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Abstract 
AIM: To quantify smoking/lung cancer relationships accurately using parametric modelling. 
METHODS: Using the International Epidemiological Studies on Smoking and Lung Cancer database of all epidemiological studies of 100+ lung cancer cases published before 2000, we analyzed 97 blocks of data for amount smoked, 35 for duration of smoking, and 27 for age started. Pseudo-numbers of cases and controls (or at risk) estimated from relative risks (RRs) by dose level formed the data modelled. We fitted various models relating loge RR to dose (d), including βd, βdY and βloge(1 + Wd), and investigated goodness-of-fit and heterogeneity between studies. 
RESULTS: The best-fitting models for logeRR were 0.833 loge[1 + (8.1c/10)] for cigarettes/d (c), 0.792 (y/10)0.74 for years smoked (y) and 0.176 [(70 - a)/10]1.44 for age of start (a). Each model fitted well overall, though some blocks misfitted. RRs rose from 3.86 to 22.31 between c = 10 and 50, from 2.21 to 13.54 between y = 10 and 50, and from 3.66 to 8.94 between a = 30 and 12.5. Heterogeneity (P < 0.001) existed by continent for amount, RRs for 50 cigarettes/d being 7.23 (Asia), 26.36 (North America) and 22.16 (Europe). Little heterogeneity was seen for duration of smoking or age started. 
CONCLUSION: The models describe the dose-relationships well, though may be biased by factors including misclassification of smoking status and dose.
© 2013 Baishideng. All rights reserved.  
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Core tip: This paper, for the first time, meta-analyses smoking/lung cancer dose-relationships. Based on data from 71 studies published before 2000, single parameter models were fitted to summarize how the relative risk increased with increasing amount smoked, longer duration of smoking, and earlier age of starting to smoke. Overall, the models fitted well. Little heterogeneity was seen for duration of smoking or age of start, but the rise in relative risk with amount smoked was much steeper in North America and Europe than in Asia. The fitted models can be used to more precisely estimate the lung cancer risk from smoking. 
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Introduction

We recently carried out a systematic review[1] of the evidence relating smoking to lung cancer incorporating all 287 studies published before 2000 involving a minimum of 100 lung cancer cases. We refer to this as “our earlier review”. In that review, we assessed evidence concerning amount smoked per day, duration of smoking, and age of starting to smoke. Data are typically available as blocks of relative risks (RRs) for differing levels of the dose-response measure, each compared to never smokers. Comparing meta-analysis estimates for low, medium and high exposure, we clearly demonstrated a dose-response existed. For example, for amount smoked by current smokers, random-effects RR estimates are 4.71 (95%CI 4.14-5.37, n = 86) for about 5 cigs/d, 9.83 (95%CI 8.60-11.24, n = 54) for about 20 cigs/d, and 17.10 (95%CI 14.62-19.99, n = 62) for about 45 cigs/d. Here “about 5 cigs/d” combined results for dose ranges including 5 but not 20 cigs/d, “about 20 cigs/d” considered ranges including 20 but not 5 or 45 cigs/d, and “about 45 cigs/d” ranges including 45 but not 20 cigs/d. This approach has limitations. First, formal statistical comparison of the RRs at the different levels is not possible as the RRs are not independent, having the same denominator. Second, the analyses do not use all the information available. Thus, results for ranges wholly between 5 and 20 cigs/d or wholly between 20 and 45 cigs/d are ignored, as are results for ranges covering two or more of the “key values” of 5, 20 and 45 cigs/d. Also, linearity, or other shapes of the relationship, is not assessed. Dose-response relationships for years quit are considered in a separate paper (submitted for publication).

 Here, we study dose-response in more detail by fitting models to the various dose-response blocks to estimate parameters which can be meta-analyzed and used to assess heterogeneity. We follow the approach previously used[2] to quantify the dose-response relationship between environmental tobacco smoke exposure and lung cancer risk, developing a variant of it for age of starting. We restrict attention to the data considered in our earlier review[1]. Rather than also considering results for ever smokers, we restrict attention to current smokers, giving a more homogeneous dataset and one showing a stronger dose-relationship. All our analyses are of overall lung cancer risk, no attempt being made in the present paper to fit models for specific histological types.
Materials and Methods

The International Evidence on Smoking and Lung Cancer database

All analyses use the International Evidence on Smoking and Lung Cancer database, fully described in our earlier review[1]. Papers considered were published before 2000, described studies of 100+ cases, and provided RR estimates for one or more smoking indices. We use the term RR generically to describe alternative relative risk estimates, e.g.,, odds ratio or hazard ratio. Lee et al[1] gives details of the structure and data entry rules for the database.
Data selection and blocks

The data considered here comprise blocks of RRs, each relative to never smokers, for all lung cancer (or occasionally near equivalent definitions, each including squamous cell carcinoma and adenocarcinoma) for three measures of dose-response among current smokers: amount smoked, duration and age of starting. Where possible, blocks by sex or by sex and race were considered. Except for amount smoked, blocks by age were considered, if available. Covariate-adjusted RRs were preferred to unadjusted RRs. Each block includes an estimate of the RR and 95%CI for each level of the measure. The data recorded per block included study type, sex, location, publication year, age range (at baseline for prospective studies), product smoked [any product, cigarettes +/− other products (i.e., pipes, cigars), cigarettes only], never smoker definition (never any product, never cigarettes). For each RR, the range of the measure was also recorded.
Pseudo-numbers

We used the method of Hamling et al[3] on each block to estimate the pseudo-table of numbers of cases, and either controls (for case-control studies) or at risk (for prospective studies) which correspond to the observed RRs and 95%CIs. The method was applied even to unadjusted RRs. This estimation requires, in addition to the given RRs and 95%CIs, estimates of the proportion of never smokers among the controls/at risk and of the ratio of total controls/at risk to total cases, as well as starting values for the numbers of never smoking cases and controls/at risk. These estimates were also recorded on the database. The pseudo-table forms the basic data for fitting the models used, and estimating the overall current smoking RR.
Midpoints for levels of exposure

For amount smoked, midpoint estimates for each exposure level were derived using standard distributions, as described by Fry et al[2] when relating lung cancer risk to amount smoked by the husband. For US studies, the distribution derived from published data for two large CPS I and CPS II studies[4], while for non-US studies, it was that given in Appendix III of International Smoking Statistics[5,6].

 For duration of smoking and age of starting the midpoints were based on US NHANES III[7], selecting data for subjects for the given sex, age and range of values of the relevant dose-response measure.
Statistical models

For each measure, the data analyzed consist of blocks, each containing the pseudo-numbers and the estimated midpoint exposures for each of ℓ exposure levels, and for never smokers. The methodology varies by dose-response measure, as described below.
Amount smoked 

The Greenland and Longnecker method[8,9] was used to fit functional forms relating RR to dose (midpoint amount smoked). We fitted the models expressing dose, d, in units of 10 cigs/d.

 In the simplest application, the RR is predicted by loge RR (d) = βd, β and SE (β) are estimated separately per block, and estimates of β and SE (β) are then combined using inverse-variance weighted random-effects or fixed-effects meta-analysis[10]. This model implies that a fixed dose increment increases risk by a fixed factor. The method can be used with d replaced by a function of d, such as 
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Greenland et al[8] describe a more general, “pool-first”, method in which all the blocks are considered in a single analysis. The method gives the same results for the model log RR = βd, but allows direct fitting for other functional forms.

  As the best model was initially unclear, we first tried various models (Table 1) using the pool-first method, comparing deviances to assess which models fitted the overall data better.  For the “power” and “log-with-baseline” models, the parameters Y or W could not be fitted directly, but an iterative method was adopted, comparing deviances for a range of values. 

 For the models with lowest deviance, the simpler approach was then used to estimate β1 (and β2, β3) and its standard error (SE) for each block. For a particular model, goodness-of-fit for a block was tested by comparing observed and fitted number of cases (and for case-control studies also the observed number of controls) at each level of amount smoked (including never smokers). The fitted values were estimated as described in Goodness of fit[10]. As also described there, the sum of (observed - fitted)2/fitted over levels was taken as an approximate chi-squared on ℓ - 1 degrees of freedom (df) for prospective studies or on 2ℓ - 1 df for case-control studies.  Information on overall goodness-of-fit was derived by summing observed and fitted values over blocks for never smokers and for specified levels of amount smoked, and similarly deriving an approximate chi-squared statistic. Plots of observed and predicted RRs per block were also examined.
Duration of smoking 

The approach used was as for amount smoked.
Age of starting to smoke

For smokers of a given age, age of starting (a) and duration (y) are directly related. We used the same basic approach, replacing y by 70 − a to produce a duration-like measure. As this produced a relatively good fit, we did not attempt sensitivity analyses replacing y by 60 − a or 80 − a.
Regression analyses

Sources of heterogeneity were studied by inverse-variance weighted regression of β. Between block variation was examined one factor at a time (simple regression), and using forward stepwise methods. The factors used were study type, sex, location, publication year, midpoint age (at baseline for prospective studies), smoking product and study size. The deviance of the fitted models indicated the extent to which heterogeneity was explained.
Statistical analysis

No multiple testing adjustments were made, significant being defined as P < 0.05. However, results showing stronger evidence of a relationship (P < 0.01, or P < 0.001), and sometimes weaker evidence (P < 0.1) are also distinguished, where appropriate. All data entry and most statistical analyses were carried out using ROELEE version 3.1 (available from P.N.Lee Statistics and Computing Ltd, 17 Cedar Road, Sutton, Surrey SM2 5DA, United Kingdom). Some analyses used Excel 2003.
Results 

Studies considered

For each of the 71 studies providing the data used, Studies[10], gives the six character reference code (REF); a brief description incorporating the location, characteristics of the population studied, study design, and study duration; the total number of lung cancers studied; and the measures for which data are analyzed.
Amount smoked 

Details of blocks used for each measure are given in Blocks[10]. These include study REF, sex (and where applicable race), study type, location, product smoked, definition of unexposed group, adjustment factors used, current smoker RR, and total numbers of cases in smokers.

 The 97 blocks derive from 69 studies, 45 providing results for a single block, 22 results by sex, and 2 (DORGAN and HUMBLE) results by sex and race. 55 blocks (56.7%) are for males, 34 (35.1%) females, and 8 (8.2%) both sexes. 48 (49.5%) are from prospective studies. 43 (44.3%) are from North American studies, 32 (33.0%) from Europe and 17 (17.5%) from Asia, the remaining 5 (5.2%) from South America, Africa or Australasia. Five different combinations of product vs unexposed occur: cigarettes ± other products vs never any product (32 blocks 33.0%), cigarettes ± other products vs never cigarettes (29, 29.9%), any product vs never any product (20, 20.6%), cigarettes only vs never any product (13, 13.4%) and cigarettes only vs never cigarettes for (3, 3.1%). Of the 8 blocks for sexes combined, 4 (50.0%) concern RRs adjusted for sex, while 64 of the full 97 blocks (66.0%) concern age-adjusted RRs. Race and/or other factors were adjusted for in 28 (28.9%) blocks.

 Table 2 gives for each block the levels used to categorize amount smoked and the corresponding estimated mean values and RRs for each level. The RRs reveal an obvious trend for risk to rise with amount smoked. Of the 96 blocks with more than one level, 84 (87.5%) show a strictly monotonic increase in RR. However, considerable variation is evident in the RR for the highest exposure.

  Table 3 gives the pool-first results investigating model suitability. The exponential model is particularly poor, explaining only 21.75% of the overall deviance in the estimates of log RR. The log model is also relatively poor. The linear, quadratic and cubic models are better. However, despite involving more parameters, the cubic model explains less of the overall deviance than do the best-fitting power or log-with-baseline models. The residual deviance is lowest for the log-with-baseline model, the best-fitting W value explaining 94.12% of the overall deviance, though the best-fitting power model explains almost as much (93.95%). 

Fit Amount Smoked[10], gives full details for the further analyses carried out using the linear, and best-fitting power and log-with-baseline models. These include 95%CIs for the RRs in Table 2, and observed and fitted numbers by level for each block. 

