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A Critical Review of the Relationship between Occupational Exposure to Diesel

Emissions and Lung Cancer Risk

Abstract

In 2012, a working group of the International Agency for Research on Cancer classified diesel

exhaust (DE) as a human carcinogen (Group 1). This decision was primarily based on the

findings of the Diesel Exhaust in Miners Study (DEMS). The disparity between the results of

various methodological approaches applied to the DEMS led to several critical commentaries.

An expert panel was subsequently set up by the Health Effects Institute to evaluate the DEMS

results, together with a large study in the trucking industry. The panel concluded that both

studies provided a useful basis for quantitative risk assessments (QRA) of DE exposure.

However, the results of both studies were non-definitive as the studies suffer from several

methodological shortcomings. We conducted a critical review of the studies used by the

IARC working group to evaluate the relationship between DE and lung cancer. The aim was

to assess whether the available studies support the statement of a causal relationship and,

secondarily if they could be used for QRA. Our review highlighted several methodological

flaws in the studies, amongst them overadjustment bias, selection bias and confounding bias.

The conclusion from our review is that the currently published studies provide little evidence

for a definite causal link between DE exposure and lung cancer risk. Based on two studies in

miners, the DEMS and the German Potash Miners study, QRA may be conducted. However,

the DEMS data should be reanalyzed in advance to avoid bias that affects the presently

published risk estimates.
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Ratio; JEM =Job Exposure Matrix; MRR =Mortality Rate Ratio; OR =Odds Ratio; QRA =

Quantitative Risk Assessment; RDD =Random Digit Dialing; REC =Respirable Elemental

Carbon; RR =Relative Risk; SD =Standard Deviation; SER =Standardized Employment

Ratio; SES = Socio-Economic Status; SHR =Standardized Hospital treatment Ratio; SIR =

Standardized Incidence Ratio; SMR =Standardized Mortality Ratio; TC —Total Carbon;

TSFE —Time Since First Exposure; TSH =Time Since Hire

2



Table of Contents

Abstract ...................................................................................................................................... 1

Table of Contents .......................................................................................................................3

Introduction ................................................................................................................................5

Methods......................................................................................................................................6

Study selection .......................................................................................................................6
Criteria for the methodological evaluation .............................................................................7

Statistical ►nethods ..................................................................................................................8

Results ........................................................................................................................................9
Diesel Exhaust in Miners Study (DEMS) ..............................................................................9

Description of the study and authors' main results ............................................................9
Comments on the study .................................................................................................... 11

German Potash Miners Cohort Study ................................................................................... 18
Description of the study and authors' main results .......................................................... 18

Comments on the study .................................................................................................... 19
Cohort Study in Canadian retired Railway Workers ............................................................ 21

Description of the study and authors' main results ..........................................................21

Comments on the study ....................................................................................................22

Cohort Study among Finnish Loco►notive Drivers ..............................................................23
Description of the study and authors' main results ..........................................................23

Comments on the study ....................................................................................................23

Cohort study among U.S. Railroad Workers ........................................................................24
Description of the study and authors' main results ..........................................................24

Comments on the study ....................................................................................................26
Study on the U.S. Teamsters Union Cohort ......................................................................... 31

Description of the study and authors' main results .......................................................... 31

Comments on the study ....................................................................................................33

Study in the unionized U.S. Trucking Industry ....................................................................35
Description of the study and authors' main results ..........................................................35
Comments on the study ....................................................................................................36

Study among Bus Garage Workers in Stockholm ................................................................41
Description of the study and authors' main results ..........................................................41

Comments on the study ....................................................................................................42
Professional Drivers Cohort from London ...........................................................................43

Description of the study and authors' main results ..........................................................43

Comments on the study ....................................................................................................43
Professional Drivers Cohort from Geneva ...........................................................................44

Description ofi the study and authors' main results ..........................................................44

Comments on the study ....................................................................................................45
Professional Drivers Cohort from Reykjavik, Iceland .........................................................45

Description of the study and authors' main results ..........................................................45
Comments on the study ....................................................................................................46

DE-Exposed Workers in Finland .........................................................................................47
Description of the study and authors' main results ..........................................................47
Comments on the study ....................................................................................................48

3



Cohort ~f Bus Drivers and Tramway Employees in Copenhagen .......................................49
Description of the study and authors' main results ..........................................................49
Comments on the study ....................................................................................................50

Cohort Study Among Urban Bus Drivers in Three Danish Cities .......................................50
Description of the study and authors' main results ..........................................................50
Comments on the study .................................................................................................... 51

Study on Danish Truck Drivers ............................................................................................52
Description of the study and authors' main results ..........................................................52
Comments on the study ....................................................................................................52

Cohort Study among Swedish Dock Workers ......................................................................53
Description of the study and authors' main results ..........................................................53
Comments on the study ....................................................................................................55

Y try .........................Cohort Stud in the Swedish Construction Indus ...................................57
Description of the study and authors' main results ..........................................................57
Comments on the study ....................................................................................................58

Cohort Study in the U.S. Construction Industry ..................................................................59
Description of the study and authors' main results ..........................................................59
Comments on the study ....................................................................................................60

Excluded Cohort Studies ......................................................................................................61
Hospital-based Case-Control Studies ...................................................................................62
Overview of the studies ....................................................................................................62
Comments on the studies ..................................................................................................63

Population-based Case-Control Studies ...............................................................................64
Overview ofthe studies ....................................................................................................64
Population-based Case-Control Study in Stockholm, Sweden ........................................66
Selection Bias in population-based Case-Control Studies ...............................................68

Discussion ................................................................................................................................ 75
Exposure Estimation ............................................................................................................ 75
Residual Confounding by Smoking ..................................................................................... 77

Cohort studies ................................................................................................................... 78
Case-control studies ......................................................................................................... 79

Selection Bias in Case-Control Studies ................................................................................ 79

Overadjustment bias ............................................................................................................. 80
Adjustment for a supposed healthy-worker effect ........................................................... 80
Adjustment for work location in the DEMS .................................................................... 82

Model choice ........................................................................................................................ 82
Synopsis of the Results ........................................................................................................ 83

Conclusions and Recommendations for further Research .......................................................85
Conclusions with respect to causality ..................................................................................85
Conclusions with respect to risk assessment ........................................................................86
Recommendations for further research ................................................................................86
Recommendation for a threshold value ................................................................................87

Acknowledgements.................................................................................................................. 87

Declaration of Interest ..............................................................................................................88

References................................................................................................................................ 89

4



Introduction

In 2012, a working group of the International Agency for Research on Cancer (IARC)

upgraded the classification of diesel exhaust (DE) to a Group 1 human carcinogen

(Benbrahim-Tallaa et al., 2012; IARC, 2014). This decision was mainly based on the findings

of the Diesel Exhaust in Miners Study (DEMS). DEMS is the largest epidemiological study

on the association between occupational exposure to DE and lung cancer risk based on

quantitative exposure assessment. It found a positive association between diesel exhaust and

lung cancer mortality. However, the DEMS primary study results (Attfield et al., 2012;

Silverman et al., 2012) are contentious and subject to considerable debate. In particular, the

methods involved in the assessment of exposure have been discussed at length. Moreover, the

reanalysis of the German Potash Miner cohort study, published shortly after the IARC-

decision, could not confirm the DEMS findings (Mohner, Kersten, and Gellissen, 2013).

Central to any critical review of occupational health studies, is consideration of the study's

methodological strengths and weaknesses. A first critical issue is the exposure assessment.

For the two studies on non-metal miners, quantitative exposure estimates derived from

measurements of respirable elemental carbon (REC) are available. These studies are

especially important because of the much higher exposure intensity at underground

workplaces in comparison to surface workplaces. In almost all other studies, exposure was

assigned based on job title, self-report, or information from next-of-kin. However, DE-

exposure is influenced by various factors such as weather conditions, type of vehicle/machine

and engine, fuel additives, traffic density, and ventilation. The weaknesses of the exposure

assessment in the various DE studies assessing lung cancer risk have already been discussed

in depth (Crump, 2006; Hesterberg et al., 2006; Gamble, 2010; Boffetta, 2012a; Crump and

Van Landingham, 2012; Gamble, Nicolich, and Boffetta, 2012; Crump et al., 2015; HEI,

2015; Crump, Van Landingham, and McClellan, 2016).
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Apart from the assessment of exposure, the selection of study participants, the identification

of confounders, aild the selection of an appropriate statistical model for the data analysis itself

play an important role for the appraisal of the studies' findings. We aimed to assess the

epidemiological literature on occupational DE exposure and lung cancer with respect to

methodological issues and to critically evaluate the evidence for a causal relationship between

DE and lung cancer. The focus of this review is primarily on methodological issues other than

exposure assessment. Our second aim was to identify studies which might be suitable for

quantitative risk assessment (QRA). Suitability for QRA applies to studies with quantitative

exposure assessment, provided that the methodological issues under review support the

validity of the study results. Formal QRA generally includes an analysis of the robustness of

the final model with regard to alternative approaches for exposure assessment, and is

therefore beyond the scope of this review.

