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Abstract
Background: 
Increased lung-cancer risks for low socioeconomic status (SES) groups are only partially attributed to smoking habits. Little effort has been made to investigate the role of different types of bias in the persisting risks of low SES groups. 
Methods: 
Based on data from 12 case-control studies including 18 study centres of the international SYNERGY project (16,550 cases, 20,147 controls), we conducted a bias and mediation analysis for the association of lung cancer with occupationally derived SES and smoking. We applied inverse odds ratio weighting to estimate odds ratios (OR) for direct effects of SES on lung cancer and indirect effects via smoking habits, adjusting for age and study centre, and stratified by sex. Misclassification of smoking status, selection bias, and unmeasured mediator-outcome confounding by genetic risks were considered individually and by multiple quantitative bias analysis, using bootstrap to create 95% simulation intervals (SI). 
Results: 
Mediation analysis of lung-cancer risks for SES revealed mean proportions of 43% in men and 33% in women that were attributable to smoking. Bias analysis decreased direct effects of SES on lung cancer, with stronger reduction by selection bias in the multiple analysis. Still, lung-cancer risks were increased for lower SES, with higher risks in men (4th versus 1st SES quartile: OR 1.51 (SI 1.33-1.71)) than women (OR 1.28 (95% SI 1.05-1.59)), respectively.
Conclusions: 
We found that bias adjustment lowered direct lung-cancer risks of lower SES groups. However, risks for low SES remained elevated, and are likely attributable to occupational hazards, and other environmental exposures.


Introduction 
Smoking habits and environmental exposures, including occupational hazards, are the most important risk factors for lung cancer [1, 2]. Investigation of further risk factors revealed higher risks for low socioeconomic status (SES) groups, even when controlling for pathways from SES to lung cancer via smoking and occupational carcinogens [3, 4]. However, uncertainties about the causes and extent of the persisting risks of low SES groups remained. Only one study applied unbiased methods to investigate mediated effects [4]. Similarly, original studies on lung cancer rarely considered multiple types of bias [5], while no such study investigated SES as exposure. 
Therefore, we extended a previous analysis on the association of SES with lung cancer within the international SYNERGY study [3] in order to apply methods for causal mediation and bias analysis. Mediation analysis aims to separate direct and mediated effects of an exposure on an outcome. A common method to quantify the direct effect and the extent of mediation is the estimation and comparison of regression coefficients with and without adjustment for intermediate variables. However, this depends on the rather strict assumption of linearity and that no interaction is present [6]. To overcome these limitations, methods for estimation of natural direct effects (NDE) and natural indirect effects (NIE) were developed in the counterfactual framework [7, 8]. These effects of an exposure on an outcome consider ‘natural’ variations instead of fixed mediator values for exposure levels in the comparison of outcome probabilities.  
Bias principally may distort estimates in both directions, but our previous results rather suggested to overestimate the association between SES and lung cancer due to bias. We thus aim to re-analyse the association between SES and lung cancer by quantifying mediated effects of smoking and investigate the influence of multiple biases on the remaining direct effect of SES.
Methods
Details of SYNERGY have been described elsewhere [3, 9]. In brief, the international SYNERGY project pooled international case-control studies on lung cancer to study joint effects of occupational carcinogens and smoking. More information about the SYNERGY project is available at: http://synergy.iarc.fr. Ethical approvals were obtained for the original studies and additionally by the Institutional Review Board of the International Agency for Research on Cancer. 
We included 12 European and Canadian case-control studies with 18 study centres of the SYNERGY data base (table S1). We first reproduced our previous data set in a slightly modified way: Subjects with completely or largely (>50%) missing or invalid occupational data (n=1,281) were excluded in order to analyse complete occupational histories and not only single job periods. We deleted subjects with missing smoking information (n=22), and also those who smoked only other tobacco types than cigarettes (n=561). The final data set of 36,697 men and women comprised 16,550 cases and 20,147 controls. 
We used the International Socio-Economic Index of occupational status (ISEI) to derive categories of occupational SES [10]: After assigning ISEI values (ranging from 10 to 90 for highest SES) to all valid job periods, a time-weighted average score of ISEI was calculated and then categorised by quartiles based on the distribution among controls (men: 1st quartile 55-90, 2nd quartile 41-54, 3rd quartile 34-40, 4th quartile 10-33; women: 57-90, 45-56, 34-44, 10-33).