   For each of these models, Table 4 compares the observed and fitted numbers of cases summed over blocks for never smokers and for current smokers by amount smoked. The linear model fits poorly, overestimating cases for never smokers and 30+ cigs/d smokers and underestimating for 1-30 cigs/d smokers, the model implying a far steeper increase with amount smoked than observed. This is consistent with the block-specific goodness-of-fit tests, 63 showing misfits significant at P < 0.05. This model is clearly inadequate for amount smoked.

  Although Table 4 shows highly significant (P < 0.001) misfit to both the power and log-with-baseline models, the misfit is not substantial, with observed and expected numbers generally agreeing to a few percent. 

 For each block, and both models, Table 5 gives fitted values of β and SE and goodness-of-fit P values. A number of blocks show significant (P < 0.05) misfit, these tending to be the same blocks for both models. We comment on those 15 blocks where the P value for the log-with-baseline model is < 0.01 (Fit Amount Smoked[10] and Table 2 for further details). These divide into various categories. Three blocks (19: CPSI, 34: DORN, 37: ENSTRO males) involve very large numbers of cases (Table 3) where the model appears to fit quite well, though in block 19: CPSI the observed flattening of response for 40+ cigs/d is not well fitted. Seven blocks (6: BEST, 20: CPSII males, 22: DARBY males, 43: HAMMON, 60: KINLEN, 74: PERSH2, 87: TENKAN) show a marked risk increase for the lowest level of amount smoked, but the slope subsequently flattens. In contrast the reverse is true for five blocks (24: DEAN3 males, 38: ENSTRO females, 57: KANELL, 76: PEZZO2, 77: PEZZOT) with the RR for the highest exposure greater than predicted from the response at lower levels. For some of the 15 blocks, the number of cases in never smokers is relatively low (less than 10 in 6 of them) and the best-fitting model gives rather different fitted numbers, so the fitted block of RRs appears substantially different from that observed For example, in block 6: BEST where the observed pseudo-number of cases in never smokers is 6.88, and the observed RRs are 10.00, 16.41 and 17.31 for 1-9, 10-20 and 21+ cigs/d, the fitted number of cases in never smokers is 23.61 and the fitted RRs are 2.47, 4.46 and 6.47. 

  Table 6 presents results of weighted simple regression analyses of β for the log-with-baseline model. There is highly significant (P < 0.001) variation by continent, with β much lower for Asian studies, and by study size, larger studies giving higher β values. Some variation is also seen for sex (P < 0.05), study type, publication year and midpoint age (P < 0.1), but not with product definition or unexposed group.   Table 6 also presents predicted RRs at 20 cigs/d. The variation by continent is clear.

 In a forward stepwise analysis (not shown), continent remained highly significant (P < 0.001), but no other factor remained significant at P < 0.05. The association with study size seems due to a strong correlation with continent.

 For the 97 blocks combined the RRs predicted by the log-with-baseline model for 5, 10, 20, 30, 40 and 50 cigs/d are, respectively, 3.86, 6.30, 10.71, 14.77, 18.62 and 22.31. The RRs are similar for the power model (4.30, 6.33, 10.34, 14.61, 19.24 and 24.29), but very different for the linear model (1.36, 1.84, 3.39, 6.25, 11.50 and 21.19). See also Figure 1A which compares model predictions, and Figure 1B which shows the predictions by continent. 
Duration of smoking 

Blocks[10] gives details of the 35 blocks, derived from 14 studies. CPS I and CPS II provide 20 blocks, with data by sex and age. Three further studies provide sex-specific results, the remaining nine only providing one block each. Three studies are from Europe, two South America and one Asia, the remaining eight being from North America.

 Table 7 summarizes the dose-response data. A clear increase in risk with increasing duration is evident, 34 blocks (97.1%) showing a greater RR for the longest than the shortest duration group, and 22 (62.9%) showing a strictly monotonic increase in RR.

 Table 8 summarizes the analyses on model suitability. The exponential model is again very poor, explaining only 31.47% of the deviance. Other models differ little, explaining 88.49% to 89.96%. The best single parameter models are the best-fitting power model (89.96%) and log-with-baseline model (89.89%).
Fit Duration[10], gives full details for the further analyses using the linear model and best-fitting power and log-with-baseline models, laid out as Fit Amount Smoked[10]. 

 Table 9 compares observed and fitted cases summed over blocks. Misfit is similar for all three models, and significant (P < 0.001), though its extent seems relatively moderate.

 Table 10 gives fitted values of β and SE and goodness-of-fit P values for the power and log-with-baseline models. We comment on six blocks where P is < 0.001 for both models, and three where P is < 0.001 for one model (Fit Duration[10] and Table 7 for further details). In three blocks (1: AMANDU, 29: HUMBLE, 35: PEZZO2) the RR associated with the lowest duration level is large, but the RRs associated with higher levels are not much larger (or even smaller). In another block (10: CPSI males age 65-74 years) the misfit comes from the lack of rise in risk over short duration levels, while in another (17: CPSII males age 30-44 years) it is associated with the very high risk for the longest duration. In three other blocks (11: CPSI males age 75+ years, 15: CPSI females age 65-74 years, 20: CPSII males age 65-74 years) the misfit is at least partly due to the non-monotonic dose-response. In the remaining block (9: CPSI males age 55-64 years) the rise is monotonic, but the relatively small RR for the shortest duration does not fit in well with the large RRs for longer durations.

 Table 11 presents results of weighted simple regression analysis of β for the power model. Significance at P < 0.05 is only seen for midpoint age, with higher β values for lower ages. In forward stepwise regressions (not shown), the model included in succession midpoint age (P < 0.05), number of cases in smokers (P < 0.05), smoking product (P < 0.05) and unexposed group (P < 0.01). The final model associated increased risk with younger age, larger numbers of cases, smoking of cigarettes only or cigarettes ± other products (compared to smoking any product) and with the unexposed being never any product (rather than never cigarettes). 

 For the 35 blocks combined the RRs predicted by the power model for durations of 10, 20, 30, 40 and 50 years are, respectively, 2.21, 3.75, 5.96, 9.11 and 13.54. Figure 1C compares model predictions.
Age of starting to smoke 

Blocks[10] gives details of the 27 blocks, deriving from 15 studies. One study gives results by age and sex, two by age for males, and five by sex but not age, the remaining seven studies only providing one block each. There are similar numbers of blocks from North America (9), Europe (9) and Asia (8), only one being from elsewhere.

 Table 12 summarizes the dose-response data. A relationship of risk to age of starting is not consistently seen. While 13 blocks (48.1%) show a strictly monotonic decline in risk as starting age increases, with risk often substantially higher in early starters, and 6 (22.2%) blocks show a similar non-monotonic tendency, 8 (29.6%) blocks (1, 2, 7-9, 16, 20, 21) show no such tendency.

 Table 13 summarizes the analyses on model suitability, taking (70-age at starting) as a duration-like measure. The exponential model again is the poorest, explaining only 60.24% of the deviance, and the log model is also poorer than the other models. Although slightly more deviance is explained by the cubic model, the best-fitting power model is the best simple model, explaining 88.29% of the deviance. Log-with-baseline models were also tried (not shown), but the best-fitting value of W was extremely low, so it became essentially identical to the linear model, having the same deviance.

Fit Age Start[10], gives full details of the further analyses using the linear and best-fitting power models.

 Table 14 compares observed and fitted cases summed over blocks. Both the linear and best-fitted power models fit well.

 Table 15 gives fitted values of β and SE and goodness-of-fit P values. For no block does either model show misfit at P < 0.01, though misfits at P < 0.05 are sometimes seen. We comment on four blocks with some evidence (P < 0.1) of misfit to both models (Table 12 and Additional File 6 for further details). For block 4 (CPS I males aged 55-69) the misfit seems due to the relatively small decline in risk between age of start 1-14 and 15-19 years, compared to a greater decline subsequently. For block 5 (CPSI males aged 70-84 years), risk again declines substantially over ages of start 15-19, 20-24 and 25+ years, but risk is slightly less at age 1-14 than 15-19 years. For block 12 (ENGELA males), risk decreases from age 1-19 to 20-29 years but then falls no further. For block 17 (LIAW), the pattern is non-monotonic.

 Table 16 presents results of the weighted simple regression analyses of β for the power model. Various factors are significant at P < 0.05, including number of lung cancer cases (P < 0.001), continent (P < 0.01), publication year (P < 0.01), sex (P < 0.05) and product smoked (P < 0.05), though in a forward stepwise model (details not shown), only two factors were included: number of lung cancer cases (P < 0.001) and midpoint age (P < 0.05). However, the relationship of β to number of cases was not smooth (higher risks for 100 to < 200, and 500 to < 1000 cases and lower risks for < 100, 200 to < 500 and 1000+) so the result is difficult to interpret. The association with age is related to a lower β in older subjects (aged 60+ years).
For the 31 blocks combined, the RRs predicted for age of start 12.5, 15, 17.5, 20, 25 and 30 years are, respectively, 8.94, 7.80, 6.83, 5.99, 4.66 and 3.66 for the power model and 8.31, 7.57, 6.91, 6.30, 5.24 and 4.36 for the linear model (Figure 1D).

Discussion

In our earlier review[1] of the evidence relating smoking to lung cancer, we demonstrated a clear dose-response with the three measures considered, risk increasing with increasing amount smoked and duration and with decreasing age of starting. We extend this work by fitting parametric models to the dose-relationships.

 We tried various models. The most useful were the “linear model” (log RR = βd), the “power model” (log RR = βdY) and the “log-with-baseline model” [log RR = β log(1+Wd)], where d is dose. For amount smoked, the linear model proved inadequate, but a reasonable fit was found with the other two models, the best fit being for the log-with-baseline model with W = 0.81. For duration, all three models were reasonable, the best being the power model with Y = 0.74. For age of starting, where we used a duration-like dose measure based on (70 – age of starting to smoke), the best-fitting model was again the power model, here with Y = 1.44.

 Inverse-variance weighted analyses were also carried out to identify sources of heterogeneity in β. For amount smoked, as expected from our earlier review[1], the major source was continent, the fitted slope being much less steep for Asian than European or North American studies. However, it proved more difficult to identify meaningful major sources for the other measures.

 We discuss various issues relating to interpretation of these findings.

Adequacy of literature search and publication bias

All the data used came from the IESLC database. The source paper[1] demonstrated that the search was comprehensive, though limited to papers published before 2000 and studies of 100+ cases. Publication bias was discussed earlier[1], evidence for its existence being considered not strong. The probability of dose-response results being published might depend on the strength of the overall relationship seen. While clearly demonstrated for passive smoking and lung cancer[2], this seems less relevant here, the association with active smoking being so strong. Nevertheless, some publication bias may exist.

 There are various reasons why the fitted dose-relationships may not accurately reflect the true relationships.
Misclassification of smoking status

It is well-documented (e.g.,[11,12]) that some subjects deny current or past smoking, so increasing the apparent lung cancer risk in reported never smokers and biasing downwards the estimated smoking RR. Such misclassification is difficult to adjust for, as it varies by aspects of study design, the questions asked, and also by sex, age, location and other demographics. Indeed, higher denial rates in Asian populations[13] may contribute to the markedly weaker observed associations seen in Asia. 