Methods

Study selection

The cohort and case-control studies that informed the IARC working group's decision to

upgrade DE into a Group 1 carcinogen were the primary focus on this review (IARC, 2014).

In addition, we checked the references of other available DE reviews to identify further

relevant studies (Stober and Abel, 1996; Bhatia, Lopipero, and Smith, 1998; Lipsett and

Campleman, 1999; Hesterberg et al., 2006; Gamble, 2010; Boffetta, 2012a; Gamble, Nicolich,

and Boffetta, 2012; Tsoi and Tse, 2012; Sun et al., 2014). The most recently published reports

on qua~~titative estimations of the exposure-response relationship were checked in the same

way (Vermeulen et al., 2014; MacCalman, Cherrie, and Searl, 2015; Neophytou et al., 2016).

A complete search for additional publications, which is usually tmdertaken for a systematic

review, was dispensable due to the high actuality in the papers checked.



Case-control studies that lacked information on smoking or did not have an explicit focus on

DE exposure were excluded. Three studies that were part of the original IARC report were

affected; a study from England/Wales (Coggon, Pannett, and Acheson, 1984), a pooled study

of three sub-studies from the United States (Hayes et al., 1989) and a study from Detroit, USA

(Swanson, Lin, and Burns, 1993). Case-control studies that were nested within cohort studies

are discussed in the section on cohort studies of this review. All cohort studies discussed in

the IARC report were included in our review, although some studies are not discussed in

detail (Menck and Henderson, 1976; Boffetta, Stellman, and Garfinkel, 1988; Bender et al.,

1989; Van Den Eeden and Friedman, 1993; Boffetta et al., 2001; Birdsey et al., 2010).

Criteria for the methodological evaluation

There are many instruments for assessing the methodological quality of non-randomized

studies (Stroup et al., 2000; Sanderson, Tatt, and Higgins, 2007; Vandenbroucke et al., 2007;

Moher et al., 2015). Most are simple checklists or scales and, hence, are rather generic in

nature. Nevertheless, guidelines for the reporting of meta-analyses of observational studies

such as MOOSE, PRISMA or STROBE describe the main topics to be examined (Stroup et

al., 2000; Vandenbroucke et al., 2007; Moher et al., 2015). We adapted these topics to our

present review of studies on DE and lung cancer. In view of the comprehensive discussion

about weaknesses in the exposure assessment including the development of alternative

approaches (Crump, 2006; Hesterberg et al., 2006; Gamble, 2010; Boffetta, 2012a; Crump

and Van Landingham, 2012; Gamble, Nicolich, and Boffetta, 2012; Crump et al., 2015; HEI,

?015), we have elected not to discuss this issue in the present review. Any future QRA should

proof the robustness of the study results with respect to exposure assessment.

The main questions addressed in this review are the validity of study results and their

suitability for a pooled QRA. We therefore examined the following items:

• Were the study participants recruited in an appropriate manner?



• Is the reference group suitable for comparison with the exposed groups in terms of

age, birth cohort, and socio-economic status?

• Are there design-specific issues like selection or information bias that could have

affected the findings?

• Are there sufficiently detailed and valid data on important confounding factors? Are

the statistical methods appropriate to deal with these confounders?

• Might (residual) confounding be an explanation for observed study results?

• Is the statistical modeling of the exposure-response relationship adequate to the data?

• Are the study data suitable to be included into a pooled QRA?

Stntisticn[ methods

STATA, release 14 (StataCorp., 2015) was used to recalculate results from specific studies. In

particular, we used Poisson regression and conditional as well as unconditional logistic

regression. We used Akaike's Information Criterion (AIC) (Akaike, 1974) and the Bayesian

Information Criterion (BIC) (Schwarz, 1978) for model comparison. Additionally, we

implemented two STATA routines, one for the calculation and validation of Standardized

Mortality Ratios (SMRs) and their exact confidence intervals based on Poisson distribution

(Sasieni, 1995) and the other one to perform ameta-analysis (Higgins et al., 2003).

Where available, 95% Confidence Intervals (CI) are provided, unless the respective studies

applied a different confidence level (e.g. 90% confidence intervals). As one of the authors

(MM) was involved in a large-scale case-control study on DE exposure and lung cancer

(Briiske-Hohlfeld et al., 1997; Bruske-Hohlfeld et al., 1999), the original data from this

particular study were used to demonstrate some of the issues discussed in the section on case-

control studies.



Results

We identified 18 cohort studies (Table 1) and 13 case-control studies (Tables 10-12) suitable

for review. A detailed discussion of the two cohort studies on non-metal miners, for which

quantitative exposure estimates are available, is presented first. These cohorts have the special

feature that the exposure intensity at underground workplaces is substantially higher than

usually at surface workplaces. We then discuss other cohort studies among railroad workers

(3), professional drivers and related jobs (10), dock workers (1), and workers in the

construction industry (2). Another six cohort studies mentioned in the IARC report were

excluded from detailed review. The reasons for exclusion are shortly explained. Subsequently

we look at hospital-based and population-based case-control studies, including a large pooled

case-control study.

Diesel Exhaust in Miners Study (DEMS)

Description of the sti~dv and authors 'main results

The DEMS is the largest epidemiological study using quantitative exposure estimates to

evaluate occupational DE exposure and lung cancer risk. This retrospective cohort mortality

study involved 12,315 workers at eight US non-metal mining facilities. Data were analyzed

using a cohort, as well as a nested case-control approach (Attfield et al., 2012; Silverman et

al., 2012). Methodologically DEMS offers advantages over most other studies on DE and

lung cancer in that it used diesel exhaust exposure measurements to construct ajob-exposure

matrix (JEM). The JEM is based on measurement surveys of exposure to respirable elemental

carbon (REC), carried out between 1998 and 2001. REC exposure levels prior to these

surveys were estimated; the REC measurements were weighted according to the estimated

relative trend in carbon monoxide (CO) exposure, which was determined using 1976-2001
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CO measurement data and 1947-2001 information on diesel equipment and mine ventilation.

REC exposure intensity differed by nearly two orders of magnitude between underground and

surface workers (Coble et al., 2010; Stewart et al., 2010; Vermeulen et al., 2010a; Vermeulen

et al., 2010b; Stewart et al., 2012). Results showed that in comparison to the general

population, miners had an increased risk of lung cancer (overall SMR for lung cancer 1.26).

However, despite their much higher DE exposure intensity, the lung cancer risk for ever-

underground workers was somewhat lower than that of surface-only workers (SMR 1.21 vs.

1.33) (Attfield et al., 2012). Even the primary (a priori defined) i~lterilal cohort analysis did

not show an association between cwnulative REC exposure or average REC intensity and

lung cancer mortality (Attfield et al., 2012). A positive exposure-response relationship was

only seen when the (time-dependent) binary variable `work location' was included in the

model. Subsequently, the investigators also incorporated this variable in their case-control

approach.

In the case-control analysis, a statistically significant positive association between lung cancer

and increasing cumulative REC exposure, as well as average REC intensity, was shown

(Silverman et al., 2012). The OR comparing the highest and lowest quartile of cumulative

REC was 2.83 (95% CI 1.28 - 6.26), adjusted for work location cross-classified by smoking

status and smoking intensity. The DEMS authors concluded that their study findings provided

evidence that exposure to DE increases risk of mortality from lung cancer.

The conflicting results of different methodological approaches applied in DEMS led to

several critical commentaries and letters to the editor (Boffetta, 2012b; Hesterberg, Long, and

Valberg, 2012; McClellan, 2012; Mohner, Kersten, and Gellissen, 2012; Morfeld, 2012; Tse

and Yu, 2012b; Pallapies et al., 2013). Following this debate, an expert panel was set up by

the Health Effects [nstitute (HEI) to evaluate the DEMS results (HEI, 2015). Additional

analyses of the data were performed to verify the robustness of the risk estimates with respect

10



to alternative approaches for exposure assessment (Crump et al., 2015; Crump, Van

Landingham, and McClellan, 2016) and time-related factors (Moolgavkar et al., 2015).