We estimated odds ratios (OR) with 95% confidence intervals (CI) for SES categories (highest ISEI quartile as reference category) by unconditional logistic regression with adjustment for natural logarithm of age (ln(age)) and study centre, which was regarded as the total effect of each lower ISEI quartile on lung cancer. In a second model we added mediating variables for smoking habits, including smoking status (non-smoker (<1 lifetime cigarette pack-year), former, and current smokers, with former smokers subdivided by time since quitting smoking (2‑7, 8-15, 16-25, >25 years)) and cigarette pack-years (ln(pack-years + 1)), to estimate the controlled direct effect (CDE) of SES on lung cancer. Alternatively, we included a comprehensive smoking index as a single smoking variable [11] as sensitivity analysis. For an additional analysis, ever employment in occupations and industries with potential exposure to lung carcinogens (‘list A’) [12, 13] was included as a further mediating variable in men.
Interaction between exposure and mediator may imply limited validity of traditional mediation approaches. In a prior analysis we examined interaction between SES and smoking on the additive scale (relative excess risk due to interaction) and on the multiplicative scale (adding interaction terms in regression models). Inconsistent results, i.e. no complete absence of interaction, supported mediation analysis by natural direct and indirect effects.
Mediation analysis
We applied inverse odds ratio weighting (IORW) as one method to identify NDE and NIE [14, 15]. An advantage of IORW is that number and scale of mediators are not restricted. Further, IORW results are valid irrespective of possible interactions between exposure and mediator. Alternatively, we used natural effect models for causal mediation analysis, which account for varying mediator levels and identify NDE and NIE by including unobserved outcomes either by imputation or weighting (R package ‘medflex’) [16]. 
For IORW, we derived weights from a so-called mediator model that predicted the exposure by mediating and confounding variables. To account for the case-control design of SYNERGY, we restricted the mediator model to the control group [17, 18]. We omitted this restriction of the mediator model in a sensitivity analysis. The weights were then added to the model for the total effect to estimate NDEs. NIEs were calculated as difference between total effects and NDEs on the natural logarithm-scale. The proportion of the lung-cancer risks for SES mediated by smoking was calculated on the risk difference scale by ORNDE*(ORNIE-1)/(ORTE-1) [17] and compared to the traditional difference method ((ORTotal-ORCDE)/(ORTotal-1)) that we also applied in our previous analysis [3]. We additionally conducted IORW without restricting the mediator model to controls and compared results with imputation-based natural effects models. Further, the comprehensive smoking index and employment in ‘list A’ occupations were included as alternative or additional mediators.
Bias analysis
We identified several potential sources of bias: misclassification of self-reported smoking status [19–21], selection bias due to lower response rates of participants with lower SES [22], and unmeasured mediator-outcome confounding by genetic predisposition [7, 17]. First, we conducted sensitivity analyses for each type of suspected bias: For every type a range of plausible sensitivity parameters was selected based on SYNERGY data or relevant literature to show in which direction and magnitude lung-cancer risks for SES tended to change. 
We assumed misclassification of current smoking status to be non-differential for lung cancer and SES. We applied a sensitivity range of 90-98% for current smoking, i.e. we assumed that between 2% and 10% of true current smokers were misclassified as current non-smokers (comprising former and never smokers) by self-report [19–21]. Specificity, i.e. the proportion of true current non-smokers correctly reporting their smoking status, was set to 100% and additionally to 95%. Crude ORs for SES categories and lung cancer were adjusted for each parameter for sensitivity and specificity based on methods for confounder misclassification [23, 24]. This included correction of frequencies in the strata of smoking status and then calculation of pooled (Mantel-Haenszel) ORs. 
Selection bias was considered in a similar way: For the included study centres (table S1), we calculated a weighted mean of response proportions by case-control status and type of control recruitment. Studies with mixed control recruitment (hospital and population-based) were weighted half for each type. Weighted means of response proportions were 80% for cases and 66% for controls in studies with population-based control recruitment, and 88% and 85% for hospital-based control recruitment, respectively. For population controls, we additionally assigned different response proportions by SES, with a range of 10%-20% between lowest and highest SES [22, 25] around the weighted mean. Response proportions were used to adjust frequencies in strata distinguished by control recruitment, and then to calculate pooled ORs [23, 24]. 
