodal status, hormone receptor status, and gene assay (Oncotype DX Breast Cancer Recurrence Score®). Finally, we identified 316,336 eligible patients (Supplementary Figure 1). To compare how the treated patients differ from the patients for whom treatment was not documented in SEER, information for both groups (n = 522,982 patients) is summarized in Table 1.


Table 1 | Baseline characteristics by breast cancer treatment history in the United States, 2000–2015 (n = 522,982 cases).





Follow-Up, Measurement, and Outcome Ascertainment

The follow-up time started at time of BC diagnosis. It ended when the BC cases deceased, were lost to follow-up or administratively censored by 31st December 2015. Our primary outcome was time to death from lung cancer, as defined by ICD-10 codes C33-34. For BC staging, we used the tumor–node–metastasis (TNM) cancer staging system using the 6th edition BC adjusted stage maintained by the adjusted American Joint Committee on Cancer (22). In order to provide a structured and holistic approach, potential prognostic factors were sub-divided into downstream and upstream factors. In this study, the downstream factors are the clinico-pathological variables (histopathological BC tumor grade and immunohistochemical hormone receptor) while the upstream factors refer to the socio-demographic variables (age at diagnosis, ethnicity, and marital status). Histopathological BC tumor grades are classified as “low grade (well differentiated)”, “moderate grade (moderately differentiated)”, and “high grade (undifferentiated or poorly differentiated)” (23). The values of the variable hormone receptor status were defined based on the different possible combinations of estrogen and progesterone receptors status.



Statistical Analysis

Since lung cancer incidence and mortality may be age and period dependent (24), estimates of lung cancer attributed mortality between the BC population and the US female general population need to be based on age and calendar period-standardized estimates. In this study, standardized mortality ratios (SMRs) and conditional SMRs (cSMRs) were used to compare lung cancer and all-causes mortality among the BC population with the US female general population. Then, the cSMRs were calculated for BC cases diagnosed between 2000 and 2003, and for the calendar years 2013–2015 on the condition that each BC case achieved a minimum of 10 years survival. In addition, we studied varying time intervals after radiation to investigate how the mortality evolves over time (2005–2006, 2007-2009, and 2010–2012).

In longitudinal medical data, competing risks occur commonly (25). However, the classical survival methods fail to account for possible deaths from competing causes that exhaustively preclude the likelihood of the main cause (26). Competing risk models, like the Fine and Gray model (FGM), are the appropriate statistical approaches for such conditions (27). In contrast to the commonly used FGM, flexible parametric modelling (FPM) allows simultaneous modelling of multiple cause-specific cumulative incidence functions (CIFs) and the effect of potential prognostic factors including time-dependent factors on survival (28, 29). The probability of death from lung cancer and the competing risks (breast cancer and all other causes) was quantified using the cause-specific CIFs (25). This probability was also stratified by the patients’ BC tumor grades to further explore how the different tumor grades impact mortality from the primary outcome taking the effects of the two competing CoD groups into account. Variance inflation factor (VIF) was used to assess multicollinearity at VIF value of ≥ 10. Our assessment showed that the variables BC stage and tumor grade were multicollinear, and thus, the variable BC stage was dropped from the competing risk model. Then, the adjusted effects of the upstream and downstream prognostic factors of mortality from lung cancer, and the competing causes, were modelled using multivariable FPM at P < 0.05. Here, hazard ratios (HR) were estimated with 95% confidence intervals. Stata 14.2 was used to perform the statistical analyses (StataCorp, LP, College Station, TX).

To assess if lung cancer is more frequently observed as a CoD in the high-risk BC cases (the group with metastatic BC) when compared to the general population, a separate analysis was performed (Supplementary Table 1). This analysis helps to assess if deaths caused by lung metastases of BC may be misclassified as caused by lung cancer. Here, metastatic cases are treated as a surrogate for early stage BC cases that develop metastases subsequently, and are subject to misclassification of the CoD. If BC patients with thoracic metastases are misclassified as deaths from lung cancer rather than BC, we would find a higher lung cancer related SMRs compared to the general population. However, one would expect a lower lung cancer SMR estimates due to the competing risk of death from BC, which is far more likely in this high-risk group.