 In prospective studies there is an additional problem, especially in studies with long-term follow-up with no re-interviews to update smoking status. In particular, some subjects classified at baseline as current smokers may quit during follow-up. Also some never smokers may start, though this is less likely given the subjects’ age at baseline in many studies.
Misclassification of amount smoked

Similar problems arise. Subjects may understate (or overstate) the amount they smoke, and during follow-up in prospective studies, may reduce or increase the amount smoked. Although some studies, particularly case-control, may ask questions on habits at various times during the subject’s smoking career, the data reported may relate to average consumption. Someone smoking, say, 30 cigarettes/d for 20 years, then 10 cigarettes/d for 20 years, may not have the same risk as someone smoking 20 cigarettes/d for the whole 40 year period. Difficulties in remembering smoking history also form part of the problem. Also the dose of smoke constituents received may not be directly proportional to the amount smoked[14].
Misclassification of duration and age of starting 

Subjects may not remember the exact age of starting, and indeed there may be differences in definition between studies – age of first trying a cigarette, or age of starting to smoke regularly? Also duration may not represent a continuous period. Risk may be affected by intermediate quit periods, which may be asked about differently in different studies.
Estimating midpoints of ranges

The statistical methods used require estimates of midpoints of ranges used. We have not attempted sensitivity analyses based on alternative procedures for defining midpoints. 
Use of pseudo-numbers

Our methodology requires knowledge, for each block, of the numbers of cases and controls (or at risk) in each smoking group. As such data are not always provided, and indeed for covariate-adjusted data are only hypothetical, we used the method of Hamling et al[3] to estimate pseudo-numbers corresponding exactly to the reported RRs and CIs. These pseudo-numbers have been shown[15] to allow accurate estimation of RRs and CIs relative to a different base group from that used originally, and should be adequate for model fitting. This issue seems less important than others considered so far.
Adjustment for other smoking variables

Our analyses compare risk relative to never smokers, all the RRs in any block being adjusted for the same variables. As RRs relative to never smokers cannot be adjusted for other smoking variables, we necessarily restricted attention to estimates adjusted for age and non-smoking characteristics. This is possibly unfortunate as, for example, later starters may smoke less than earlier starters. In theory one could study the extent of such bias based on studies presenting risk (compared to never smokers) jointly by more than one dose measure. However, few studies present such data and we did not investigate this.
Use of simple models based on published results

We restricted attention to models of a relatively simple functional form, partly as it is much easier to explain results and conduct tests of heterogeneity where differences between blocks can be expressed in terms of one parameter (β). Also, the numerous data uncertainties may not justify a more complex approach. Such an approach is better pursued using individual person data from large studies. This would allow fitting of models simultaneously accounting for amount smoked and duration, and allow a more precise risk estimation. In the context of a systematic review and meta-analysis, involving many studies conducted years ago with the data unlikely to be accessible, we made no attempt to obtain individual data sets.
Model fit

Goodness-of-fit has been studied in various ways. First, we used the “pool-first” approach[8,9] to compare the deviance of models with a common β per block but a different functional form of the dose-relationship. The exponential (log RR = β exp d) and the log model (log RR = β1 log d) clearly fitted substantially worse than other models, and were not pursued further. Also, the power model (log RR = β1dY) and the log-with-baseline model [log RR = β log (1 + Wd)]generally fitted better than the linear model (log RR = βd), though for age of starting the best-fitting log-with-baseline model had such a low estimate of W that it became equivalent to the linear model. While the deviance of the linear model was reduced by adding quadratic and cubic terms this advantage was small. We concentrated most on the power and/or log-with-baseline models, given their greater simplicity, and the fact that the cubic model fitted worse than these alternatives for amount smoked and not materially better for duration or age of start. 

 We then restricted attention to the linear, power and, except for age of start, the log-with-baseline model, fitting separate β values to each block. We investigated goodness-of-fit by studying plots of observed and predicted RRs (not shown), and by comparing observed and predicted numbers, both within block (Fit Amount Smoked[10], Fit Duration, and Fit Age Start[10]) and summed over block (Tables 4, 9 and 14). This allowed two general conclusions. First, the best models (log-with-baseline for amount smoked, power for duration and age of start) fitted the shape of the dose relationship well. Given the large number of cases analyzed (54245 for amount smoked, 10711 for duration and 7575 for age of start) it is unsurprising that formal misfit existed for amount smoked and duration, but this seems relatively unimportant. Second, there were significant misfits for some blocks. The results section comments on the worst cases. Sometimes these are due to unusual response patterns, difficult to fit by any plausible model, sometimes to differing response patterns in different blocks. Thus, for amount smoked, there are some blocks where the slope flattens off at high consumption, but others where the reverse is true. The explanation for this is unclear, but attempting to account for it by more complex models seems unattractive, as compared to the models selected, which involve a common shape and variation only in slope (β).
Sources of heterogeneity

We carried out weighted regression analyses to investigate sources of heterogeneity. While some factors (e.g., age and sex) could be better evaluated using pooled analyses based on individual person data, and problems arise from correlations between variables studied, these analyses should detect major sources.

 For amount smoked, these analyses only identified continent as a significant factor, other associations seen in the simple analyses becoming non-significant once continent was accounted for. The smaller β for Asian studies is consistent with our earlier analyses[15], and may relate to higher denial rates of smoking in Asia.

 For duration and age of starting, the regression analyses showed a tendency for β to be greater in studies involving more lung cancer cases and studies of younger people. Higher values in males than females and lower values in Asian studies were not independently significant. There was also some evidence for duration of higher β values for smoking cigarettes, than smoking any product.
Comparison with some previous work

Attempts have been made before to model the relationship of lung cancer to amount smoked and duration. For example, Doll and Peto, in a much cited paper[16], based on data for British doctors who started smoking at ages 16-25 and smoked 40 or less per day, modelled the annual lung cancer incidence at age 40-79 by the expression 

0.273 × 1012 × (cigarettes/d + 6)2 × (age – 22.5)4.5.

They noted “significant (P < 0.01) upward curvature of the dose-response relationship in the range 0-40 cigarettes/d, which is what might be expected if more than one of the ‘stages’ (in the multistage genesis of bronchial carcinoma) was strongly affected by smoking.” They also noted a drop off in response above 40 cigarettes/d, though based on few cases, and discussed various explanations for it. Our analyses show little evidence of upward curvature with amount smoked. However, this does not rule out smoking affecting more than one stage of a multistage process; indeed there is strong evidence this is true[17].

 Taking (age – 22.5 years) as an approximate indicator of duration, the model of Doll and Peto[16] suggests risk rises steeply with increasing duration, according to a fourth or fifth power relationship. At first sight, this appears to conflict with our findings, where the power relationship we fitted was only somewhat above linear (Figure 1C). However, whereas Doll and Peto’s analysis compares risk by age for people of a similar age of start, our modelling compares risk by age of start for people of a given age. Here, the relationship of risk to duration will be much less steep. This can be illustrated by applying formulae for a form of the multistage model where risk affects the first and penultimate stages, the effect on the penultimate stage being twice as strong as for the first stage, a form known to fit smoking and lung cancer relationships quite well[17,18]. The RR for a 70 year old starting at age 15 is estimated as 1.66 times higher than for a 70 year old starting at age 30. This ratio somewhat exceeds the ratio of durations (55/40 = 1.38), but much less than predicted by a fourth or fifth power relationship (1.384.5 = 4.26). 
In conclusion, For each of the 71 studies providing the data used[19-105], gives the six character reference code (REF); a brief description incorporating the location, characteristics of the population studied, study design, and study duration; the total number of lung cancers studied; and the measures for which data are analyzed. For all three measures of dose studied (amount smoked, duration and age of start), the shape of their relationship with lung cancer can be described quite accurately using simple models. Though, for all dose measures, there is evidence of misfit for some data blocks, these seem mainly due to unusual response patterns difficult to fit with plausible models, or to different blocks showing differing shapes of the dose-relationship. The main limitations of the models relate to the data they were fitted to. Misclassification of smoking status and of dose may produce bias, as may failure to update smoking habits during follow-up in prospective studies, and failure to adjust for other indices of dose. Nevertheless, the models presented characterize the observed relationships of lung cancer to amount smoked, duration, and age of start more fully than previously attempted.
Acknowledgements 

We thank Philip Morris Products S.A. for supporting this research. The opinions and conclusions of the authors are their own, and do not necessarily reflect the position of Philip Morris Products S.A. We also thank Pauline Wassell, Diana Morris and Yvonne Cooper for assistance in typing various drafts of the paper and obtaining relevant literature.
COMMENTS

Background

No previous meta-analysis has used parametric models in order to quantify more precisely the relationship between smoking and lung cancer. Using a database of all epidemiological studies of 100 or more lung cancer cases published before 2000, models are fitted relating lung cancer risk to amount smoked, duration of smoking and age of starting to smoke.
Research frontiers

Based on all the studies providing relevant data, the models fitted show that the risk, relative to never smokers, rises from 3.86 to 22.31 between 10 and 50 cigarettes/d, from 2.21 to 13.54 between 10 and 50 years smoked, and from 3.66 to 8.94 between age of starting 30 and 12.5 years. There is little heterogeneity between studies for duration of smoking or age started, but there is clear heterogeneity for amount smoked, with relative risks for 50 cigarettes/d being 7.23 for studies in Asia, as compared to 26.36 for North American and 22.16 for European studies.
Innovations and breakthroughs
The new feature of this paper is the comprehensive assessment of the shape of the dose-responses studied, with a number of alternative functional forms studied, and the best-fitting one selected. The fitted models, which describe the relationships well, are each quite simple in form, allowing ready meta-analysis of individual study estimates. 
Applications 

The fitted models allow more precise quantification of the hazards of smoking than previously reported, and will assist smoking and health researchers.
Terminology

Linear model: The logarithm of the relative risk is linearly related to dose. In the power model it is related to dose raised to a power. In the log-with-baseline model, it is related to the logarithm of dose with an offset for background risk. Pseudo-numbers are estimates of numbers of cases and controls, by dose level, derived from published relative risks, which allow fitting of the models. 
Peer review

The authors meta-analyzed smoking/lung cancer relationships using parametric modelling according to the IESLC database. They found that the models describe the dose-relationship well and concluded that they can be used to more precisely estimate the lung cancer risk from smoking. The limitation has been fully discussed in the discussion part. This study provides some interesting results for further research into smoking and lung cancer.
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Figure 1B
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Figure 1C
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Figure 1D
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Figure 1 Amount smoked. A: Amount smoked. Predictions of the linear, power and log-with-baseline models; B: Amount smoked. Predictions of the log-with-baseline models by continent; C: Duration of smoking; D: Age of starting to smoke. Predictions of the linear and power models. The RR is plotted against number of cigarettes per day (d, range 0 to 60). The log-with-baseline model fitted the data best, and the linear model the worst.

Table 1 Models used to relate risk to dose
logc (RR) 
=
β1d
(linear)

loge (RR)
=
β1d + β2d2
(quadratic)

loge (RR)
=
β1d + β2d2 + β3d3
(cubic)

loge (RR)
=
β1dY
(power)

loge (RR)
=
β1 loge(d)
(log)

loge (RR)
=
β1 expe(d)
(exponential)

loge (RR)
=
β1 loge (1 + Wd)
(log-with-baseline)

Table 2 Amount smoked by current smokers (cigarettes per day) - dose-response data
	Block: Study
	Amount smoked groupingsa
	Mean values
	Relative risks

	
	
	
	

	1: AKIBA
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	3.50, 6.10, 19.10 M

	2: AKIBA
	1-14, 15+
	8.11, 24.09
	3.60, 5.80 M

	3: ARCHER
	1-19, 20, 21+
	10, 20, 31.83
	3.53, 6.09, 8.52 M

	4: AXELSS
	20
	20
	43.30

	5: BENSHL
	1-9, 10-19, 20+
	4.85, 12.73, 26.03
	4.00, 9.05, 10.95 M

	6: BEST
	1-9, 10-20, 21+
	4.85, 15.92, 31.83
	10.00, 16.41, 17.31 M

	7: BOUCOT
	1-20, 21-40, 41+
	13.38, 29.02, 53.33
	54.09, 78.56, 161.70 M

	8: BRETT
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	2.55, 4.25, 8.00 M