Unmeasured mediator-outcome confounding was considered by bounds of bias, i.e. maximum effects of a mediator-outcome confounder on the estimated NDEs and NIEs. We applied an approximate approach with less assumptions which determines a bounding factor based on relative risks between unmeasured confounder and outcome among exposed, and between unmeasured confounder and mediator variables [26]. Polymorphisms of CYP2A6 were shown to be a protective factor especially with respect to smoking intensity and pack-years, as well as lung cancer [27, 28]. We applied a range of values for each association to calculate possible bounds for the NDEs: Relative risks for the association of genetic risk and lung cancer were set from 0.9 to 0.5, reflecting a broad range of estimated odds ratios [28, 29] that were interpreted as relative risks for lung cancer. We derived relative risks between unmeasured confounder and mediator, combining ORs with the prevalence of the confounder: The prevalence of genetic risk was set to 0.1 [30], and ORs between CYP2A6 and pack-years were set at 0.8 to 0.5, roughly based on proportions of mean values of pack-years and smoking intensity [27, 28]. 
We combined mediation and bias analysis in a probabilistic bias analysis to estimate an overall impact of the multiple forms of bias on the association between SES and lung cancer [23, 24]. Instead of a range of fixed values, we drew bias parameters from specified distributions within 2,500 bootstrap repetitions. CDEs, NDEs, and NIEs were presented as medians with 95% simulation intervals (SI), including additional conventional standard error for CDEs. The order of the bias analysis reflected the reverse order of theoretical occurrence of the bias types, which were assumed to be confounding, selection bias, and misclassification [24]. Thus, we first conducted a misclassification analysis, with different parameters for never and former smokers, and separately for gender. Due to this categorisation, sensitivity here conversely refers to the correct report of true current smoking, and was set to 100%. Specificity of self-reports was 99.1% for never smokers and 94.0% for never smokers in men, and 98.7% and 94.6% in women, respectively [21]. With beta distributions for these misclassification parameters, predictive values were calculated and randomly assigned on the subject level to re-classify subjects as current smokers [23]. For reclassified self-reported never smokers, pack-years were imputed based on case-control status, age, and ISEI. We used the updated data set to calculate CDEs, NDEs, and NIEs. In the subsequent analysis of selection bias, we determined weights as inverse of selection probabilities randomly drawn from beta distributions. Parameters for these beta distributions were the above-mentioned response proportions in SYNERGY. For population controls we again considered lower response proportions for lower SES, with randomly assigned differences of 10-20% between the highest and lowest SES, uniformly split and assigned to the SES quartiles. The weights were assigned to individual records separately by type of control recruitment, case-control status, and SES, and included in the following regression models. Again, we repeated mediation analysis, combining weights for response proportions and inverse odds ratio weights. Finally, bounds for mediator-outcome confounding were calculated for NDEs and NIEs. The relative risk of the unmeasured confounder, i.e. genetic risk of CYP2A6, on lung cancer was drawn from a triangular distribution ranging from 1.0 to 0.5 with mode at 0.75. The distribution for the relative risk of the unmeasured confounder on pack-years was based on the above-mentioned combination of ORs and confounder prevalence. The corresponding distribution, that was chosen to be trapezoidal, ranged from 0.99 to 0.9 with a plateau between 0.984 and 0.909. 
All calculations were performed with SAS, version 9.4 (SAS Institute Inc., Cary, NC) and R, version 4.2.0.
Results
Table 1 shows characteristics of the study population. The proportion of current smokers and low ISEI was higher in cases and in men, as was the median for cigarette pack-years. 