Comments on the study

External cohort analysis: DEMS hypothesized that a positive exposure-response relationship

exists between DE and lung cancer. However, contradicting this is the study finding of a

similar increase in the standardized mortality ratio (SMR) for lung cancer in surface-only and

ever-underground workers despite differing exposure intensities. Exposure intensity was 75

times higher for ever-underground workers compared with surface-only workers, whereas the

SMR was slightly lower in ever-underground workers than in surface-only workers (1.21 vs.

1.33) (Attfield et al., 2012). Tl~e HEI panel noted in its recent report that ̀ these results should

not be over-interpreted' because ̀ these analyses cannot take into account any covariates (e.g.,

smoking, other occupational exposures)' (HEI, 2015). However, the distribution of controls in

the case-control study (Silverman et al., 2012; Table 2) shows that there were significantly

more never-smokers (34% vs. 22%) and significantly less ever heavy smokers (6% vs. 14%)

among surface-only workers than among ever-underground workers. Thus, the increased

SMR in surface-only as compared to ever-~mderground workers, in a situation of heavily

diverging DE exposure intensities, is probably not attributable to smoking. Of note, mortality

due to pnewnoconiosis was considerably higher in ever-underground workers (SMR=16.21

vs. 6.13), indicating that underground workers experienced increased disease risk related to

dust exposure as compared to surface workers.

Internal cohort analysis: The primary (a priori defined) i~~ternal cohort analysis did not show

an association between cumulative REC exposure or average REC intensity and lung cancer

mortality. The risk estimates for the upper three quartiles of cumulative REC eYposuce, lagged

15 years, were all less than 1.0, i.e., HR = 0.58, 0.71., and 0.93 (Attfield et al., 2012). Such a
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gradient is typical for ahealthy-worker effect (HWC) if one considers the surface-only

workers as the unexposed group. The drop of risk in the second quartile might he related to a

change of a certain part of workers complying the health requirements for underground work

from surface to underground (Mohner, 2016b). The DEMS authors observed an increasing

lung cancer risk primarily in the ever-underground workers in relation to increasing

cumulative REC. But this observatio~l also might be triggered by a HWE, because the workers

in the reference group have spent less than one year at underground workplaces (cumulative

REC exposure < 108 µg/m3-years).

Including the time-dependent binary variable work location in the Cox model, a positive

exposure-response relationship was observed. The OR in the highest exposure quartile, lagged

15 years, as compared to the lowest quartile changed to 1.39 (95% CI 0.78 - 2.48). However,

the variable `work location' contains the bulk of the exposure information and, hence,

adjusting for this variable would lead to overadjustment bias (Schistennan, Cole, and Platt,

2009).

Nested case-control analysis: The simultaneous inclusion of work location and cumulative

exposure (or average intensity) is also an issue in the case-control analysis. To verify the

selected statistical model, we performed a co►nparison with the other possible models listed in

Table 2. Without admission to the original database, this analysis could only be carried out

using unconditional logistic regression based on the published frequencies of cases and

controls (cf. Silverman et al., 2012; Table 2). The unconditional approach leads to slightly

more conservative estimates in comparison to the conditional approach (Breslow and Day,

1980). However, the matching ratio in DEMS was 1:4 and, consequently any deviation should

be small. We calculated Akaike's information criterion (AIC) and the Bayesian information

criterion (BIC) to account for both the estimation error and the model bias. As shown by

Greenland aid colleagues, conditional logistic regression can exhibit considerable bias when

12



certain types of matched sets are infrequent or when the model contains too many parameters

(Greenland, Schwartzbaum, and Finkle, 2000). The DEMS is, strictly speaking, a pooled

study of eight cohorts that differ considerably by year of dieselization, by range of exposure,

by size of the workforce, and possibly also by other factors like history of forn~er employment

in other mines. The analysis of Moolgavkar and colleagues pointed out that the SMRs for

lung cancer, as well as the slopes for the exposure-response relationship, are different between

mine types (Moolgavkar et al., 2015). Therefore, together with year of birth (divided into 5-

year birth cohorts) nearly 20 additional parameters need to be estimated in a corresponding

unmatched study design, i.e. altogether more than 40 parameters. Hence, the corresponding

estimates are imprecise. The same problem exists for a conditional logistic regression model

under the matched design, referred to as ̀ sparse-data' bias (Greenland, Schwartzbaum, and

Finkle, 2000). Therefore, the B[C is an appropriate criterion to select a parsimonious model,

because it is more sensitive with respect to the inclusion of fi►rther parameters in comparison

to AIC. We calculated BIC as:

BIC = -2*ln(likelihood) + ln(N)*k, [Table 1 near here]

where k is the number of parameters in the model and N is the number of matched sets (i.e.,

the nwnber of cases under an unconditional approach). The calculation of AIC and BIC is a

standard tool in many statistical software packages, as for example STATA.

The reported numbers of cases and controls (Silverman et al., 2012; Table 2) enabled us to

apply unconditional logistic regression models based on the variables work location, smoking

status and smoking intensity. Among different reasonable models, we aimed to determine the

best model with respect to AIC and BIC. Our simplest model (M2) incorporates work location

and smoking status as independent variables. Model M6 incorporates the variable work

location cross-classified by smoking status and intensity. Hence, model M6 is most

comparable to the conditional logistic regression model originally used to analyze the DEMS

13



data (i.e. Silverman model in Table 3). Beside the switch from the conditional to the

unconditional approach, the original model differs from model M6 in the addition of the

quartiles of cumulative REC exposure and two other confounding factors (history of

respiratory diseases and history of other high-risk occupations).

The models M2 (work location and smoking status) and M4 (work location, smoking status

and smoking intensity) both yield lower values for AIC and BIC in comparison with model

M6 (work location cross-classified with smoking status and smoking intensity) (Table 2).

Therefore, both models are better than model M6 in the sense of the two information criteria

and they reduce the number of model parameters considerably (reduction by 11 or 9

parameters, respectively).

[Table 3 near here]

We calculated the predicted lung cancer risks based on the alternative models and compared

them to the original estimates derived by the DEMS investigators from models adjusted for

cumulative DE exposure (Silverman et al., 2012; Table 2) (Table 3). For surface-only

workers, Table 3 shows only marginal differences between the ORs based on model M6 and

the original DEMS model. This observation suggests that the additional adjustment for history

of respiratory diseases and history of high-risk job in the original DEMS analysis has only

little impact on risk estimates and it underlines that the estimates derived by unconditional

and conditional logistic regression are very similar. In contrast, the two sets of estimates differ

by a factor of about two for ever-underground workers. The estimates of the original model

are lower than the estimates of model M6 that excludes the categorical REC variable.

However, the vast majority of ever-underground workers fall into the two upper REC

exposure quartiles, whereas almost all surface-only workers are classified into the two lower

quartiles. Despite that, the cumulative REC exposure was treated as an independent variable

in the approach of the DEMS authors. We could thus easily derive risk estimates comparable

14



to that for model M6 by multiplying the ORs for smoking, cross-classified with work location

(Silverman et al., 2012; Table 2) with the ORs for the quartiles of cumulative REC (Silverman

et al., 2012; Table 3). The multiplier is approximately one for surface-only workers (ORs of

0.74 and 1.00 for lower REC quartiles) and approximately two for ever-underground workers

(ORs of 1.54 and 2.83 for upper REC quartiles). Thus, the difference between model M6 and

the original DEMS model is due to the additional adjustment for cumulative REC exposure in

the DEMS model.

It should be noted that the mean HR for the time-dependent variable work location in the

internal cohort analysis was of similar magnitude (1.9, range: 1.64 — 2.28) (Attfield et al.,

2012). We can conclude from this, that the simultaneous modelling of the highly correlated

variables work location (cross-classified by smoking) and cumulative REC leads to

overadjustment bias. Our calculations have shown that the estimates for the interaction term

(between smoking and work location) in the Silverman model and the estimates of the (main)

effect of high level of REC exposure compensate each other. Thus, the effect of REC in the

Silverman model is an apparent effect only.

According to AIC and BIC, the models M2 and M4 are best suited for the estimation of lung

cancer risk by work location. These models simply adjust for smoking habits. In the same

manner, the models estimating lung cancer risk in relation to cumulative REC should not

include the variable work location.