	9: BROSS
	1-20, 21+
	13.38, 31.83
	4.91, 7.20 M

	10: BUFFLE
	1-19, 20, 21+
	10.20, 31.83
	5.60, 11.84, 22.10 M

	11: CEDERL
	1-7, 8-15, 16+
	4.29, 11.61, 25.41
	3.40, 7.50, 11.90 M

	12: CEDERL
	1-7, 8-15, 16+
	4.29, 11.61, 25.41
	2.83, 7.74, 7.56

	13: CHANG
	1-10, 11-20, 21+
	7.08, 17.67, 31.83
	5.02, 10.60, 8.26

	14: CHANG
	1-10, 11-20, 21+
	7.08, 17.67, 31.83
	3.03, 4.87, 8.21 M

	15: CHOW
	1-19, 20-29, 30+
	10, 21.35, 38.39
	13.88, 21.87, 44.48 M

	16: COMSTO
	1-19, 20-39, 40+
	10, 22.90, 45.71
	12.42, 18.16, 24.92 M

	17: COMSTO
	1-19, 20-39, 40+
	10, 22.90, 45.71
	7.45, 17.35, 13.27

	18: CORREA
	1-20, 21+
	13.38, 31.83
	9.30, 25.30 M

	19: CPSI
	1-9, 10-19, 20-39, 40+
	4.85, 12.73, 22.90, 45.71
	4.51, 8.41, 14.30, 17.49 M

	20: CPSII
	1-9, 10-19, 20, 21-39, 40, 41+
	4.85, 12.73, 20, 26.71, 40, 53.33
	12.22, 14.52, 21.59, 22.72, 24.14, 45.52 M

	21: CPSII
	1-9, 10-19, 20, 21-39, 40, 41+
	4.85, 12.73, 20, 26.71, 40, 53.33
	3.89, 8.33, 14.21, 21.40, 19.31, 18.22

	22: DARBY
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	73.47, 95.43, 142.69 M

	23: DARBY
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	15.70, 21.50, 41.62 M

	24: DEAN3
	1-12, 13-22, 23+
	7.65, 18.42, 33.04
	5.46, 7.42, 21.66 M

	25: DEAN3
	1-12, 13-22, 23+
	7.65, 18.42, 33.04
	3.16, 8.42, 24.24 M

	26: DEKLER
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	19.40, 23.00, 32.50 M

	27: DOLL2
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	5.20, 10.60, 22.40 M

	28: DOLL2
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	1.29, 6.43, 29.71 M

	29: DORANT
	1-9, 10-19, 20+
	4.85, 12.73, 26.03
	8.52, 27.22, 36.24 M

	30: DORGAN
	1-19, 20+
	10, 26.03
	9.13, 20.65 M

	31: DORGAN
	1-19, 20+
	10, 26.03
	26.67, 72.46 M

	32: DORGAN
	1-19, 20+
	10, 26.03
	6.55, 24.13 M

	33: DORGAN
	1-19, 20+
	10, 26.03
	7.43, 41.43 M

	34: DORN
	1-9, 10-20, 21-39, 40+
	4.85, 15.92, 26.71, 45.71
	4.02, 9.92, 17.19, 22.75 M

	35: ENGELA
	1-4, 5-9, 10-14, 15-19, 20+
	2.5, 6.5, 10.88, 15.83, 26.03
	1.40, 4.10, 7.00, 11.00, 15.00 M

	36: ENGELA
	1-4, 5-9, 10-14, 15+
	2.5, 6.5, 10.88, 24.09
	12.00, 12.00, 24.00, 26.00

	37: ENSTRO
	1-9, 10-19, 20, 21-39, 40+
	4.85, 12.73, 20, 26.71, 45.71
	4.74, 7.68, 13.65, 16.08, 19.41 M

	38: ENSTRO
	1-9, 10-19, 20, 21+
	4.85, 12.73, 20, 31.83
	2.15, 4.31, 9.48, 16.47 M

	39: GAO2
	1-19, 20-29, 30+
	10, 21.35, 38.39
	3.36, 7.54, 10.63 M

	40: GILLIS
	1-14, 15-24, 25-34, 35-49, 50+
	8.11, 19.19, 28.13, 39, 53.33
	4.50, 7.60, 8.60, 9.70, 7.80

	41: HAENSZ
	1-20, 21+
	13.38, 31.83
	1.77, 5.15 M

	42: HAMMO2
	1-19, 20+
	10.00, 26.03
	9.15, 10.39 M

	43: HAMMON
	1-9, 10-20, 21-39, 40+
	4.85, 15.92, 26.71, 45.71
	7.44, 8.42, 17.91, 20.64 M

	44: HIRAYA
	1-9, 10-19, 20+
	4.85, 12.73, 26.03
	2.06, 4.00, 6.24 M

	45: HIRAYA
	1-9, 10-19, 20+
	4.85, 12.73, 26.03
	2.25, 2.56, 4.47 M

	46: HITOSU
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	2.08, 2.82, 4.68 M

	47: HITOSU
	1-14, 15+
	8.11, 24.09
	3.11, 3.17 M

	48: HOLE
	1-14, 15-24, 25-34, 35+
	8.11, 19.19, 28.13, 44.38
	5.47, 8.90, 10.75, 7.49

	49: HUMBLE
	1-19, 20+
	10, 26.03
	9.20, 24.70 M

	50: HUMBLE
	1-19, 20+
	10, 26.03
	11.60, 26.10 M

	51: HUMBLE
	1-19, 20+
	10, 26.03
	19.20, 16.00

	52: HUMBLE
	1-19, 20+
	10, 26.03
	18.50, 36.90 M

	53: KAISE2
	1-19, 20+
	10, 26.03
	4.47, 10.34 M

	54: KAISE2
	1-19, 20+
	10, 26.03
	7.61, 22.12 M

	55: KAISER
	1-19, 20-40, 41+
	10, 24.32, 53.33
	6.58, 17.24, 20.91 M

	56: KAISER
	1-19, 20-40, 41+
	10, 24.32, 53.33
	3.42, 7.98, 12.63 M

	57: KANELL
	1-10, 11-20, 21-35, 36+
	7.08, 17.67, 26.71, 45.71
	1.71, 7.06, 20.39, 34.22 M

	58: KATSOU
	1-20, 21+
	13.38, 31.83
	2.26, 7.46 M

	59: KAUFMA
	1-14, 15-24, 25-34, 35-44, 45+
	8.11, 19.19, 28.13, 39, 53.33
	8.00, 15.00, 28.00, 43.00, 60.00 M

	60: KINLEN
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	10.61, 14.14, 21.74 M

	61: KNEKT
	1-14, 15+
	8.11, 24.09
	5.00, 12.70 M

	62: KOO
	1-10, 11-20, 21-30
	7.08, 17.67, 25.88
	1.36, 7.29, 1.52

	63: LIAW
	1-10, 11-20, 21+
	7.08, 17.67, 31.83
	3.10, 3.60, 8.30 M

	64: LIDDEL
	1-19, 20+
	10, 26.03
	3.33, 5.02 M

	65: MACLEN
	1-9, 10-19, 20-29, 30+
	4.85, 12.73, 21.35, 38.39
	1.36, 3.41, 4.16, 5.00 M

	66: MACLEN
	1-9, 10-19, 20+
	4.85, 12.73, 26.03
	0.76, 3.44, 3.84

	67: MATOS
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	1.60, 8.00, 15.00 M

	68: MIGRAN
	1-9, 10-19, 20, 21+
	4.85, 12.73, 20, 31.83
	4.01, 4.24, 5.14, 5.93 M

	69: MIGRAN
	1-9, 10-19, 20
	4.85, 12.73, 20
	4.88, 6.53, 7.48 M

	70: MRFITR
	1-19, 20-39, 40+
	10, 22.90, 45.71
	10.86, 50.12, 56.43 M

	71: NAM
	1-24, 25+
	14.06, 34.63
	6.70, 10.27 M

	72: NAM
	1-24, 25+
	14.06, 34.63
	9.06, 16.65 M

	73: PARKIN
	1-14, 15+
	8.11, 24.09
	3.90, 5.20 M

	74: PERSH2
	1-9, 10+
	4.85, 20.90
	5.76, 11.34 M

	75: PETO
	1-14, 15+
	8.11, 24.09
	5.50, 9.49 M

	76: PEZZO2
	1-20, 21-40, 41+
	13.38, 29.02, 53.33
	8.00, 44.39, 112.13 M

	77: PEZZOT
	1-20, 21-40, 41+
	13.38, 29.02, 53.33
	7.40, 70.00, 246.50 M

	78: PRESCO
	1-14, 15+
	8.11, 24.09
	10.20, 19.96 M

	79: PRESCO
	1-14, 15+
	8.11, 24.09
	6.36, 10.08 M

	80: SEGI2
	1-9, 10-19, 20-29, 30-39, 40+
	4.85, 12.73, 21.33, 31.07, 45.71
	2.10, 3.10, 3.40, 6.90, 7.90 M

	81: SEGI2
	1-9, 10-19, 20+
	4.85, 12.73, 26.03
	2.90, 1.44, 1.03

	82: SHAW
	1-19, 20+
	10, 26.03
	6.31, 30.48 M

	83: SOBUE
	1-19, 20-29, 30+
	10, 21.35, 38.39
	3.52, 4.00, 4.55 M

	84: SPEIZE
	1-4, 5-14, 15-24, 25-34, 35+
	2.5, 9.42, 19.19, 28.13, 44.38
	2.70, 5.20, 12.60, 15.70, 22.00 M

	85: STOCKW
	1-19, 20-40, 41+
	10, 24.32, 53.33
	6.67, 14.51, 28.84 M

	86: SVENSS
	1-10, 11-20, 21+
	7.08, 17.67, 31.83
	4.60, 12.60, 59.00 M

	87: TENKAN
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	15.86, 20.25, 24.97 M

	88: TSUGAN
	1-15, 16-35, 36+
	9.33, 22.45, 45.71
	0.90, 1.22, 1.66

	89: TULINI
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	6.02, 12.00, 27.30 M

	90: TULINI
	1-14, 15-24, 25+
	8.11, 19.19, 34.63
	8.17, 26.30, 38.70 M

	91: TVERDA
	1-9, 10-19, 20+
	4.85, 12.73, 26.03
	2.14, 3.32, 6.56 M

	92: TVERDA
	1-9, 20+
	4.85, 26.03
	4.53, 18.00 M

	93: WAKAI
	1-19, 20-20, 30+
	10.00, 21.35, 38.39
	1.80, 4.01, 9.19 M

	94: WU
	1-20, 21+
	13.38, 31.83
	3.25, 8.48 M

	95: WYNDE6
	1-10, 11-20, 21-30, 31+
	7.08, 17.67, 25.88, 43.06
	6.80, 11.16, 17.32, 28.22 M

	96: WYNDE6
	1-10, 11-20, 21-30, 31+
	7.08, 17.67, 25.88, 38.39
	3.75, 11.97, 21.64, 39.14 M

	97: YAMAGU
	1-20, 21+
	13.38, 31.83
	3.75, 12.14 M


aIn some studies, amount smoked is based on cigarette equivalents for cigars and pipes; bM indicates a strictly monotonic rise in RR with increasing amount smoked.
Table 3 Comparing the suitability of different models relating log RR to amount smoked by current smokers, expressed as d = cigarettes per day/10
	Model
	Parameter valuea
	Fitted coefficient(s) (standard errors)
	Deviance
	DF
	Deviance explained (%)

	
	
	
	
	
	

	Null
	-
	-
	24894.53
	97
	

	
	
	
	
	
	

	Linear:  log RR = β1d
	-
	β1 = 0.6107 (0.0046)
	7265.32
	96
	70.82

	
	
	
	
	
	

	Quadratic:  log RR = β1d + β2d2
	-
	β1 = 1.4121 (0.0130), β2 = -0.1792 (0.0027)
	2907.39
	95
	88.32

	
	
	
	
	
	

	Cubic:  log RR = β1d + β2d2 + β3d3
	-
	β1 = 2.1915 (0.0266), β2 = -0.6346 (0.0138), β3 = 0.0633 (0.0019)
	1779.05
	94
	92.86

	
	
	
	
	
	

	Power:  log RR = β1dY
	Y = 0.32
	β1 = 1.8922 (0.0124)
	1512.49
	96
	

	
	Y = 0.33
	β1 = 1.8691 (0.0122)
	1506.19
	96
	

	
	Y = 0.34
	β1 = 1.8457 (0.0121)
	1506.07
	96
	93.95

	
	Y = 0.35
	β1 = 1.8222 (0.0119)
	1511.92
	96
	

	
	Y = 0.36
	β1 = 1.7986 (0.0118)
	1523.54
	96
	

	
	Y = 0.50
	β1 = 1.4673 (0.0097)
	2179.71
	96
	

	
	Y = 1.00
	β1 = 0.6107 (0.0046)
	7265.32
	96
	

	
	Y = 2.00
	β1 = 0.0969 (0.0010)
	14739.19
	96
	

	
	