Logistic regression results showed increased lung-cancer risks for lower SES, with a reduction of risks after additional adjustment for smoking habits (CDEs, table 2). The same model with the comprehensive smoking index instead of smoking status and pack years showed a worse model fit and was thus only kept for the purpose of sensitivity analysis. Compared to the CDEs, mediation analysis by IORW showed only slightly lower ORs for NDEs in men (for example, 4th versus 1st ISEI quartile CDE OR=1.828, NDE OR=1.825). This was also the case in women, except for a slightly elevated NDE in the 4th ISEI quartile and with overall lower associations (4th versus 1st ISEI quartile CDE OR 1.478, NDE OR 1.563). NIEs were lower than NDEs in men and women. Mean proportions of lung-cancer risks for SES mediated by smoking were 43% in men and 33% in women, in comparison to 42% and 24% using the traditional difference method. Without restricting the mediation model for IORW to controls, NDEs decreased and NIEs increased, respectively (table S2). Compared to these estimates, results for imputation-based natural effects models were similar. Additional or sole inclusion of ever employment in a ‘List A’ job as mediator produced only minimally increased NIEs.
Consideration of non-differential misclassification only marginally reduced unadjusted ORs in men and women and tended to show a higher reduction if sensitivity and specificity parameters were set at lower levels  (table S3). When we assumed higher differences of response proportions between SES groups,  ORs tended to decrease more strongly, but the overall reduction was low for the given bias parameters (table S4). The assumed ranges of bounding factors for theunmeasured confounder led to slightly decreasing NDE (table S5). In the most extreme example, a protective effect of a genetic risk on lung cancer of 0.5 in combination with an OR of 0.5 between genetic risk and pack-years (with confounder prevalence of 0.1) would have reduced the NDE OR of the 4th versus the 1st ISEI quartile from 1.825 to no more than 1.642 in men, and from 1.563 to 1.406 in women. 
The combined application of multiple forms of bias showed stepwise decreasing ORs (CDE, NDE), with hardly any changes of estimates by sensitivity analysis for misclassification (table 3). After application of all sensitivity analyses, the final NDEs of SES on lung cancer were OR=1.160 (95% SI 1.039-1.298) for 2nd versus 1st, OR=1.462 (95% SI 1.314-1.644) for 3rd versus 1st, and 1.513 (95% SI 1.330-1.710) for 4th versus 1st ISEI quartile in men, and OR=1.021 (95% SI 0.861-1.211), OR=0.998 (95% SI 0.828-1.196), and OR=1.281 (95% SI 1.047-1.590) in women, respectively.
Discussion
In our analysis, we found that lung-cancer risks for lower SES groups were attenuated if considering possible misclassification of smoking status, selection bias, and unmeasured mediator-outcome confounding, respectively. The probabilistic sensitivity analysis, combining all types of possible bias, showed the strongest effect on risk estimates for selection bias, but only slight effects of misclassification and mediator-outcome confounding. Direct effects of SES on lung cancer were still significantly elevated in men, however, in women this was only the case for the lowest SES group. Simulation intervals were wider than the conventional 95% confidence intervals, but overall did not alter results of the traditional analysis. Smoking explained less than 50% of the total effect of SES on lung cancer in the mediation analysis. 
A particular strength of our study lies in the large international SYNERGY database, including detailed smoking histories and occupational activities. The latter enabled us to create an SES indicator based on the participants’ full occupational histories instead of single job periods. By application of sensitivity and mediation analyses, we ameliorated limitations of our previous analysis that only briefly discussed possible biases and calculated indirect effects by smoking using a traditional method for mediation analysis [Ref]. Nevertheless, some limitations and uncertainties remained. A challenge in bias analysis is the concrete definition of bias parameters which are usually not known. Even if the possible direction of bias is clear, the magnitude of bias effects importantly depends on the selected parameters. 
Studying misclassification within the multiple bias analysis, we set the specificity of current smoking status to 100%, even though several previous validations confirmed that self-reported smokers were misclassified as non-smokers [19–21]. However, misclassification of self-reported smokers may be also attributable to an insufficient application of underlying validation procedures, for example, time and type of measurement or appropriate cut-off values for nicotine metabolites. We did not consider misclassification of never smokers as former smokers, which cannot be validated by established biomarkers. Further, differential misclassification between cases and controls in both directions is conceivable:  A typical recall bias in case-control studies implies higher validity of reports about past exposures in cases, but this is in contrast to some findings for increased underreporting of current smoking status in cancer patients [31]. Findings about differential reporting of smoking habits between SES groups were not consistent often showing no differences by SES [19, 21]. In the combined analysis, we chose parameters from a study that was comparable to SYNERGY regarding participants’ age and similar study periods [21]. Generally, consideration of misclassification of never as former smokers, lower specificity, differential misclassification would rather have increased the indirect effects and accordingly reduced the SES-lung cancer associations [32]. Given the uncertainty about the true misclassification parameters, we finally applied probabilistic bias analysis. We did not assume considerable misclassification of the case-control status, because lung-cancer cases were confirmed by pathologist report, or SES due to our strict inclusion criteria for missing or invalid occupational data and the assignment of a time-weighted average SES.