We repeated our approach based on the distribution of cases and controls by tertiles of

cumulative REC exposure and smoking intensity (cf. Silverman et al., 2012; Table 6). The

DEMS-authors reported a p-value of 0.086 for interaction between smoking intensity and

cumulative REC, lagged I S years. Our unconditional approach yields a p-value of 0.089 for

these interaction terms (which again underlines the similarity of both approaches for the given

study data). The comparison of the models revealed that the model without the interactiol~
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term (M8) is superior to the full model (M9) with respect to AIC as well as BIC (Table 4).

Hence, the interaction terms between smoking intensity and cumulative REC should not be

included into the model as the estimated worsening of the model by adding 8 extra parameters

is stronger than the increase in precision of the parameter estimates. A comparison of the

resulting predicted risk estimates is given in Table 5. The results derived with model M8

indicate no relationship between DE and lung cancer. [Tables 4, 5, and 6 near here]

It should be ►noted that the ORs from our analysis are virtually ide~ltical with and without

adjustment for smoking (Table 6). This corresponds with the experience in many other

occupational cohort studies; because occupational cohorts are usually homogenous with

regard to confounding factors, adjusting for them will change odds ratios only marginally

(Levin et al., 1988).

The DEMS was also analyzed with regard to average REC intensity. Due to the huge

difference between underground and surface workplaces with respect to REC intensity, the

average REC inte~lsity primarily reflects the share of surface work in the overall exposure

duration. The interpretation of average DE exposure intensity in DEMS thus differs from that

of usual average values. Moreover, 22% of ever-underground workers started their work at

surface and switched to underground later. Hence, low values of average REC intensity reflect

a healthy-worker effect among these surface-first workers (Mohner, 2016b).

Confot.~nding by other factors: [n their nested case-control study, the DEMS investigators

ascertained data oi~ several potential confounders. However, their final model included only

two confounders that changed the ORs for DE metrics by more than 10% (history of

respiratory disease >5 years before index date and history of a high-risk job for lung cancer

for >10 years). [n contrast, Crump and colleagues showed that an additional adjustment for

radon exposure reduces the estimates for the DE effect markedly when some alternative

metrics for REC were applied (Crump et aL, 20l 5). In our view, the selection of confounding
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factors should also be based on appropriate model selection criteria. Beside the information

criteria mentioned above, cross validation would have been an appropriate approach for

model selection (Arlot and Celisse, 2010).

Exposure Lagging: The DEMS finding should also be interpreted with an understanding of

the exposure lagging. There are two reasons for imple►nenting exposure lagging into a study;

to make sure an adequate latency period is incorporated into the analysis and to prevent a

HWSE. The DEMS-authors published results for exposure ~mlagged and lagged 15 years. A

lag of 15 years was selected as it yielded the best fit to the data in comparison with other lag

dines tested. However, for lung cancer the interval between diagnosis and death is small, the

median is about 10 months (Compton et al., 2012). Alag-time of 5 years would be sufficient

to take into account premature termination of exposure (Checkoway et al., 1990).

Furthermore, alag-time of l5 years seems too long wit11 respect to the latency period. It is

well known that smoking cessation reduces lung cancer risk in comparison to continuing

smoking after just a few years (Peto et al., 2000; Fry et al., 2013). Hence, one cannot rule out

that REC exposure that occurred in the recent 15 years (except the five most recent years) is

of importance and it should thus not be easily disregarded.

Summary: At present, the DEMS data represent the most important basis for the quantitative

analysis of the relationship between exposure to DE and lung cancer. The advantage of this

study is its wide range of exposure intensity at different workplaces in the mines, the

availability of quantitative exposure estimates, and the availability of information on previous

employments and nn other potential confounders like smoking. In view ofi the huge difference

between surface and underground workplaces with regard to DE exposure intensity, surface-

only workers are the natural reference group for the investigation of dose-response

relationships. Selection bias seems not to play any role. However, the major flaw of the study

is the inadequate model choice, resulting in a strong overadjustment bias combined with
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sparse-data bias. At present, the DEMS does not add evidence to an exposure-response

relationship between DE and lung cancer. A reanalysis oftlle original data is recommended.

German Potash Miners Cohort Study

Description of the study and authors 'main results

Potash has been extracted in underground mines in the South Harz Mountains area of

Germany for several decades. Dieselization of the mining technology was completed in 1969.

From that time until the mine closure in 1991 nearly 6,000 miners were exposed to DE.

Exposure assessment was based on measurements of the concentration of total carbon (TC) in

the airborne fine dust fraction by coulometric analysis, carried out in 1991 (Dahmann, Fricke,

and Bauer, 1996). To a lesser extent, also measurements of elemental carbon (EC) were

available. As the mining technology and the mining equipment remained fairly stable since

1969, measurements from 1991 have been used to design ajob-exposure-matrix for the

complete study time.

Follow-up mortality data on the cohort covers the years from 1970 until 2001 (Saverin et al.,

1999; Neumeyer-Gromen et al., 2009). In sum, the study recorded 61 lung cancer cases

resulting in a significantly reduced SMR [SMR = 0.73 (95% Cl: 0.57 — 0.93)]. Internal

analysis showed an i~~creased risk of lung cancer in the fifth quintile of cumulative exposure

to total carbon [HR = 2.28 (95% CI: 0.87-5.97]). Adjustment for time-since-hire increased the

risk estimates further, although only the binary exposure variable results were initially

reported [increase of HR from 1.28 up to 2.53 (95% CI: 1.13-5.69)]. Later, it was suspected

that some miners with an occupational history of uranium mining could have influenced the

results. A reanalysis was subsequently performed which took previous uranium and coal

mining into consideration (Mohner, Kersten, and Gellissen, 2013). This analysis did not slow
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any notable association between cu~r~ulative exposure to REC and lung cancer risk [RR = 1.06

(95% CI: 0.50-2.23) for the comparison of the highest quartile of REC exposure with the

lowest quartile, adjusted for smoking and previous employment]. Former employment in

uranium mining did increase lung cancer risk significantly, but it was not correlated with the

DE exposure (due to the fact that the former Ln~aniu~n miners switched to the potash mine

before dieselization). Hence, the adjustment far former employment in uranium mining did

not change the DE-related risk estimate.

Comments on the study

The conflicting results of the two analyses were the reason for the exclusion of this study

from ameta-regression of cohort data to estimate adose-response relationship for DE

(Venneulen et al., 2014) Therefore, this comment provides an explanation for the differing

results in the separate analyses of the same study data.

In the original analysis, the risk estimate for the dichotomized DE exposure variable increased

with the inclusion of TSFE in the Cox regression model that used attained age as the time-

scale (Neumeyer-Gromen et al., 2009). However, TSFE is strongly correlated with the

cumulative exposure variable. This fact is also reflected in the corresponding estimate for the

impact of TSFE. The estimated hazard ratio for TSFE was HR = 0.79 (95% CL• 0.76 — 0.82)

per year in the specified model (own recalculations of the study data). Taking into account

that the chosen single cut-point for the cumulative exposure of 49 mg/m3-years total carbon

(corresponding to 3.l mg/m'-years REC; 1 mg/m'-year is used as measure for cumulative

exposure. It equates to atime-weighted average of 1 mg/m3 over one year of work, i.e. 220

shifts of 8 hours each) corresponds to about 20 years of exposure in the production area, it is

clear that this estimation procedure lead to incorrect results.

Instead of a single c~it-point, the authors of the original analysis also considered quintiles of

the cumulative exposure variable (Neumeyer-Gromen et al., 2009; Table 5). However, results
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were only reported for a Cox model with TSFE as the time scale. The common

recommendation is to use the time-scale that is biologically most relevant (Korn, Graubard,

and Midthune, 1997; Thiebaut and Benichou, 2004; Griffin et al., 2012). Thus, attained age

instead of TSFE should have been used as the time scale. The specified model included age at

study entry as a continuous adjustment variable. The age range of the cohort at dieselization

was from 14 to 65 years. The corresponding risk estimate was HR = 1.13 (95% CI: 1.09 —

1.17) per year of age (reviewers re-calculations). However, the fit of a model with a linear age

effect in this broad age range cannot adequately take into account the known strong non-linear

effect of age on lung cancer risk and is therefore inaccurate. Not least because of these

methodological shortcomings, a reanalysis of the study data was necessary.