	
	
	
	

	Log:  log RR = β1log d
	-
	β1 = 1.2265 (0.0107)
	11674.70
	96
	53.10

	
	
	
	
	
	

	Exponential:  log RR = β1exp d
	-
	β1 = 0.0120 (0.0002)
	19480.21
	96
	21.75

	
	
	
	
	
	

	Log-with-baseline:  log RR = β1log(1+Wd)
	W = 7.5
	β1 = 0.8520 (0.0056)
	1466.21
	96
	

	
	W = 7.7
	β1 = 0.8456 (0.0055)
	1465.37
	96
	

	
	W = 7.9
	β1 = 0.8394 (0.0054)
	1464.88
	96
	

	
	W = 8.0
	β1 = 0.8364 (0.0055)
	1464.76
	96
	

	
	W = 8.1
	β1 = 0.8334 (0.0054)
	1464.71
	96
	94.12

	
	W = 8.2
	β1 = 0.8305 (0.0054)
	1464.73
	96
	

	
	W = 8.3
	β1 = 0.8277 (0.0054)
	1464.82
	96
	


aNote that we only sought the best-fitting value of Y to two decimal places and of W to one decimal place
Table 4 Amount smoked by current smokers - observed and fitted lung cancers for the linear, best power and best log-with-baseline model, with β1 fitted separately for each block
	Midpoint amount smoked
	
	Linear model
	Best power model
	Best log-with-baseline model


	(Cigs/d)
	Observeda
	Fittedb
	Fittedb
	Fittedb

	
	
	
	
	

	< 5
	1249.17
	1023.00
	1297.42
	1173.88

	5 to < 10
	2579.62
	2156.31
	2595.37
	2539.78

	10 to < 15
	6125.69
	4749.92
	6276.74
	6299.68

	15 to < 20
	7940.18
	6678.14
	8009.06
	8156.50

	20 to < 30
	18138.36
	15724.45
	17468.99
	17678.51

	30 to < 40
	3858.94
	4106.12
	3743.23
	3701.31

	40+
	7703.88
	8860.42
	8115.77
	7949.95

	Never smoked
	6649.61
	10947.08
	6738.86
	6745.84

	
	
	
	
	

	Total
	54245.45
	54245.45
	54245.45
	54245.45

	
	
	
	
	

	Fit statisticc
	
	3792.53
	65.29
	56.78


aObserved pseudo-number of lung cancer cases, summed over blocks; bFitted pseudo-number of lung cancer cases, summed over blocks. For each study, the fitted number of cases for each block is calculated from the numbers at risk and the fitted relative risks by amount smoked, derived from the fitted value of β1; cBased on summation of (observed-fitted)2/fitted, the summation also including terms for the observed and fitted total numbers of controls (not shown). The statistic can be considered to be approximately chisquared on 12 DF and is significant at P < 0.001 for all three models.
Table 5 Amount smoked by current smokers - fitted values of β and SE, and P values for goodness-of-fit tests for the best-fitting power model and log-with-baseline model
	
	Log-with-baseline modela
	Power modela

	
	log RR = β1 (1+(8.10c/10))
	log RR = β 1 ((c/10)0.34)

	Block:  Study
	β1
	SE β1
	P (fit)b
	β1
	SE β1
	P (fit)b

	
	
	
	
	
	
	

	1: AKIBA
	0.6599
	0.0712
	NS
	1.4882
	0.1609
	NS

	2: AKIBA
	0.6099
	0.0660
	NS
	1.3445
	0.1453
	NS

	3: ARCHER
	0.6713
	0.1274
	NS
	1.4932
	0.2835
	NS

	4: AXELSS
	1.3245
	0.2214
	NS
	2.9770
	0.4976
	NS

	5: BENSHL
	0.7133
	0.1169
	NS
	1.6337
	0.2688
	NS

	6: BEST
	0.5678
	0.0824
	0.000
	1.3483
	0.1948
	0.0001

	7: BOUCOT
	0.8332
	0.2140
	NS
	1.7439
	0.4482
	NS

	8: BRETT
	0.6637
	0.1146
	NS
	1.4946
	0.2575
	NS

	9: BROSS
	0.6090
	0.0735
	NS
	1.3514
	0.1634
	NS

	10: BUFFLE
	0.9349
	0.1040
	NS
	2.0810
	0.2313
	NS

	11: CEDERL
	0.8191
	0.0726
	NS
	1.8388
	0.1634
	NS

	12: CEDERL
	0.7697
	0.0693
	NS
	1.6833
	0.1520
	NS

	13: CHANG
	0.6772
	0.1522
	NS
	1.5044
	0.3402
	NS

	14: CHANG
	0.6255
	0.1165
	NS
	1.3937
	0.2595
	NS

	15: CHOW
	1.0002
	0.1050
	NS
	2.2134
	0.2311
	NS

	16: COMSTO
	0.8497
	0.1552
	NS
	1.8491
	0.3399
	NS

	17: COMSTO
	0.8857
	0.1172
	NS
	1.9560
	0.2601
	NS

	18: CORREA
	0.9945
	0.0483
	NS
	2.2052
	0.1069
	NS

	19: CPSI
	0.8314
	0.0348
	0.0002
	1.8278
	0.0773
	0.0000

	20: CPSII
	0.8262
	0.0331
	0.0000
	1.8467
	0.0739
	0.0000

	21: CPSII
	0.8972
	0.0304
	0.0153
	1.9874
	0.0677
	0.0006

	22: DARBY
	0.8198
	0.1213
	0.0000
	1.9085
	0.2770
	0.0000

	23: DARBY
	1.0879
	0.0841
	NS
	2.4434
	0.1879
	NS

	24: DEAN3
	0.8271
	0.0724
	0.0009
	1.8968
	0.1639
	0.0042

	25: DEAN3
	0.8617
	0.0801
	(0.0569)
	1.9152
	0.1789
	0.0368

	26: DEKLER
	0.5704
	0.1839
	NS
	1.3114
	0.4155
	NS

	27: DOLL2
	1.0464
	0.0644
	(0.0824)
	2.3531
	0.1443
	NS

	28: DOLL2
	1.1001
	0.1698
	NS
	2.4424
	0.3745
	0.0091

	29: DORANT
	1.1082
	0.0867
	0.0322
	2.5183
	0.1972
	0.0270

	30: DORGAN
	0.9728
	0.0937
	NS
	2.1814
	0.2101
	NS

	31: DORGAN
	1.4168
	0.1835
	NS
	3.1557
	0.4086
	NS

	32: DORGAN
	0.9636
	0.0595
	NS
	2.1418
	0.1325
	NS

	33: DORGAN
	1.0359
	0.1844
	NS
	2.2976
	0.4094
	NS

	34: DORN
	0.9024
	0.0171
	0.0001
	2.0099
	0.0381
	0.0000

	35: ENGELA
	1.0083
	0.1270
	NS
	2.3043
	0.2995
	NS

	36: ENGELA
	1.0897
	0.1561
	0.0206
	2.5654
	0.3553
	NS

	37: ENSTRO
	0.8261
	0.0312
	0.0000
	1.7910
	0.0684
	0.0000

	38: ENSTRO
	0.8229
	0.0252
	0.0000
	1.8368
	0.0564
	0.0000

	39: GAO2
	0.7037
	0.1042
	NS
	1.5526
	0.2304
	NS

	40: GILLIS
	0.5811
	0.0729
	NS
	1.2704
	0.1614
	NS

	41: HAENSZ
	0.3382
	0.0805
	NS
	0.7563
	0.1796
	NS

	42: HAMMO2
	0.5198
	0.1167
	0.0112
	1.1870
	0.2641
	0.0138

	43: HAMMON
	0.8032
	0.0748
	0.0038
	1.8185
	0.1677
	0.0116

	44: HIRAYA
	0.5974
	0.0337
	NS
	1.3374
	0.0756
	NS

	45: HIRAYA
	0.4424
	0.0501
	NS
	0.9729
	0.1100
	NS

	46: HITOSU
	0.4573
	0.1182
	NS
	1.0324
	0.2654
	NS

	47: HITOSU
	0.4988
	0.1223
	NS
	1.0992
	0.2686
	NS

	48: HOLE
	0.6142
	0.1082
	NS
	1.3410
	0.2413
	NS

	49: HUMBLE
	1.0435
	0.1431
	NS
	2.3386
	0.3207
	NS

	50: HUMBLE
	1.0378
	0.2633
	NS
	2.3306
	0.5907
	NS

	51: HUMBLE
	0.8922
	0.1393
	NS
	1.9997
	0.3114
	NS

	52: HUMBLE
	1.2268
	0.2487
	NS
	2.7318
	0.5532
	NS

	53: KAISE2
	0.7599
	0.1018
	NS
	1.6991
	0.2278
	NS

	54: KAISE2
	1.0098
	0.1107
	NS
	2.2592
	0.2478
	NS

	55: KAISER
	0.7685
	0.0477
	0.0247
	1.6130
	0.1010
	0.0033

	56: KAISER
	0.6882
	0.0570
	NS
	1.4932
	0.1238
	NS

	57: KANELL
	0.8982
	0.0647
	0.0000
	1.9758
	0.1442
	0.0000

	58: KATSOU
	0.4517
	0.1260
	NS
	1.0089
	0.2809
	NS

	59: KAUFMA
	1.0712
	0.0583
	NS
	2.3560
	0.1278
	NS

	60: KINLEN
	0.6021
	0.0616
	0.0017
	1.3838
	0.1399
	0.0055

	61: KNEKT
	0.8644
	0.1264
	NS
	1.9618
	0.2876
	NS

	62: KOO
	0.4309
	0.1424
	NS
	0.9299
	0.3133
	NS

	63: LIAW
	0.5538
	0.0918
	NS
	1.2384
	0.2045
	NS

	64: LIDDEL
	0.5136
	0.0742
	NS
	1.1535
	0.1666
	NS

	65: MACLEN
	0.4973
	0.1511
	NS
	1.0875
	0.3355
	NS

	66: MACLEN
	0.4301
	0.1161
	NS
	0.9350
	0.2577
	NS

	67: MATOS
	0.8315
	0.1122
	NS
	1.8390
	0.2485
	NS

	68: MIGRAN
	0.4590
	0.1448
	NS
	1.0568
	0.3286
	NS

	69: MIGRAN
	0.7246
	0.2207
	NS
	1.6547
	0.4987
	NS

	70: MRFITR
	0.6382
	0.2225
	0.0338
	1.1984
	0.4461
	0.0152

	71: NAM
	0.6883
	0.0711
	NS
	1.5157
	0.1569
	NS

	72: NAM
	0.8481
	0.0690
	NS
	1.8809
	0.1532
	NS

	73: PARKIN
	0.6129
	0.0554
	NS
	1.3556
	0.1222
	NS

	74: PERSH2
	0.8420
	0.0381
	0.0004
	1.9065
	0.0854
	0.0446

	75: PETO
	0.6262
	0.1606
	NS
	1.4651
	0.3737
	NS

	76: PEZZO2
	1.3641
	0.1251
	0.0051
	2.9784
	0.2710
	0.0118

	77: PEZZOT
	1.5483
	0.1569
	0.0005
	3.4045
	0.3415
	0.0014

	78: PRESCO
	0.8289
	0.1002
	(0.0759)
	1.9305
	0.2318
	NS

	79: PRESCO
	0.7383
	0.0942
	NS
	1.6725
	0.2122
	NS

	80: SEGI2
	0.5679
	0.0991
	NS
	1.2849
	0.2208
	NS

	81: SEGI2
	0.1503
	0.1297
	NS
	0.3513
	0.2865
	NS

	82: SHAW
	1.1326
	0.1121
	NS
	2.5298
	0.2509
	NS

	83: SOBUE
	0.4048
	0.0594
	NS
	0.8893
	0.1309
	NS

	84: SPEIZE
	0.8772
	0.0390
	NS
	1.9509
	0.0870
	NS

	85: STOCKW
	0.8822
	0.0096
	NS
	1.9383
	0.0210
	NS

	86: SVENSS
	0.9255
	0.1158
	NS
	2.0479
	0.2573
	NS

	87: TENKAN
	0.6211
	0.1092
	0.0001
	1.4407
	0.2484
	0.0003

	88: TSUGAN
	0.1104
	0.1169
	NS
	0.2461
	0.2574
	NS

	89: TULINI
	1.0019
	0.0901
	NS
	2.2394
	0.2008
	NS

	90: TULINI
	1.2489
	0.0862
	(0.0728)
	2.8447
	0.1983
	0.0098

	91: TVERDA
	0.6063
	0.0773
	NS
	1.3657
	0.1746
	NS

	92: TVERDA
	0.9309
	0.1838
	NS
	2.1244
	0.4198
	NS

	93: WAKAI
	0.6776
	0.1099
	(0.0831)
	1.5073
	0.2430
	NS

	94: WU
	0.5916
	0.1017
	NS
	1.3183
	0.2263
	NS

	95: WYNDE6
	0.9181
	0.0373
	NS
	2.0237
	0.0820
	NS

	96: WYNDE6
	0.9796
	0.0371
	0.0102
	2.1767
	0.0825
	0.0060

	97: YAMAGU
	0.6608
	0.1223
	NS
	1.4756
	0.2723
	NS


ac = cigarettes/d; bNot significant (NS) indicates P ≥ 0.1. P values in the range 0.05 ≤ P < 0.1 are shown in brackets.