In the analysis of selection bias, we restricted differences of response proportions to population-based controls. Such differences are also conceivable for hospital controls, as low SES is associated with a wide range of health outcomes. However, patients with smoking-related diseases were not eligible for the hospital-based control recruitment, thus rather excluding patients with low SES. Due to the lack of literature on these parameters, we therefore did not vary response proportions for hospital controls. In addition, bias could also have arisen from the exclusion of subjects with missing occupational codes. For example, the exclusion of economically inactive subjects was shown to underestimate SES differences in mortality [33], and could also have led to an underestimation of the direct effects of SES on lung cancer in our study.
We related genetic risk, as an unmeasured mediator-outcome confounder, to CYP2A6 polymorphisms that were found to be protective for lung cancer even after adjustment for smoking habits. There are several genetic risk factors for lung cancer, but their association with smoking habits is not clear. For example, two single nucleotide polymorphisms on chromosome 15q25.1 showed only minimal indirect effects on lung-cancer risks via smoking habits [34]. As we lacked data on relative risks which is the bias parameter for the estimation of bounds for mediator-outcome confounding we conservatively assessed rather small effects of CYP2A6 on smoking intensity. This may have underestimated confounding and thus overestimated direct lung-cancer risks of low SES. Although other methods for analysis of mediator-outcome confounding have been developed in recent years, they are often restricted with regard to specific types of variables, regression models, or mediation analyses, or they require difficult determination of bias parameters [35]. 
In general, we addressed uncertainties about bias parameters by probabilistic selection of the parameters, random assignment on the subject level (for misclassification), and additional inclusion of random error (for the controlled direct effects), leading to wider simulation intervals especially in comparison to conventional standard errors [23]. 
The remaining lung-cancer risks for the lower SES groups probably can be attributed at least partially to occupational carcinogens [4]. Although mediation of SES lung-cancer risks by ‘List A’ occupations revealed only small mediational effects, coverage of occupational hazards by ‘List A’ is insufficient [3]. In addition, effect modification between occupational lung carcinogens and smoking habits could further reduce NDEs of SES on lung cancer, see for example [36, 37]. Inclusion of unmeasured mediators, in particular environmental tobacco smoke [38] and air pollution [39], could also have reduced SES-related risks for lung cancer. 
Causal mediation analysis has been increasingly applied in recent years, but only few analyses on lung cancer and SES have been published. A study on causal mediation for the association of education and lung cancer in men found lower proportions of mediation by smoking behaviour (22-31%), although indirect effects were of the same magnitude as in our study [4]. In addition, consideration of misclassification of smoking habits only slightly decreased the direct effects of SES, measured as educational level. Other analyses of SES and lung cancer studied mediational effects of smoking by comparison of regression estimates [3, 40, 41], and the proportion attributable to smoking habits was similar to our results, particularly among men. 
A quantitative bias analysis of cancer-registry data investigated misclassification of smoking status and confounding by SES, obesity, and alcohol, and found that misclassification may increase lung-cancer risks for smokers by more than 20% [5]. Studies reporting quantitative bias analyses are still rare, and apart from the studies mentioned above, to our knowledge, no multiple bias analysis of lung-cancer risks in combination with causal mediation analysis has been conducted, yet.
Conclusion
The consideration of different types of bias – with the specified parameters and levels of uncertainty – did not affect our previous conclusions about the association between SES and lung cancer, and the mediating role of smoking habits. We found similar risks and mediated proportions when comparing results for traditional and causal mediation. Although lung-cancer risks for low SES were partially reduced by bias analysis, they persisted in particular for the lowest SES quartile in women and all lower SES groups in men. The remaining risks for low SES groups are likely to be attributed to environmental exposures, including occupational carcinogens. 
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