In the reanalysis of the data, age was used as the time scale (Mohner, Kersten, and Gellissen,

2013). It demonstrated that former employment in uranium mines significantly increased the

risk of lung cancer. However, in contrast to what was expected, this status (i.e. ever versus

never engaged in uranium mining) did not modify the risk estimates for DE. In other words,

former uranium ruining and DE were acting as independent risk factors. The reanalysis did

not corroborate the increase in lung cancer risk with high cwnulative DE exposure in t11e

original analysis. Both a cohort approach and a nested case-control approach were used for

data analysis, and neither approach showed increases in lung cancer risk. Additionally, using

the case-control approach a comparison between high-DE exposed versus low-DE exposed

miners was performed. The cut-off point was shifted upwards (until the number of cases was

not less than five) in order to determine a potential threshold value. The best fit with respect

to AIC and BIC was derived for the cut point 2.9 mg/m3-years (OR = 1.81; 95% CI: 0.57 —

4.52). However, the difference to other models in teens of AIC was negligible (max [AIC(x)

— AIC(2.9)] < 0.8, for x in the range from 2.0 to 3.0). It was then concluded in a conservative
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manner that below 2.5 mg /m3-years of cumulative REC exposure there should be no elevated

lung cancer risk.

Contrary to the hypothesis of Vermeulen et al. (2014), the narrower range of REC intensity in

the Potash Miners Cohort, as compared to DEMS, should not mask a causal association

between DE and lung cancer, if it were present. The reanalysis of the study data rather

suggests that an association between DE and lung cancer is not present.

Summary: The data of the German Potash Miners Cohort are suitable for QRA with respect to

DE and lung cancer, despite the smaller number of lung cancer cases in comparison to DEMS.

The underground workplaces in Potash mines examined in both studies have similar DE

exposure intensities. However, the ra~ige of cumulative exposure in the Potash study is not as

wide as almost all workplaces were located underground. Information on confounding factors

in the Potash study were restricted to entry into the mine, data on former mining and crude

information on smoking status. Nevertheless, the results of the reanalysis of this cohort

support the notion that a clear relationship between DE and lung cancer is absent, at least in

the range of a cumulative REC exposure up to 2.5 mg/m3-years. The formerly suspected

strong relationship between DE and lung cancer based on the original analysis of the long-

term follow-up of the cohort is misleading due to methodological shortcomings such as

`adjustment for time since hire'.

Cohort Study in Canadian retired Railway Workers

Description of the study and authors' main results

Analysis is based on a cohort of 43,826 male pensioners of the Canadian National Railway

Company (Howe et al., 1983). A total of 17,838 pensioners died between 1965 and 1977.

Information on s►noking status was not available. Jobs were classified by level of exposure to
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DF., and coal dust. Job information was based on the last known job. The SMR for all causes

of death was 0.9~ (9~% CI: 0.93 — 0.96; own calculation based on information in study

report). "the lung cancer risk was slightly elevated [SMR = 1.06 (95% C1: 0.99 — 1.13)]. A

comparison of job groups yielded a significantly increased relative risk for a probable

exposure to DE as well as to coal dust (RR of L3~ in both analyses).

Comments on the study

The identical increase in lung cancer risk with probable exposure to DE and coal dust should

draw our attention also to further factors related to exposed jobs. A useful classification might

be to distinguish between mobile workers (i.e., train crews) and stationary workers. Mobile

workers are often on the rail for several days. Their lifestyle might be quite different from that

of stationary workers, especially with respect to smoking and dietary habits. This hypothesis

is supported by evidence of elevated risks for rectum cancer in engineers [SMR = 1.70 (95%

CI: 1.07 — 2.57)] and colorectal cancer in motorma~~ [SMR = 3.15 (95% CI: 1.63 — 5.51)]

(own computations based on information in study report). Moreover, as shown in a case-

control study among current and retired U.S. railroad employees, asbestos exposure plays an

important role in the mortality of railroad workers (Schenker et al., 1986) and should thus be

considered as a confounding factor in analyses on lung cancer in railroad workers.

Summary: Lung cancer risk is only slightly elevated in the cohort in comparison with the

general population. The reference group for the internal comparison seems to be different

with respect to lifestyle factors, but information on important confounding factors is not

available. Hence, the results of the study are of restricted use for the clarification of the

relationship beriveen DE and lung cancer. Due to missing quantitative Measures of exposure,

the sriidy is not useable for QRA.
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Cnlaort Study am~o~ig Finnish Locomotive Drivers

Description of the stz~dy and aa~thors 'main results

This was a retrospective cohort study where the cancer incidence of 8,391 members of the

Finnish Locomotive Drivers' Association was analyzed for the period from 1953 until 1991

(Nokso-Koivisto and Pukkala, 1994). The most notable result was the significantly elevated

risk for mesothelioma [SIR = 4.05 (95% CI: 1.75 — 7.97)]. In contrast, lung cancer incidence

was not elevated [SIR = 0.86 (95% CI: 0.75 — 0.97)] and lung cancer risk increased only

slightly with calendar time up to 0.93 (95% CI: 0.77 — 1.10) in the period 1979-1991.

Analysis by duration of follow-up revealed that 6 cases occurred up to 14 years after first

employment or 1953, whichever was later [SIR = 1.02 (95% CI: 0.37 — 2.22)].

Comments on the study

Diesel locomotives were introduced in the Finnish railway industry in the 1950s. Hence, the

vast majority of the cohort members were exposed to DE. Taking into account the mean age

of onset of lung cancer is about 65, many of the subjects with lung cancer were likely to have

also worked on a steam locomotive prior to dieselization. The study authors pointed out in

their methods section, that ̀ all the Finnish locomotive drivers start their training at about the

same age, from 16 to 20.' Hence, the 6 cases, which occurred up to 14 years since entry into

the study (1953 — 1966), occurred very likely among those workers with a preceding exposure

in the steam locomotive era. Moreover, the authors suspect ̀ that the increased smoking in the

less draughty cabins of diesel locomotives with less physical work and more passive

mo~iitoring would have increased the risk of lung cancer close to the national average', which

could explain the slight increase of S[R by calendar time. Furthermore, they refer to a cross

sectional study of Finnish locomotive drivers in 1976, which showed a similar distribution of

smoking status with respect to the general population.
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Summary: For this incidence-based cohort study of engineers, individual information on

occupational exposures and confounding factors are not available. Hence, the study can only

offer a rough impression about lung cancer risk in comparison to the general population. The

overall SIR for lwlg cancer is significantly below one and a trend with follow-up time was not

observed. Hence, the study does not support the hypothesis of a causal relationship between

DE exposure and lung cancer risk. Due to missing quantitative measurements of exposure, it

is nit useable for QRA.

Cohort study among U.S. Railroad Workers

Description of the stz~dy and authors' main results

This study included approximately 55,000 U.S railroad workers followed-up from 1959 until

1996 (Garshick et al., 2004; Garshick et al., 2006; Laden et al., 2006). The study is based on

several predecessor studies: a pilot study (Schenker et al., 1984), a first follow-up until 1980

(Garshick et al., 1988), a nested case-control study ascertaining information on smoking

(Garshick et al., ] 987a), studies estimating the DE exposure in railroad workers (Woskie et

al., 1988a; Woskie et al., 1988b; Schenker et al., 1990), a reanalysis of the first follow-up

(Crump, 1999), additional analyses by the Diesel Epidemiology Expert Panel convened by the

Health Effects li~stitute (HEI, 1999), and a methodological paper dealing with the smoking

adjustment in the cohort based on the data gathered in the case-control study (Larkin et al.,

2000).

The cohort represents a sample of male workers aged 40-64 years with 10-20 years of railroad

service, who were employed in one of 39 pre-specified jobs at start of follow-up in 1959,

when dieselization of locomotives in the U.S. railroad industry (started after World War II)

was almost complete. Inclusion sampling into the study cohort was weighted according to job
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group; every third engineer (engineers and firemen), every third conductor (conductors,

brakemen, and hostlers), all repair shop workers (shop supervisors, machinists and

electricians), and a reference group of all ticket agents, station agents, signal maintainers and

every fourth clerk with comparatively low DE exposure. Exposure assessment was based on

the classification of job groups into `DE-exposed' (`engineers', `conductor', and `shop

workers') and ̀ unexposed', using a measurement survey on job group-specific concentrations

of respirable particles (Woskie et al., 1988a; Woskie et al., 1988b). .Shop workers with

potential for past heavy asbestos exposure before 1959 due to repair of steam-powered

locomotives (e.g. boilermakers and helpers) and other workers potentially exposed with

asbestos while repairing passenger cars, steam pipes or constructing and repairing railroad

buildings were excluded from the cohort. Overall, approximately 75% of the workers were in

DE exposed jobs and 25%were in low- or non-exposed jobs.