We performed another sensitivity analysis in order to estimate the amount of misclassification necessary to negate the observed mortality risk from lung cancer in relation to the general population. Here we estimate the proportion of misclassification required to shift the lower limit of the confidence interval to a value above one. Based on a study by Goldoni et al. (30), we conservatively presumed a maximum misclassification of 10% (maximum proportion reported: 6.5%). We computed the misclassification rate needed according to the following formula

	

In this formula, term   refers to the number of additional lung cancer deaths needed to negate the effect. Set in relation to the number of observed deaths from BC, we can compute the necessary misclassification rate. In a more realistic approach, we can correct the misclassification rate pmc to account for the actual proportion of deaths from lung cancer in the population. Here the corrected rate   computes as follows

	




Results


Characteristics by Treatment History and Causes of Death

Table 1 provides characteristics of 522,982 surgically treated BC cases with respect to the upstream and downstream factors. The majority (60.5%) of the BC cases were treated either by radio-and/or chemotherapy. Of the 316,336 cases treated by radio- and/or chemotherapy, more than four-fifths (81.5%), had undergone lumpectomy. The median follow-up for the treated cases was 6.4 years (interquartile range, 3.0–10.3 years). In comparison to those who received either treatment, those who did not were more likely to be older (Table 1).

The proportion of radio‐ and/or chemotherapy treated cases was above the average for estrogen receptor negative (70.8%), progesterone receptor negative (66.4%), and HER2 positive (76%). However, it was lower for the widowed (44.8%), deceased (44.5%), and oldest BC cases (29.8%). About one-fifth were deceased by the end of 2015. The overall mortality was higher (55.5%) for the BC cases with missing information on treatment compared to their counterparts. Of the total 96,316 deceased cases, 4,503 (4.7%), 23,338 (24.2%), and 68,475 (71.1%) were due to lung cancer, BC, and all-other CoD, respectively (Table 1).



Cumulative Mortality Incidence

In our data (n = 316,336 observations), 2,276 (0.7%) cases deceased from lung cancer, 12,894 (4.1%) from BC, and 27,729 (8.8%) from all-other CoD. Figure 1 summarizes the cause specific-cumulative mortality incidence (lung cancer, BC, and other causes) for 316,336 BC cases who received radio-and/or chemotherapy. The cumulative mortality caused by lung cancer was the lowest, while the cumulative mortality attributed to all-other CoD was the highest among the three.




Figure 1 | Cause specific-cumulative mortality for breast cancer, lung cancer, and all-other causes among treated early stage BC cases.



Figure 2 illustrates that the cumulative proportion of BC cases who died by any of the three causes (lung cancer, BC, and all-other CoD) remained below 25% during the follow-up of about 16 years. For low and moderate BC tumor grades, the cumulative mortality of all-other CoD was higher compared to the one for BC. However, for cases with high BC tumor grade, the cumulative mortality caused by BC exceeded that of all-other CoD until about the 10th year post BC diagnosis (Figure 2).




Figure 2 | Cumulative mortality of lung cancer, breast cancer, and all-other CoD stratified by histopathological grading of BC tumor among treated early stage breast cancer cases.





Standardized Mortality Ratios and Conditional Standardized Mortality Ratios

Table 2 shows the overall standardized mortality ratios (SMRs) for BC cases who were diagnosed and treated between 2000 and 2015. Compared with the lung cancer mortality in the general population, those patients with early stage BC who received only radiotherapy, and radio-and chemotherapy had 24% (95% CI: 28%–20%), and 17% (95% CI: 25%–8%) lower mortality from lung cancer, respectively. However, lung cancer mortality among BC cases treated with chemotherapy (SMR = 0.91; 95% CI: 0.81–1.01) was comparable to the general population.


Table 2 | Overall standardized mortality ratio (SMR) of lung cancer and all-causes mortality for treated early stage breast cancer cases as compared to the United States female general population, 2000–2015, United States.



Early stage BC cases who received only radiotherapy had 16% (95%CI: 17%–15%) lower mortality from all-CoD compared to the general population. In contrast, BC cases that were treated by radio-and chemotherapy and only chemotherapy had 1.64 (SMR = 1.64; 95% CI: 1.60–1.68), and 2.07 times (SMR = 2.07; 95% CI: 2. 03–2.12) higher mortality from all-CoD compared to the general female population (Table 2).

Lung cancer and all-causes mortality, quantified by the overall and factor-specific cSMRs throughout 2013 and 2015, for treated early stage BC cases who were diagnosed between 2000 and 2003 and thus were observed at least for 10 years, as compared to the US general female population are presented in Table 3. BC cases who received only radiotherapy (cSMR = 0.93; 95%CI: 0.77–1.13), only chemotherapy (cSMR = 0.91; 95%CI: 0.62–1.33), and radio-and chemotherapy (cSMR = 1.04; 95%CI: 0.77–1.39) had no increased lung cancer mortality relative to the general population. There was evidence of higher all-cause mortality in BC cases who received only chemotherapy (cSMR = 1.32; 95%CI: 1.20–1.45), and radio-and chemotherapy (cSMR = 1.13; 95%CI: 1.04–1.23) in comparison to the general population. In contrast, all-cause mortality was lower (cSMR = 0.87; 95%CI: 0.83–0.92) for those who received only radiotherapy (Table 3).