Table 6 Amount smoked by current smokers - inverse-variance weighted simple regression analyses of β based on best-fitting log + baseline model
	Factor

	Level
	n
	β (95% CI)
	Pa
	RR for 20 cigs/d

	
	
	
	
	
	

	All
	
	97
	0.83 (0.80-0.86)
	
	10.71

	
	
	
	
	
	

	Sex
	Male
	55
	0.79 (0.75-0.84)
	< 0.05
	9.50

	
	Female
	34
	0.82 (0.75-0.88)
	
	10.21

	
	Combined
	8
	0.89 (0.84-0.94)
	
	12.50

	
	
	
	
	
	

	Study type
	Case-control
	49
	0.86 (0.82-0.90)
	< 0.1
	11.48

	
	Prospective
	48
	0.80 (0.76-0.85)
	
	9.85

	
	
	
	
	
	

	Continent
	North America
	43
	0.87 (0.84-0.89)
	< 0.001
	11.48

	
	Europe
	32
	0.83 (0.76-0.90)
	
	10.65

	
	Asia
	17
	0.53 (0.45-0.61)
	
	4.53

	
	Other
	5
	0.80 (0.61-0.99)
	
	9.80

	
	
	
	
	
	

	Publication yearb
	< 1990
	40
	0.83 (0.79-0.88)
	< 0.1
	10.71

	
	1990-1994
	29
	0.77 (0.70-0.84)
	
	8.90

	
	1995-1999
	28
	0.87 (0.82-0.92)
	
	11.94

	
	
	
	
	
	

	Productc
	Any product
	20
	0.75 (0.64-0.85)
	NS
	8.36

	
	Cigarettes +/−
	61
	0.85 (0.81-0.88)
	
	11.09

	
	Cigarettes only
	16
	0.82 (0.74-0.90)
	
	10.19

	
	
	
	
	
	

	Unexposed
	Never cigarettes
	32
	0.83 (0.76-0.90)
	NS
	10.49

	
	Never any product
	65
	0.84 (0.80-0.87)
	
	10.76

	
	
	
	
	
	

	Grouped midpoint age
	< 50
	14
	0.79 (0.67-0.92)
	< 0.1
	9.57

	
	50-59
	62
	0.85 (0.82-0.89)
	
	11.35

	
	60+
	21
	0.79 (0.71-0.84)
	
	9.13

	
	
	
	
	
	

	Cases in smokers
	< 100
	29
	0.67 (0.56-0.78)
	< 0.001
	6.72

	
	100 to < 200
	28
	0.73 (0.64-0.83)
	
	8.08

	
	200 to < 500
	16
	0.76 (0.65-0.87)
	
	8.72

	
	500 to <1000
	16
	0.80 (0.75-0.86)
	
	9.87

	
	1000+
	8
	0.89 (0.85-0.92)
	
	12.42


aProbability values for factor considered, presented as < 0.001, < 0.01, < 0.05, < 0.1 or Not significant (NS) (P ≥ 0.1); bOf principal publication for the study; cAny product = Smokes cigarettes and/or pipes and/or cigars; Cigarettes +/− = Smokes cigarettes with or without other products (pipes, cigars).
Table 7 Duration of smoking by current smokers (yr) - dose-response data
	Block:  Study
	Duration of smoking groupings
	Mean values
	Relative risksa

	
	
	
	

	1: AMANDU
	0-24, 25+
	12.66, 41.28
	5.92, 7.02 M

	2: BEST
	1-4, 5-9, 10-14, 15-19, 20-29, 30-39, 40+
	2.64, 7.02, 12.03, 16.89, 24.03, 33.93, 51.12
	1.60, 2.60, 2.30, 3.20, 4.10, 13.90, 14.20

	3: BOUCOT
	1-39, 40+
	32.05, 51.14
	42.40, 89.94 M

	4: BUFFLE
	1-30, 31-40, 41+
	19.34, 35.56, 48.49
	14.00, 14.70, 18.15 M

	5: CEDERL
	1-29, 30+
	23.94, 41.09
	1.80, 7.40 M

	6: CEDERL
	1-29, 30+
	22.26, 39.47
	1.60, 9.60 M

	7: CPSI
	1-29, 30+
	23.70, 32.03
	3.83, 6.56 M

	8: CPSI
	1-29, 30-34, 35-39, 40+
	24.92, 31.91, 36.52, 43.07
	5.58, 13.40, 16.93, 29.61 M

	9: CPSI
	1-29, 30-34, 35-39, 40-44, 45-49, 50+
	23.57, 32.25, 37.75, 42.03, 46.80, 51.81
	3.11, 6.57, 10.35, 15.21, 21.46, 33.11 M

	10: CPSI
	1-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55-59, 60+
	10.67, 30.00, 39.00, 42.21, 47.57, 52.05, 56.73, 62.87
	5.46, 6.26, 5.86, 8.22, 12.48, 15.28, 18.86, 28.60

	11: CPSI
	1-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55-59, 60+
	20.00, 32.00, 37.00, 41.00, 46.25, 51.86, 57.00, 65.03
	2.17, 2.27, 12.66, 3.47, 6.22, 6.31, 12.87, 13.23

	12: CPSI
	1-29, 30+
	21.86, 31.37
	6.16, 13.80 M

	13: CPSI
	1-29, 30-34, 35-39, 40+
	23.29, 31.61, 36.72, 43.09
	2.90, 6.91, 8.49, 19.48 M

	14: CPSI
	1-29, 30-34, 35-39, 40-44, 45-49, 50+
	21.03, 31.92, 37.45, 42.21, 46.65, 52.80
	1.51, 3.71, 4.73, 5.72, 7.78, 14.48 M

	15: CPSI
	1-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55+
	21.69, 31.38, 37.19, 41.80, 47.14, 51.76, 57.56
	2.30, 3.38, 3.67, 5.81, 7.01, 6.20, 3.32

	16: CPSI
	1-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55+
	18.00, 30.00, 38.00, 41.75, 46.71, 52.25, 61.54
	0.38, 3.11, 2.72, 3.22, 1.15, 1.85, 3.20

	17: CPSII
	1-29, 30+
	19.15, 32.13
	3.69, 108.27 M

	18: CPSII
	1-29, 30-34, 35-39, 40+
	24.92, 31.91, 36.52, 43.07
	7.72, 19.47, 25.01, 36.98 M

	19: CPSII
	1-29, 30-34, 35-39, 40-44, 45-49, 50+
	23.57, 32.25, 37.75, 42.03, 46.80, 51.81
	15.51, 17.86, 27.31, 44.71, 50.92, 72.07 M

	20: CPSII
	1-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55-59, 60+
	10.67, 30.00, 39.00, 42.21, 47.57, 52.05, 56.73, 62.87
	9.97, 11.05, 20.45, 18.59, 24.33, 32.06, 40.43, 45.64

	21: CPSII
	1-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55-59, 60+
	20.00, 32.00, 37.00, 41.00, 46.25, 51.86, 57.00, 66.09
	7.54, 4.53, 4.37, 16.30, 16.01, 13.40, 18.09, 21.79

	22: CPSII
	1-19, 20+
	13.93, 24.23
	10.98, 8.38

	23: CPSII
	1-29, 30-34, 35+
	23.29, 31.61, 37.81
	8.96, 18.34, 23.32 M

	24: CPSII
	1-29, 30-34, 35-39, 40-44, 45-49, 50+
	21.03, 31.92, 37.45, 42.22, 46.65, 52.80
	6.50, 13.04, 17.07, 20.56, 23.94, 28.45 M

	25: CPSII
	1-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55+
	21.69, 31.38, 37.19, 41.80, 47.14, 51.76, 57.56
	6.64, 5.57, 10.19, 12.96, 15.79, 18.75, 19.34

	26: CPSII
	1-29, 30-34, 35-39, 40-44, 45-49, 50-54, 55-59, 60+
	18.00, 30.00, 38.00, 42.20, 46.71, 52.23, 57.10, 65.06
	3.36, 7.92, 6.31, 8.14, 11.68, 9.45, 9.18, 19.88

	27: DEAN2
	1-19, 20+
	15.09, 38.28
	3.21, 3.84 M

	28: DEAN2
	1-19, 20+
	13.93, 35.85
	0.98, 5.88

	29: HUMBLE
	1-29, 30-39, 40-49, 50+
	17.18, 34.07, 44.43, 56.60
	15.45, 17.54, 19.61, 17.27

	30: KAISE2
	1-39, 40+
	23.76, 51.12
	4.86, 15.64 M

	31: KAISE2
	1-39, 40+
	22.73, 48.96
	9.09, 30.41 M

	32: KATSOU
	1-29, 30+
	14.58, 42.43
	1.29, 7.43 M

	33: LIAW
	1-20, 21-30, 31+
	14.32, 26.18, 44.79
	0.90, 2.60, 4.70

	34: MATOS
	1-24, 25-39, 40+
	12.75, 31.16, 50.57
	5.20, 7.40, 10.20 M

	35: PEZZO2
	1-35, 36+
	17.15, 48.89
	16.25, 26.77 M


aM indicates a strictly monotonic rise in RR with increasing duration of smoking.
Table 8 Comparing the suitability of different models relating log RR to duration of smoking by current smokers, expressed as d = years smoked/10
	Model
	Parameter valuea
	Fitted coefficient(s) (standard errors)
	Deviance
	DF
	Deviance explained (%)

	
	
	
	
	
	

	Null
	-
	-
	6161.11
	35
	

	
	
	
	
	
	

	Linear:  log RR = β1d
	-
	β1 = 0.5134 (0.0069)
	672.01
	34
	89.09

	
	
	
	
	
	

	Quadratic:  log RR = β1d + β2d2
	-
	β1 = 0.6718 (0.0237), β2 = -0.0300 (0.0043)
	623.20
	33
	89.88

	
	
	
	
	
	

	Cubic:  log RR = β1d + β2d2 + β3d3
	-
	β1 = 0.6788 (0.0607), β2 = -0.0330 (0.0243), β3 = 0.0003 (0.0025)
	623.19
	32
	89.89

	
	
	
	
	
	

	Power:  log RR = β1dY
	Y = 0.50
	β1 = 1.1576 (0.0156)
	682.56
	34
	

	
	Y = 0.72
	β1 = 0.8180 (0.0110)
	619.30
	34
	

	
	Y = 0.73
	β1 = 0.8049 (0.0108)
	618.93
	34
	

	
	Y = 0.74
	β1 = 0.7919 (0.0106)
	618.75
	34
	89.96

	
	Y = 0.75
	β1 = 0.7791 (0.0105)
	618.76
	34
	

	
	Y = 0.76
	β1 = 0.7665 (0.0103)
	618.95
	34
	

	
	Y = 1.00
	β1 = 0.5134 (0.0069)
	672.01
	34
	

	
	Y = 2.00
	β1 = 0.0863 (0.0013)
	1426.44
	34
	

	
	
	
	
	
	

	Log:  log RR = β1log d
	-
	β1 = 1.5870 (0.0215)
	708.96
	35
	88.49

	
	
	
	
	
	

	Exponential:  log RR = β1exp d
	
	β1 = 0.0045 (0.0001)
	4222.01
	35
	31.47

	
	
	
	
	
	

	Log-with-baseline:  log RR = β1log(1+Wd)
	W = 0.10
	β1 = 6.4054 (0.0861)
	629.58
	34
	

	
	W = 0.15
	β1 = 4.6503 (0.0625)
	623.99
	34
	

	
	W = 0.18
	β1 = 4.0572 (0.0545)
	622.82
	34
	

	
	W = 0.19
	β1 = 3.9001 (0.0524)
	622.69
	34
	

	
	W = 0.20
	β1 = 3.7581 (0.0505)
	622.67
	34
	89.89

	
	W = 0.21
	β1 = 3.6293 (0.0488)
	622.74
	34
	

	
	W = 0.22
	β1 = 3.5117 (0.0472)
	622.89
	34
	


aNote that we only sought the best-fitting value of W and Y to two decimal places.