Adjusting for attained age, years of employment in the railroad industry, and time since last

worked astime-dependent covariates, the investigators calculated a relative risk of lung

cancer mortality of 1.40 (95% CI: 1.30—I.51) for engineers or conductors that worked on

trains with exposure to DE (Garshick et al., 2004). However, no exposure-response

relationship was found in exposed workers, i.e. lung cancer mortality did not increase with

increasing years of work in these jobs. Furthermore, shop work for which DE exposure was

also high was not associated with lung cancer. Stratified analysis by age at study entry

showed that lung cancer risk was increased preferentially in younger engineers and

conductors. This finding was interpreted by the investigators as evidence of longer exposure

to DE being important for lung cancer development. After imputation of smoking data the

investigators stated that the relative lung cancer risk for DE exposed railroad workers (when

applying an exposure lag of 5 years) decreased from 1.35 (95% CI 1.24 — 1.46) to 1.22 (95%

CL 1.12 — 1.32) with adjustment for smoking (Garshick et al., 2006). Additionally, the
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investigators refined the `years of work in DE exposed job' further, using historical

information on the use of diesel locomotives since 1945 and information on emissions from

diesel-operated locomotives (Laden et al., 2006). Using the new ̀ weighted years of work in

DE job', the investigators observed that the increase of lung cancer risk in relation to a DE

exposed job was stronger for workers hired from 1945-1949 than for workers hired from

1939-44. The authors also described an exposure-response relationship in the group of

workers that was hired after 1945.

Comments on the study

Adjustment,for years worked: For the analysis based on the follow-up period up until 1996,

the investigators used proportional hazard models to estimate relative risks for various DE-

exposed job groups and adjustment for HWSE was considered. In their report, the

investigators write, `To account for a healthy worker survivor effect, we included time-

varying variables for total years worked and for years off work (usually time after retirement)

in survival models' (Garshick et al., 2004). However, it is questionable if the adjustment for

years worked really is an adjustment for healthy worker survivor bias. A healthy worker

survivor bias may occur in occupational studies due to the tendency for unhealthy individuals

to leave work earlier, and consequently accrue less exposure, compared with their healthier

counterparts (Buckley et al., 2015). The problem in this study is rather left truncation due to

the selection of prevalent hires into the cohort (Applebaum, Malloy, and Eisen, 2011). Ideally

in occupational epidemiology, incident hires form the basis of a study cohort, whereas the

U.S, railroad worker cohort included prevalent hires of different birth cohorts.

Selection bias seems to be strongest for the oldest workers, as suggested by the highest

median age at retirement in the oldest birth cohort. Yet by study design (year of hire for all

subjects between 1939 and 1949), the oldest birth cohort accrued the least years of service in

the railroad companies, while the youngest workers accrued the longest service. As reported
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by the authors, lung cancer mortality was inversely related to total years worked (RR = 0.97

for each additional year of employment). This result suggests that the yotmgest birth cohort

was particularly healthy, although due to left truncation, this actually held true for the oldest

birth cohort. Total years worked was thus not an appropriate variable to control for HWSE, at

least under the given study design. Secondly, this adjustment was inappropriate as only

workers with 10-20 years of service entered the study in the year 1959, when exposure to DE

also started. Hence, all birth cohorts were homogeneous with respect to their pre-diesel

experience and the difference in total years of work between birth cohorts was highly

correlated with the cumulative exposure. Consequently, adjusting for total years worked

results in further overadjustment bias. This bias could have been avoided if only years of

employment in the pre-diesel era were included in the model as a confounder.

The situation for adjustment for years off work was similar. The mean age at entry into the

study for the oldest birth cohort was virtually the same as the retirement age of the youngest

birth cohort. As the median age at retirement was higher in the oldest birth cohort than in

younger birth cohorts, adjustment for years off work is not justified due to the strong

correlation between birth cohort and cumulative exposure.

Comparability behveen mobile and stationary workers: Crump's reanalysis of the cohort

study (Crump, 1999) revealed an increased lung cancer risk for exposed train crews (i.e.

engineers, firemen, conductors and brakemen) in comparison to non-exposed stationary

workers (i.e., station clerks and signalmen) and exposed stationary shop workers. This

observation was later confirmed by Garshick and colleagues (Garshick et al., 2004). Further

to that, Crwnp also reported a higher mortality of the group of mobile workers for heart

disease and liver cirrhosis. As he pointed out, these results support the notion that train crews

that are away from home regularly differ in their lifestyle from stationary workers which can

spend their after-work hours at home with their families and friends. The increased lung
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cancer risk of mobile train crews might thus be mainly ascribable to lifestyle factors and in

particular, smoking.

Lung cancer risk did not increase substantially in DE exposed shop workers. However, as

industrial hygiene measurements have shown, workers in locomotive shops generally had the

highest levels of DE exposure among railroad workers (Woskie et al., 1988a; Woskie et al.,

1988b). Even if the selection of shop workers was, unfortunately, not specific to diesel

locomotive shops (Laden et al., 2006), the fact that the lung cancer risk of at least partly

exposed shop workers does not differ from that of the reference group conflicts with the

hypothesized impact of DE on lung cancer risk. Based on these results we can conclude that

in addition to DE-exposure, a distinction between mobile and stationary railroad workplaces

should be considered in the analysis of lung cancer risk in this cohort.

Reanalysis of mortality rate ratios: The investigators reported that the lung cancer risk in DE-

exposed jobs was increased in the birth cohort 1915-1919 [relative risk 1.49 (95% CI: 1.30—

1.70)] and diminished consistently for older workers to merely 0.99 (95% CL• 0.75-1.30) in

the birth cohort 1895-1899 (Garshick et al., 2004; Table 2). Garshick and his colleagues

interpreted this observation as evidence for adose-response relationship between duration of

DE-exposure and risk of lung cancer. In order to verify this relationship, but ignoring the

adjustment for years of employment, we estimated mortality rate ratios (MRRs) using Poisson

regression based on case n~imbers and person-years reported in Table 2 of the original paper

(Garshick et al., 2004). [Table 7 near here]

We specified the model MRR(i, j) = exp (f3o + f3~~ + y~ + 8~ * (2 — j)),

where i denotes the job group, j denotes the birth cohort (0 = 1915-1919, ... , 4 = 1895-

1899), (3 is an age-specific parameter, y is the job specific parameter describing the age-

adjusted relative risk with respect to the reference group, and S is alog-linear term describing
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risk increase with increasing year of birth centered at the median birth cohort (per 5 years).

The calculated MRRs are similar to that in the original paper, except that the original. analysis

resulted in a stronger divergence between youngest and oldest birth cohorts (Table 7). This

difference, however, can be explained by the researchers' adjustment for years of

employment. Further, our calculations show that a significant risk increase over the birth

cohorts is seen for engineers only: from 0.68 in the oldest birth cohort up to 1.45 in the

youngest. In contrast, conductors have a steady MRR. It should also be noted that a

corresponding test rejects the hypothesis of homogeneity between engineers and conductors

with respect to trends in lung cancer MRR over the birth cohorts (p=0.02). The measurements

of DE-exposure in railroad workers (Woskie et al., 1988a; Woskie et al., 1988b) showed that

DE-exposure for conductors was in general somewhat higher than for engineers. Therefore, it

is surprising that a strong risk increase is observed in engineers but not in conductors.

Imputed smoking data for the whole cohort (Garshick et al., 2006) based on the case-control

analysis (Garshick et al., 1987a) show that, according to information gathered from next-of-

kin, engineers and conductors are fairly comparable with respect to tobacco consumption and,

in addition, they smoked considerably more than the reference group. How does this fit with

the very low MRR for engineers in the oldest birth cohort? The authors of the Finnish railway

workers study suspected that changes in the work environment and the change in physical

demands of work as an engineer have increased the possibilities for smoking during work and,

hence, increased the risk for lung cancer (Nokso-Koivisto and Pukkala, 1994). The results of

the U.S. railroad workers cohort seem to confirm this suspicion. Opportunities for engineers

to smoke on a moving steam locomotive were probably very limited. Moreover, the cab of a

steam locomotive was draughty and a cigarette would burn much faster in this environment

compared with the cab of a diesel locomotive. There are some signs, therefore, that the

change from steam to diesel locomotives in the railroad industry could have been



accompanied by marked changes in smoking habits in engineers. In turn, this could be the

reason for the marked increase of lung cancer mortality in this single job group. Working

conditions for other job groups in the railroad industry were affected much less by changes

connected with the start of the diesel era and, hence, their smoking habits during work hours

probably remained more stable than those of engineers. This would explain the only slightly

increasing lung cancer risk estimates for younger subjects in these jobs.