Table 3 | Overall and factors-specific conditional standardized mortality ratios (cSMRs and 95% CI) for the years 2013–2015 among treated early stage breast cancer cases who were diagnosed between 2000 and 2003 compared with the United States female general population.



The cSMRs were similar for shorter lack intervals since diagnosis indicating a constant effect over time (Table 4).


Table 4 | Conditional SMRs (cSMRs and 95% CI) of lung cancer and all-causes attributed mortality for early stage BC cases diagnosed between 2000 and 2003 by calendar periods and treatment groups compared to the general United States female population.





Sensitivity Analysis

Results from the sub-group analysis of the metastatic cases revealed higher mortality from both lung cancer and all CoD for all the treatment schemes relative to the general population (Supplementary Table 1). However, in the sensitivity analysis based on the sub-group with only radiotherapy, we found that the required proportion of misclassified cases would exceed 10.8%. This is above the rate estimated in a previous study be Goldoni et al. (6.5%). Thus, misclassification is unlikely to have the potential to explain our findings of a comparable lung cancer mortality. Considering the corrected misclassification rate, the rate of misclassification would need to exceed 100%.



Downstream and Upstream Factors Associated With Lung Cancer Attributed Mortality

Controlling the effects of the fitted independent variables, negative estrogen and progesterone receptor status (HR = 1.38; 95% CI: 1.21–1.57) was a strong downstream factor related to increased lung cancer attributed mortality. The upstream factors associated with increased mortality were older age and unmarried family status (Table 5). Compared to those younger than 50 years, those who were in the age groups of 50–59 and 60–69 years had more than three-fold (HR50-59 = 3.41; 95% CI: 2.72–4.28), and seven-fold (HR60-69 = 7.33; 95% CI: 5.90–9.10) hazards of lung cancer-attributed mortality. This effect continued in older age groups. Comparing with BC cases who were married, those who were widowed, divorced, single or separate marital status had 76% (95% CI: 58%–97%), 45% (95% CI: 26%–66%) and 25% (95% CI: 10%–43%) higher hazards of mortality from lung cancer, respectively (Table 5). When compared to BC cases from white ethnic background, lung cancer attributed mortality was comparably lower for American Indian/Alaska Native and Asian/Pacific Islander ethnicities (HR = 0.51; 95% CI: 0.40–0.64). Unlike their strong associations with elevated mortality from the competing causes, we found no increased lung cancer-ascribed mortality for high BC tumor grade (HR = 1.05; 95% CI: 0.93–1.19) and black ethnicity (HR = 0.92; 95% CI: 0.78–1.09) (Table 5).


Table 5 | Downstream and upstream factors identified using multivariable flexible parametric hazards model, hazard ratios (HRs) with 95% confidence intervals (CIs), for lung cancer-specific, breast cancer and all-other causes of death.






Discussion

Our study provided no evidence for a difference in lung cancer attributed mortality between treated early stage BC cases, as quantified by cSMRs, and the general US female population. We also identified prognostic factors associated with lung cancer mortality and competing causes of death among treated early stage BC cases.

As demonstrated by Taylor et al. the excess risk would have different implications for smokers and non-smokers (15). Even if modern regimes are still likely to cause various cancers including lung cancer, quitting smoking might decrease the overall cancer mortality of BC patients to the same or even lower level of the general population.

Interestingly, apart from the first 5 years in patients who received radiation only, we could not observe a further reduction of lung cancer mortality, which one could expect due to intensive screening and the encouragement of patients to change their life style. This conversely could indicate that sequential factors such as clinical follow-up and/or a more favorable life style might compensate for the possibly adverse effects of radiotherapy. The estimates are not precise enough to provide a final answer and the observation period of 10–15 years might be too short to reveal an elevated risk.

However, there have been improvements in treatment planning, radiation-dose optimization, and sparing of surrounding tissues with the recent radiotherapy techniques in most recent times (14, 31). Due to such continual improvements, the risks of radiotherapy-induced secondary cancers and related deaths are likely to have decreased (13–15, 32). Nevertheless, studies have shown that irradiation of BC was associated with increased deleterious impacts to the lungs of smokers, including elevated symptomatic treatment-related side effects (15, 33). Therefore, efforts to assess and implement smoking cessation strategies among active smokers of BC patients, along with focused lung cancer screening, should be essential components of the treatment plan before the initiation of radiotherapy (13, 15). The ‘treatment favouring’ cSMR estimates in 2005 to 2006 (Table 4) may rather reflect the close oncologic follow-up in the first 5 years after diagnosis making an early detection of lung cancer more likely. Thus, people might avoid deaths from lung cancer by a comprehensive screening related to the sequential radiologic examination of the lung after the initial treatment and, consequently, the diagnosis of lung cancer in an early stage with a favorable prognosis. SMRs for all-cause mortality close to one support this notion as the non-cancer-related mortality remains unaffected by radiologic screening or follow-up. In this study, the conditional SMRs for the all-CoD group was higher for the BC cases treated by chemo-and radiotherapy or only chemotherapy, unlike for those that received only radiotherapy. The main explanation for this is that BC cases which receive chemotherapy are likely to be at advanced stage, as compared to those who receive only radiotherapy.