Table 9 Duration of smoking by current smokers - observed and fitted lung cancers for the linear, best power and best log-with-baseline model, with β1 fitted separately for each block
	Midpoint years smoked
	
	Linear model
	Best power model
	Best log-with-baseline model

	
	Observeda
	Fittedb
	Fittedb
	Fittedb

	
	
	
	
	

	< 15
	109.36
	89.10
	93.61
	91.19

	15 to < 30
	605.64
	584.79
	666.12
	645.42

	30 to < 45
	3968.47
	3917.11
	4000.71
	4012.22

	45+
	3493.56
	3573.95
	3499.85
	3499.95

	Never smoked
	2533.97
	2546.03
	2450.69
	2462.20

	
	
	
	
	

	Total
	10710.98
	10710.98
	10710.98
	10710.98

	
	
	
	
	

	Fit statisticc
	
	28.14
	25.70
	24.53


aObserved pseudo-number of lung cancer cases, summed over blocks; bFitted pseudo-number of lung cancer cases, summed over blocks. For each study, the fitted number of cases for each block is calculated from the numbers at risk and the fitted relative risks by years smoked, derived from the fitted value of β1; cBased on summation of (observed-fitted)2/fitted, the summation also including terms for the observed and fitted total numbers of controls (not shown). The statistic can be considered to be approximately chisquared distributed on 6 d.f., and is significant at P < 0.001 for all three models.
Table 10 Duration of smoking by current smokers - fitted values for of β and SE, and P values for goodness-of-fit tests for the best-fitting power model and log-with-baseline model
	
	Log-with-baseline modela
	Power modela

	
	log RR = β1 (1+(0.2 yr/10))
	log RR = β1 (yr/10)0.74

	Block:  Study
	β1
	SE β1
	P (fit)b
	β1
	SE β1
	P (fit)b

	
	
	
	
	
	
	

	1: AMANDU
	1.5114
	0.5504
	0.0030
	0.3454
	0.1210
	0.0046

	2: BEST
	3.7163
	0.4210
	(0.0548)
	0.7995
	0.0908
	0.0469

	3: BOUCOT
	6.7731
	1.6574
	NS
	1.4235
	0.3482
	NS

	4: BUFFLE
	4.5141
	0.4888
	0.0466
	0.9570
	0.1029
	(0.0780)

	5: CEDERL
	3.4044
	0.7166
	NS
	0.7147
	0.1512
	NS

	6: CEDERL
	3.3566
	0.7692
	NS
	0.6990
	0.1609
	NS

	7: CPSI
	3.6386
	1.4531
	NS
	0.7530
	0.3009
	NS

	8: CPSI
	5.7248
	0.4753
	(0.0947)
	1.2122
	0.1011
	(0.0518)

	9: CPSI
	4.8058
	0.2032
	0.0003
	1.0130
	0.0429
	0.0002

	10: CPSI
	3.7681
	0.1557
	0.0002
	0.7976
	0.0328
	0.0010

	11: CPSI
	3.1437
	0.1768
	0.0079
	0.6566
	0.0369
	0.0073

	12: CPSI
	5.1328
	1.5211
	NS
	1.0518
	0.3119
	NS

	13: CPSI
	3.9960
	0.3377
	0.0308
	0.8342
	0.0708
	0.0165

	14: CPSI
	2.8575
	0.1844
	(0.0637)
	0.5999
	0.0388
	0.0383

	15: CPSI
	2.6384
	0.1872
	0.0000
	0.5544
	0.0394
	0.0000

	16: CPSI
	1.5443
	0.3346
	NS
	0.3238
	0.0702
	NS

	17: CPSII
	9.5482
	2.4662
	0.0149
	1.9485
	0.5160
	0.0076

	18: CPSII
	6.1160
	0.5675
	NS
	1.2874
	0.1199
	NS

	19: CPSII
	5.9905
	0.3222
	(0.0749)
	1.2722
	0.0684
	(0.0921)

	20: CPSII
	4.5913
	0.1996
	0.0058
	0.9714
	0.0421
	0.0210

	21: CPSII
	3.6604
	0.2069
	NS
	0.7645
	0.0432
	NS

	22: CPSII
	5.1073
	3.0925
	NS
	1.1011
	0.6362
	NS

	23: CPSII
	5.8103
	0.4709
	NS
	1.2180
	0.0988
	NS

	24: CPSII
	4.9498
	0.2256
	NS
	1.0461
	0.0476
	NS

	25: CPSII
	4.1028
	0.1646
	NS
	0.8656
	0.0347
	NS

	26: CPSII
	3.3310
	0.1915
	NS
	0.6993
	0.0402
	NS

	27: DEAN2
	2.1038
	0.3399
	NS
	0.4515
	0.0723
	NS

	28: DEAN2
	2.9155
	0.6412
	NS
	0.5984
	0.1334
	NS

	29: HUMBLE
	4.2780
	0.2807
	0.0091
	0.9005
	0.0590
	0.0148

	30: KAISE2
	3.8758
	0.4357
	NS
	0.8202
	0.0922
	NS

	31: KAISE2
	4.7883
	0.5320
	NS
	1.0198
	0.1130
	NS

	32: KATSOU
	2.9305
	0.7339
	NS
	0.6031
	0.1527
	NS

	33: LIAW
	2.4277
	0.4372
	NS
	0.5093
	0.0921
	NS

	34: MATOS
	3.4356
	0.5336
	NS
	0.7276
	0.1124
	NS

	35: PEZZO2
	3.3022
	0.5283
	0.0002
	0.7260
	0.1137
	0.0005


aYears smoked; bNot significant (NS) indicates P ≥ 0.1. P values in the range 0.05 ≤ P < 0.1 are shown in brackets.

 Table 11 Duration of smoking by current smokers - inverse-variance weighted simple regression analyses of β based on best-fitting power model 
	Factor
	Level
	n
	β (95%CI)
	Pa
	RR for 30 years smoked

	
	
	
	
	
	

	All
	
	35
	0.79 (0.72-0.86)
	
	5.94

	
	
	
	
	
	

	Sex
	Male
	18
	0.84 (0.73-0.94)
	NS
	6.59

	
	Female
	15
	0.74 (0.64-0.85)
	
	5.35

	
	Combined
	2
	0.79 (0.45-1.12)
	
	5.89

	
	
	
	
	
	

	Study type
	Case-control
	7
	0.73 (0.50-0.97)
	NS
	5.24

	
	Prospective
	28
	0.80 (0.72-0.87)
	
	6.02

	
	
	
	
	
	

	Continent
	North America
	27
	0.81 (0.73-0.88)
	NS
	6.19

	
	Europe
	5
	0.55 (0.20-0.90)
	
	3.44

	
	Asia
	1
	0.51 (-0.11-1.13)
	
	3.15

	
	Other
	2
	0.73 (0.19-1.27)
	
	5.15

	
	
	
	
	
	

	Publication yearb
	< 1990
	8
	0.76 (0.52-0.99)
	NS
	5.50

	
	1990-94
	2
	0.44 (-0.20-1.09)
	
	2.73

	
	1995-99
	25
	0.80 (0.72-0.88)
	
	6.08

	
	
	
	
	
	

	Productc
	Any product
	4
	0.50 (0.18-0.83)
	NS
	3.12

	
	Cigarettes +/−
	10
	0.86 (0.73-0.98)
	
	6.89

	
	Cigarettes only
	21
	0.78 (0.70-0.87)
	
	5.85

	
	
	
	
	
	

	Unexposed
	Never cigarettes
	19
	0.77 (0.69-0.86)
	NS
	5.71

	
	Never any product
	16
	0.85 (0.71-0.99)
	
	6.75

	
	
	
	
	
	

	Grouped midpoint age
	< 50
	8
	1.06 (0.78-1.34)
	< 0.05
	11.00

	
	50-59
	13
	0.87 (0.75-0.99)
	
	7.04

	
	60+
	14
	0.73 (0.65-0.82)
	
	5.21

	
	
	
	
	
	

	Cases in smokers
	< 100
	14
	0.62 (0.39-0.84)
	NS
	4.01

	
	100 to < 200
	9
	0.73 (0.59-0.87)
	
	5.19

	
	200 to < 500
	6
	0.78 (0.67-0.89)
	
	5.18

	
	500 to < 1000
	5
	0.95 (0.80-1.10)
	
	8.58

	
	1000+
	1
	0.80 (0.59-1.01)
	
	6.04


aProbability values for factor considered, presented as < 0.001, < 0.01, < 0.05, < 0.1 or not significant (NS) (P ≥ 0.1); bOf principal publication for the study; cAny product = Smokes cigarettes and/or pipes and/or cigars; Cigarettes +/− = Smokes cigarettes with or without other products (pipes, cigars).

Table 12 Age of starting to smoke by current smokers (years) - dose-response data
	Block:  Study
	Age of starting to smoke groupings
	Mean values
	Relative risksa

	
	
	
	

	1: CEDERL
	< 17, 17-18, 19+
	13.83, 17.52, 22.45
	6.40, 9.80, 6.50

	2: CEDERL
	< 17, 17-18, 19+
	14.31, 17.56, 24.32
	0.61, 1.84, 1.99

	3: CPSI
	< 15, 15-19, 20-24, 25+
	11.98, 16.74, 21.29, 28.47
	15.00, 9.71, 7.14, 3.43 M

	4: CPSI
	< 15, 15-19, 20-24, 25+
	11.59, 16.56, 21.00, 30.90
	18.16, 16.32, 12.00, 5.21 M

	5: CPSI
	< 15, 15-19, 20-24, 25+
	11.19, 16.61, 21.07, 35.00
	14.03, 16.60, 8.66, 1.71

	6: CPSI
	< 15, 15-19, 20-24, 25+
	12.71, 16.88, 21.26, 31.51
	9.00, 5.00, 4.00, 1.50 M

	7: CPSI
	< 20, 20-24, 25+
	16.02, 20.95, 33.29
	2.59, 3.23, 2.62

	8: DEAN3
	< 15, 15-19, 20-24, 25+
	11.73, 16.67, 21.19, 29.95
	5.67, 7.01, 6.86, 6.80

	9: DEAN3
	< 15, 15-19, 20-24, 25+
	12.45, 16.95, 21.15, 32.19
	2.41, 2.90, 2.95, 3.70

	10: DORN
	< 15, 15-19, 20-24, 25+
	11.63, 16.43, 21.23, 30.88
	23.42, 16.25, 11.06, 5.18 M

	11: DORN
	< 15, 15-19, 20-24, 25+
	11.37, 16.81, 20.69, 32.63
	14.18, 11.31, 7.94, 4.95 M

	12: ENGELA
	< 20, 20-29, 30+
	15.08, 22.23, 35.10
	7.42, 3.60, 3.79

	13: ENGELA
	< 20, 20-29, 30+
	15.80, 22.63, 35,80
	11.29, 8.15, 2.73 M

	14: GAO2
	< 20, 20-29, 30+
	15.11, 22.17, 35.94
	8.62, 6.44, 2.15 M

	15: HIRAYA
	< 20, 20+
	14.90, 24.02
	5.71, 4.35 M

	16: HIRAYA
	< 20, 20+
	15.87, 27.40
	0.78, 2.46

	17: LIAW
	< 21, 21-24, 25+
	15.70, 21.94, 32.03
	4.60, 5.90, 1.50

	18: MATOS
	< 15, 15-19, 20+
	11.96, 16.64, 23.49
	11.30, 8.60, 5.30 M

	19: MIGRAN
	< 16, 16-19, 20+
	12.60, 17.19, 23.71
	10.03, 6.93, 7.79

	20: MIGRAN
	< 16, 16-19, 20+
	12.94, 17.31, 26.17
	7.17, 8.29, 7.98

	21: MRFITR
	< 16, 16-17, 18-19, 20-21, 22-23, 24+
	12.93, 16.45, 18.31, 20.40, 22.35, 27.74
	45.91, 67.17, 50.54, 27.09, 60.06, 23.91