Unfortunately, engineers and conductors are treated as a homogeneous job gro~ip in the latest

analysis based on intensity scores for DE-exposure (Laden et al., 2006). Therefore, the likely

differences between these two job groups are not visible. However, the general approach for

modeling is virtually identical to the other reports, published at about the same time (Garshick

et al., 2004; Garshick et al., 2006). Hence, one can assume that the results are biased in the

same way as in the other reports.

Adjustment,for smoking: In 2006 the first study results adjusted for smoking were published

(Garshick et al., 2006). However, some critique on how the smoking data were assessed is

warranted. As part of tl~e nested case-control study, smoking history was assessed for workers

of dififerent birth cohorts that died in 1981 (i.e. assessed from their next-of-kin). This

information was used to estimate the smoking habits of different birth cohorts for the cohort

analysis (for birth cohort 1910 aged 49 in 1959, for birth cohort 1900 aged 59 in 1959 etc.).

However, the lower life expectancy of smokers as compared to never-smokers resulted in an

increasing underestimation of smoking habits with increasing age at death. These data are

therefore unsuitable for imputation into the cohort. Moreover, the original smoking

information was gathered from next-of-kin only, which per se is prone to bias. For example,

close relatives can estimate the smoking habits of their husbands or fathers only based on their

memories about the situation at home. But mobile workers such as train personnel could

smoke at home fewer cigarettes than during periods away from home. Consequently, even a
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differential bias with respect to job group cannot be excluded.

Using the British doctors study as a reference (Doll et al., 2005), the low magnitude of risk

estimates for different smoking categories in the case-control study (Garshick et al., 1987b)

suggests that the smoking-related lung cancer risk in the railroad worker study was strongly

underestimated.

Summary: In this large cohort study, lung cancer risk was correlated with certain job

characteristics, in particular work location (mobile on the train versus stationary at a railway

station). However, work location was correlated with lifestyle factors, such as smoking. In

fact, difference in smoking habits between DE-exposed and non-exposed workers are a simple

and probable explanation for observed increases in lung cancer risk. Secondly, the available

information on smoking gathered by acase-control study is not comparable across birth-

cohorts and, hence, the corresponding risk estimators for lung cancer, adjusted for smoking,

also cannot be compared. Thirdly, the adjustment for years-worked is not justified and finally,

our approximate re-calculations of the study data show that an increase of lung cancer risk is

restricted to engineers only and this may have been caused by changes of smoking habits as a

result of improved working conditions in the engine. Due to the strong likelihood for

confounding bias of the lung cancer risk estimates, the study cannot add evidence for a causal

link between DE- exposure and lung cancer risk and it cannot be used for QRA.

Study nn the U.S. Teamsters Union Co/sort

Description of the study and authors' main results

This study was conducted as acase-control study among male decedents (deceased in 1982 or

1983) from the Central States Teamsters files who had filed claims for pension benefits.

Pension benefits were paid only to workers with at least 20 years of tenure in the union. A
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total of 994 lung cancer cases and 1085 controls were included. Controls were assigned as

every sixth death, excluding lung, bladder cancer and motor vehicle accidents (Steenland,

Silverman, and Hornung, 1990). The non-exposed group was very small (4.5% of cases and

6.9% of controls). Little is known about the jobs of this group; the only information available

was that many of these men worked in dairies. Unconditional logistic regression was used for

data analysis, including categorical variables for smoking [never smoker, current smoker with

unknown amount, current moderate smoker (one pack or less per day), current heavy smoker

(more than one pack per day), former smoker who quit before 1963, former smoker who quit

1963 -1979], age at death (less than 45 years, 45-54, 55-64, 65-74, and 75 years and older),

exposure to asbestos and possible exposure to DE in other jobs. Exposure data were derived

from Teamsters Union work history and next-of-kin information. The main study finding was

a significant increase in the estimated ILing cancer risk with length of employment as a long-

haul trucker after 1959 (reported p-value for linear trend = 0.04). For workers with 18 and

more years of service in this time period, an OR of 1.55 (95% CI: 0.97 — 2.47) was calculated.

To enable a quantitative exposure-response analysis, quantitative data on the exposure to

elemental carbon (EC) were added to the database (Steenland, Deddens, and Stayner, 1998).

Data on exposure intensity are based on an industrial hygiene survey in the trucking industry

from 1990 (Zaebst et al., 1991). Estimates for the time before 1990 were deduced using three

different scenarios for decreasing diesel engine particulate emissions since 1970. The

cumulative exposure to EC was further assumed to be proportional to the distance driven by

heavy-duty trucks. Risk estimates were adjusted for age, race, smoking, diet, and asbestos.

The investigators found a significantly increasing lung cancer risk with increasing cumulative

exposure to EC. For the highest quartile of cumulative exposure, assuming the intermediate

scenario and a 5-year exposure-lag, an OR of 1.64 (95% CI: 1.09 — 2.49) was calculated.
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Comments on the study

The design of this study is very similar to that of the case-control study among deceased U.S.

railroad workers (Garshick et al., 1987a) and, he~lce, the limitations and methodological

problems are similar. Unfortunately, the study reports contain only scarce descriptive data. No

information is given about the distribution of age and smoking in the exposure-related

subgroups.

Validity of smoking information: Information on smoking and exposure to asbestos was based

exclusively on information from next-of-kin. Cigarette smoking information from next-of-kin

is generally acceptable (McLaughlin et al., 1987). However, for drivers and in particular,

long-haul drivers who spend most nights in their trucks, next-of-kin knowledge may not be

accurate as their lifestyle on the road could be quite different from that at home. As the

smoking prevalence among drivers is generally much higher than in other jobs (Jain et al.,

2006; Sieber et al., 2014), residual confounding due to smoking is an issue in this analysis.

Furthermore, the prevalence ofever-smoking decreases with increasing age at death in a fixed

birth-cohort, due to the higher life expectancy ofnever-smokers. Hence one should consider a

bias in the smoking information, i.e. the smoking information is not comparable between birth

cohorts. It can be assumed that in younger workers, who also have a longer exposure to DE,

smoking has a stronger impact on the lung cancer risk than in older workers. Therefore, the

residual confounding by smoking is stronger in younger workers. Moreover, substantial

changes were observed with respect to smoking habits of the general population by birth

cohorts, which are clearly visible in the mortality due to lung cancer data (Table 8). It cannot

be assumed, that these changes were sufficiently reflected by the approximated smoking

information gathered from next-of-kin. Hence, the adjustment for smoking is not adequate.

[Table 8 near here]
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Comparison by length of employment: Comparison of lung cancer risk by length of

employment within a certain job group forms the main part of the analysis. It should be noted

that when 1959 is used as the cut-point for the definition of exposure, all decedents who

attained an age of at least 77 years belong to the lowest exposure tertile. Such a drastic

displacement does not occur without the restriction of exposure to the time after 1959. The

researchers emphasize that the lung cancer risk increased markedly with length of

employment as a long-haul trucker after 1959 (OR = 1.55 for longest duration). However, for

short-haul drivers an almost identical increase was observed. This is remarkable because a

reverse trend is present for short-haul drivers without the use of the cut-point for the

determination of the length of employment. Moreover, in contrast to the situation for long-

haul trucks, the conversion to diesel-powered short-haul trucks did not start before the mid-

70s and was completed between 1980 and 1992 (Garshick et al., 2012). Therefore, exposure

of short-haul drivers to noticeable amounts of DE prior to death in 1982/1983 was unlikely.

Consequently, it is more likely that lifestyle factors and smoking-related birth-cohort effects

are responsible for the observed trends. This statement is supported by the findings for truck

mechanics. No trend at all was observed with increasing years of employment in this job

group with the highest DE exposure intensity in the whole study population.