With the goal of identifying the upstream and downstream factors associated with lung cancer mortality, we performed our analysis only among the treated patients with early stage BC. Triple negative BC cases have higher risk of developing second primary lung cancer and are exposed to a higher risk of lung cancer mortality (12, 34). Previous studies found an elevated risks for lung cancer in estrogen negative (ER-) or progesterone negative (PR-) BC, even before radiotherapy treatment (12, 35). Our finding of an increased hazard of mortality due to lung cancer among BC cases with negative immunohistochemical hormone receptors (ER- and PR) concurs with these findings.

Older cancer patients are more likely to have higher burden of comorbidity, and to suffer from aging-related adverse health conditions (36, 37) and could thus have a worse prognosis (38). This may partly explain the apparently increased mortality, from both lung cancer and the competing causes, for older BC patients observed in this study. In addition, our results showed that unmarried cases were strongly associated with a higher hazard of mortality from lung cancer, BC and all-other CoD. Studies link unmarried patients with undertreatment, and higher cancer-specific and all-cause mortality (39–41). On the other hand, being married was associated with better social support and adherence to cancer treatment (40, 41). The inverse association of being married and mortality could be also due to interacting effect of income status (41). However, it was shown that the protective effect of married status on cancer-specific and all-cause mortality was independent of income status (39, 40). Therefore, the current findings may be highlighting the importance of delivering psychosocial support to BC survivors as part of their care and treatment, especially for those who have less family support. In this study, higher tumor grade and black ethnicity were not associated with increased lung cancer mortality, but with mortality from BC and all-other CoD.

We tried to estimate the degree of misclassification of the CoD from thoracic metastases of BC registered as lung cancer deaths possible to negate observed effects (Supplementary Table 1). The SMRs calculated for the high-risk (metastatic) group revealed that lung cancer mortality was higher for the BC cases as compared to the general population. This finding may reflect a scenario of misclassifying BC caused deaths as if they were due to lung cancer, overestimating lung cancer mortality among BC patients. However even if reverse relations hold, considering the results of the sensitivity analysis, misclassification is unlikely to explain our findings. Still, the presumptions used for the sensitivity analysis are very conservative, as misclassification is subject to not only lung and breast cancer but to all-other CoD.

Although our study is based on big, gold standard and representative cancer registry data (18), it has the following limitations. First, the overall utility of the SEER data to reliably identify cancer treatment service was reported to be limited although it was shown to have high positive predictive value of capturing BC treatment (42, 43). Second, the follow-up time of this study, maximum of about 16 years with a median of 6.4 years, is limited. Indeed, evidence from SEER data, based on irradiations prior to 2009, showed increased lung-cancer mortality risk in second and third decades after exposure (14, 16). Another limitation of the SEER database was that it collects no data on smoking status, income, and comorbidities such as chronic obstructive pulmonary diseases and interstitial lung disease; due to this, their possible confounding effect was unaccounted for in this study. Similarly, information on radiotherapy technique, and detailed dosimetric information (including radiation dose leaked into normal lungs from BC irradiation), that may influence likelihood of lung cancer incidence and related mortality, was not documented. In addition, data regarding types of chemotherapy received by the patients, and clinically important molecular profiling of lung cancer data on epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (AKA), and programmed death-1 (PD-1) were also not captured. Finally, the findings of this study apply only to early stage BC cases, excluding the triple negative cases.



Conclusion

In summary, this study has shown that early stage BC cases (T1-T3N0), who were under different treatment modalities, had no higher risk of mortality from lung cancer relative to their background population. On the ground of the current findings, lung cancer mortality should not be a major concern in the treatment decision of early stage BC cases. Negative immunohistochemical hormone receptor was the strong downstream factor whereas patients with older age, and unmarried relationships were the strong upstream factors for lung cancer mortality. Targeting these factors could benefit early stage BC cases in terms of reducing mortality from lung cancer as well as from the competing risks. It is important to note that our findings apply only to treated early stage BC cases, and they are by no means inferable to all other BC cases including the triple negative cases.
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