	22: SEGI2
	< 20, 20-22, 23+
	15.28, 20.77, 26.60
	8.21, 5.56, 1.83 M

	23: SEGI2
	< 20, 20-22, 23+
	14.87, 20.90, 28.96
	8.70, 5.68, 3.56 M

	24: SEGI2
	< 20, 20-22, 23+
	14.37, 20.59, 30.87
	3.26, 1.70, 1.52 M

	25: SVENSS
	< 19, 19-25, 26+
	15.04, 21.31, 33.89
	7.82, 13.08, 5.61

	26: WAKAI
	< 20, 20-29, 30+
	14.91, 22.14, 37.23
	3.69, 4.62, 2.08

	27: WU
	< 19, 19-24, 25+
	15.06, 20.71, 31.44
	10.32, 3.57, 1.55 M


aM indicates a strictly monotonic decline in RR with increasing age of starting to smoke.
Table 13 Comparing the suitability of different models relating log RR to age of starting smoke by current smokers, expressed as d = (70-age at start)/10
	Model
	Parameter valuea
	Fitted coefficient(s) (standard errors)
	Deviance
	DF
	Deviance explained 

	
	
	
	
	
	

	Null
	-
	-
	2145.30
	27
	

	
	
	
	
	
	

	Linear:  log RR = β1d
	-
	β1 = 0.3681 (0.0085)
	276.67
	26
	87.10%

	
	
	
	
	
	

	Quadratic:  log RR = β1d + β2d2
	-
	β1 = 0.1987 (0.0349)

β2 = 0.0318 (0.0064)
	251.63
	25
	88.27%

	
	
	
	
	
	

	Cubic:  log RR = β1d + β2d2 + β3d3
	-
	β1 = -0.0415 (0.2143)

β2 = 0.1304 (0.0870)

β3 = -0.0100 (0.0088)
	250.34
	24
	88.33%

	
	
	
	
	
	

	Power:  log RR = β1dY
	Y = 0.75
	β1 = 0.5515 (0.0129)
	316.69
	26
	

	
	Y = 1.00
	β1 = 0.3681 (0.0085)
	276.67
	26
	

	
	Y = 1.42
	β1 = 0.1825 (0.0042)
	251.27
	26
	

	
	Y = 1.43
	β1 = 0.1794 (0.0041)
	251.24
	26
	

	
	Y = 1.44
	β1 = 0.1764 (0.0041)
	251.23
	26
	88.29%

	
	Y = 1.45
	β1 = 0.1734 (0.0040)
	251.25
	26
	

	
	Y = 1.46
	β1 = 0.1705 (0.0039)
	251.28
	26
	

	
	Y = 1.50
	β1 = 0.1592 (0.0037)
	251.67
	26
	

	
	Y = 2.00
	β1 = 0.0668 (0.0015)
	284.04
	26
	

	
	
	
	
	
	

	Log:  log RR = β1log d
	-
	β1 = 1.1460 (0.0270)
	340.23
	26
	84.14%

	
	
	
	
	
	

	Exponential:  log RR = β1expd
	-
	β1 = 0.0058 (0.0002)
	852.85
	26
	60.24%


aNote that we only sought the best-fitting value of Y to two decimal places.
Table 14 Age of starting to smoke by current smokers - observed and fitted lung cancers for the linear and best power model, with β1 fitted separately for each block 
	Age of starting (yr)
	
	Linear model
	Best power model

	
	Observeda
	Fittedb
	Fittedb

	
	
	
	

	< 16
	1304.92
	1294.48
	1387.73

	16 to < 20
	1964.76
	1906.55
	1921.20

	20 to < 24
	1227.48
	1266.99
	1216.48

	25+
	2173.90
	2219.26
	2122.14

	Never smoked
	894.41
	878.20
	917.92

	
	
	
	

	Total
	7565.47
	7565.47
	7565.47

	
	
	
	

	Fit statisticc
	
	4.77
	9.75


aObserved pseudo-number of lung cancer cases, summed over blocks; bFitted pseudo-number of lung cancer cases, summed over blocks. For each study, the fitted number of cases for each block is calculated from the numbers at risk and the fitted relative risks for age of starting to smoke, derived from the fitted value of β1; cBased on summation of (observed-fitted)2/fitted, the summation also including terms for the observed and fitted total numbers of controls (not shown). The statistic can be considered to be approximately chisquared distributed on 6 df and is not significant (P > 0.1) for both models.
Table 15 Age of starting to smoke by current smokers – fitted values of β and SE, and P values for goodness-of-fit tests for the linear model and for the best-fitting power model 
	
	Linear modela
	Power modela

	
	log RR = β1(70 - a)/10
	log RR = β1(70 - a)/101.44

	Block:  Study
	β1
	SE β1
	P (fit)b
	β1
	SE β1
	P (fit)b

	
	
	
	
	
	
	

	1: CEDERL
	0.0385
	0.0082
	NS
	0.1828
	0.0394
	NS

	2: CEDERL
	0.0140
	0.0089
	NS
	0.0699
	0.0445
	NS

	3: CPSI
	0.0461
	0.0041
	0.0490
	0.2167
	0.0188
	NS

	4: CPSI
	0.0524
	0.0029
	(0.0959)
	0.2399
	0.0135
	(0.0579)

	5: CPSI
	0.0512
	0.0047
	0.0195
	0.2408
	0.0223
	0.0307

	6: CPSI
	0.0301
	0.0036
	(0.0510)
	0.1480
	0.0175
	NS

	7: CPSI
	0.0237
	0.0046
	NS
	0.1168
	0.0238
	0.0828

	8: DEAN3
	0.0332
	0.0041
	NS
	0.1482
	0.0189
	0.0342

	9: DEAN3
	0.0209
	0.0039
	NS
	0.0960
	0.0187
	NS

	10: DORN
	0.0549
	0.0037
	(0.0874)
	0.2527
	0.0166
	NS

	11: DORN
	0.0455
	0.0027
	NS
	0.2086
	0.0125
	NS

	12: ENGELA
	0.0360
	0.0037
	0.0109
	0.1682
	0.0171
	0.0269

	13: ENGELA
	0.0442
	0.0045
	NS
	0.2186
	0.0221
	NS

	14: GAO2
	0.0394
	0.0066
	NS
	0.1909
	0.0318
	NS

	15: HIRAYA
	0.0317
	0.0022
	NS
	0.1497
	0.0104
	0.0288

	16: HIRAYA
	0.0207
	0.0029
	NS
	0.1086
	0.0152
	NS

	17: LIAW
	0.0296
	0.0050
	0.0396
	0.1448
	0.0242
	(0.0661)

	18: MATOS
	0.0411
	0.0063
	NS
	0.1933
	0.0296
	NS

	19: MIGRAN
	0.0373
	0.0087
	NS
	0.1612
	0.0385
	NS

	20: MIGRAN
	0.0400
	0.0108
	NS
	0.1859
	0.0519
	NS

	21: MRFITR
	0.0686
	0.0237
	NS
	0.2931
	0.1055
	NS

	22: SEGI2
	0.0468
	0.0140
	NS
	0.2325
	0.0639
	NS

	23: SEGI2
	0.0440
	0.0128
	NS
	0.1974
	0.0557
	NS

	24: SEGI2
	0.0192
	0.0109
	NS
	0.0945
	0.0500
	NS

	25: SVENSS
	0.0432
	0.0051
	NS
	0.2064
	0.0246
	NS

	26: WAKAI
	0.0275
	0.0068
	NS
	0.1244
	0.0318
	NS

	27: WU
	0.0348
	0.0063
	NS
	0.1741
	0.0305
	NS


aa = Age of starting to smoke; bNot significant (NS) indicates P ≥ 0.1. P values in the range 0.05 ≤ P <  0.1 are shown in brackets.

Table 16 Age of starting to smoke by current smokers - inverse-variance weighted simple regression analyses of β based on best-fitting power model 
	Factor
	Level
	n
	β (95%CI)
	P a
	RR for 15 years start

	
	
	
	
	
	

	All
	
	27
	0.18 (0.16-0.20)
	
	7.80

	
	
	
	
	
	

	Sex
	Male
	17
	0.19 (0.17-0.21)
	< 0.05
	9.49

	
	Female
	9
	0.14 (0.11-0.17)
	
	5.14

	
	Combined
	1
	0.14 (0.04-0.25)
	
	5.40

	
	
	
	
	
	

	Study type
	Case-control
	10
	0.15 (0.11-0.20)
	NS
	5.94

	
	Prospective
	17
	0.18 (0.16-0.20)
	
	8.37

	
	
	
	
	
	

	Continent
	North America
	9
	0.21 (0.19-0.23)
	< 0.01
	11.49

	
	Europe
	9
	0.16 (0.13-0.19)
	
	6.38

	
	Asia
	8
	0.14 (0.11-0.17)
	
	5.17

	
	Other
	1
	0.19 (0.08-0.31)
	
	9.50

	
	
	
	
	
	

	Publication yearb
	< 1990
	11
	0.15 (0.11-0.19)
	< 0.01
	5.59

	
	1990-94
	4
	0.14 (0.11-0.17)
	
	5.17

	
	1995-99
	12
	0.20 (0.18-0.22)
	
	10.37

	
	
	
	
	
	

	Productc
	Any product
	3
	0.17 (0.11-0.24)
	< 0.05
	7.65

	
	Cigarettes +/−
	16
	0.19 (0.17-0.21)
	
	9.09

	
	Cigarettes only
	8
	0.13 (0.09-0.17)
	
	4.69

	
	
	
	
	
	

	Unexposed
	Never cigarettes
	4
	0.19 (0.13-0.25)
	NS
	9.05

	
	Never any product
	23
	0.17 (0.15-0.20)
	
	7.66

	
	
	
	
	
	

	Grouped midpoint age
	< 50
	7
	0.18 (0.13-0.23)
	NS
	7.73

	
	50-59
	9
	0.21 (0.17-0.25)
	
	10.98

	
	60+
	11
	0.17 (0.14-0.19)
	
	6.88

	
	
	
	
	
	

	Cases in smokers
	< 100
	12
	0.14 (0.11-0.17)
	< 0.001
	5.09

	
	100 to < 200
	7
	0.20 (0.16-0.24)
	
	9.88

	
	200 to < 500
	4
	0.17 (0.23-0.20)
	
	7.02

	
	500 to < 1000
	3
	0.23 (0.20-0.26)
	
	14.57

	
	1000+
	1
	0.15 (0.11-0.19)
	
	5.71


aProbability values for factor considered, presented as < 0.001, < 0.01, < 0.05, < 0.1 or not significant (NS) (P ≥ 0.1); bOf principal publication for the study; cAny product = Smokes cigarettes and/or pipes and/or cigars; Cigarettes +/− = Smokes cigarettes with or without other products (pipes, cigars).
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