Summary: This nested case-control study has similar methodological problems to the nested

case-control study in U.S. railroad workers discussed above. The close link between the

quantification of DE exposure and birth-cohort, in conjunction with the substantial changes in

the smoking habits by birth-cohort in the general population and the differential bias in the

smoking data gathered from next-of-kin, leads to the conclusion that the findings of the study

are not reliable. Consequently, the results are insignificant in view of the relationship between

DE exposure and lung cancer risk and should not be used for QRA.
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Study in the unionized U.S. Trucking Industry

Description of the study and aatthors ' mai~r results

The first analysis of this large-scale cohort study comprised more than 54,000 male unionized

trucking industry employees who had worked for at least one day in 1985 at one of the four

participating companies (Laden et al., 2007). The mortality follow-up was performed from

1985 through 2000. Compared with the general U.S. population, the investigators observed

slightly elevated lung cancer mortality among all male drivers [SMR = 1.10 (95% CI: 1.02 —

1.19)] and also among dockworkers. A considerably higher mortality was also observed for

ischemic heart disease among drivers [SMR = 1.49 (95% CI: 1.40 — 1.59)], dockworkers and

shop workers.

A more detailed analysis on lung cancer mortality was performed using a subset of this

cohort, containing 31,135 male employees >40 years of age in 1985 with at least 1 year ofi

work in a trucking industry job (Garshick et al., 2008). Risk estimates for years of

employment in exposed jobs were calculated with Cox models taking attained age as the time

axis. [n addition, the authors considered decade of age at study entry, calendar year, decade of

hire, race, census region of residence and company in the regression model. In order to adjust

for a HWSE, total years employed in the companies and years off work were included.

Indirect adjustment for smoking was performed using information from an industrial survey

in 2003 of active and retired trucking industry employees. HRs for 20 years of work in a job

with DE exposure ranged from 1.40 (95% Cl: 0.88-2.24) for long-haul. truckers to 2.34 (95%

C1: 1.42-3.83) for combination workers who performed dock and pickup and delivery (Y&D)

tivork.

A later analysis of the same data used a statistical model based on a national exposure

assessment to estimate historical exposures to elemental carbon (EC) as a quantitative

surrogate for the DE exposure in this cohort (Garshick et al., 2012). The estimation of
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historical REC exposures made use of REC measurements from 2001-2006 and

accompanying job group-specific prediction models, developed to estimate REC based on a

range of determinants. These prediction models were used to estimate historical exposure to

REC, considering changes in work-related conditions over time based on a previous exposure

assessment of the trucking industry (1988-1989) and changes in home terminal ambient REC

based on a trend analysis of historical air pollution data (Zaebst et al., l 991; Davis et al.,

2011).

The investigators yielded a HR for lung cancer of 1.07 (95% CI: 0.99 — 1.15) per 1 mg/m3-

months cumulative exposure to EC (excluding mechanics) with a 5-year exposure lag,

adjusted for employment duration and other factors.

In their discussion of the study's limitations, the authors addressed the lack of individual

information on smoking and the lack of pre-diesel occupational history, spanning on average

over 10 years.

Comments on the study

Adjustment,for years worked: The res~ilts of this large cohort shady are primarily influenced

by adjustments for total years employed by the companies and years off-work. The autho►-s

justify this adjustment as it controls for a supposed HWSE. However, ahealthy-worker-

survivor bias denotes a bias arising from selection of unhealthy persons out of the

workforce/cohort (Checkoway, Pearce, and Kriebel, 2004). The methodological issue of this

stud}' ~~as rather a potential bias due to selection of prevalent hires into the cohort known as

left truncation (Applebaum, Malloy, and Eisen, 201 1).

The hest way to avoid left truncation is to restrict the cohort to incident hires only. Yet the

trucker cohort consists of prevalent hires that have worked in the companies nn average for l 3

years prior to study entry. According to the published results, the duration of employment was

correlated with the cumulative exposure to EC (0.55 < r < 0.74, depending on time lag)
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(Garshick et al., 2012). Hence, the parameter estimates for cumulative EC and years worked

in the Cox model were mutually influential. Using the author's preferred model (a 5-year

exposure lag in the cohort excluding mechanics) the hazard ratio for lung cancer per year of

work was 0.97 (95% CI: 0.96 — 0.99). In their second report, the investigators calculated the

risk for various job groups for 20 years of work (Garshick et al., 2008). Estimates varied

between 1.65 and 2.20 (without smoking adjustment). However, as 20 years of work

corresponds to a hazard ratio of 0.54 (0.97^20), the overall lung cancer risk without

adjustment for duration of work is actually not elevated. Indeed, HRs not adjusted for work

duration reported in the latest publication were lower than tl~e adjusted estimates and barely

above the reference hazard (Garshick et al., 2012).

Competing health-related risk factors: It is clear that left truncation correlates to the health

status of workers not included in the cohort, even though other reasons for leaving the job

such as the opportunity to change to a better-paid job also exist. 1n general, left truncation

induces bias only in the case when the cohort is heterogeneous in terms of the susceptibility to

tl~e effect of exposure. I~~ this context, other health-related conditions and exposures should

also be considered, especially in long-haul truck drivers that represent the largest occupational

group among the DC exposed workforce.

According to the U.S. National Health Interview Survey, the smoking prevalence among truck

drivers is about 43% -one of the highest among 209 job groups in the years 1978, 1988 and

1990-94 (Lee et al., 2004). The 2010 National Survey of Long-Haul Truck Driver Health and

Injury showed a prevalence of current smoking of 50.7% among long-haul truck drivers. This

compares to the national average in the working population of 18.9% (Sieber et al., 2014). In

addition, the U.S. Long-Haul Driver Health a~~d Injury s~~rvey demonsh•ated impressively that

obesity and diabetes were twice as prevalent in long-haul truck drivers as the 2010 U.S. adult

working population (obesity: 69% vs. 31 %; diabetes: 14% vs. 7%, respectively) (Sieber et al.,
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2014; Thiese et al., 2015). Further risk factors for drivers' health including hypertension, high

cholesterol, no physical activity, and fewer than 6 hours sleep per 24-hr period were

identified. Therefore, it is not surprising that the mortality due to heart diseases is higher in

long-haul truck drivers in comparison to other blue collar jobs, especially with respect to

ischemic heart diseases (Robinson and Burnett, 2005). Analogous results were seen in the

unionized trucking industry study discussed here (Laden et al., 2007).

Further studies support the statement that truck drivers are at higher risk for lifestyle-related

diseases (Hedberg et al., 1993; Korelitz et al., 1993; Hannerz and Tuchsen, 2001; Dahl et al.,

2009; Angeles et al., 2014). An analysis of medical examinations from 88,246 commercial

drivers showed that obese drivers were less likely to be certified for 2 years (Thiele et al.,

2015). Morbidly obese drivers were more likely to be disqualified from further driving

compared to normal-weighted drivers [OR = 1.95 (95% CI: 1.76 — 2.17); own calculations].

The overall rate of disqualified drivers in this study was 4.7%.

In view of the strong impact of lifestyle-related factors on premature termination of the job in

the trucking industry, a causal linkage between exposure to DE and years employed is

questionable. Indeed, work-related factors such as time pressure, driving up to 14 hours

straight per day, irregular sleep times and problems in finding safe places to park and sleep at

the end of the day might promote a risky lifestyle. This might include heavy smoking,

consumption of high calorie snacks and unhealthy main meals. Even occasional consumption

of psychoactive substances among truckers has been reported (Girotto et al., 2014; van der

Beek, 2014). It seems that for the research question being discussed here the inclusion of

years worked is an inappropriate approach to adjust for left truncation. Rather, the

simultaneous inclusion of two highly correlated variables in the model results in biased risk

estimates (Yoo et al., 2014; Vatcheva et al., 2016).
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Farther methodological issues: The lack of occupational history before employment with the

companies in the study is another critical point. On average, this period spanned over 10

years. Workers with a shorter tenure in a participating company potentially had longer careers

in the trucking industry prior to hire, i.e. tenures inside and outside of the participating

companies could be inversely correlated. Taking into account the reported standard deviation

of about 8 years for age at hire, along-haul driver hired in 1984 at age 53 (mean age at hire +

2 SD) could have 33 years of prior service in another trucking company, including 25 years of

diesel-truck driving. Even if he had worked until the regular retirement age on a diesel truck,

the largest part of his cumulative exposure would not be counted and his ̀ total years on work'

would therefore be falsely defined as 11 (instead of 44). Hence, the variable `total years on

work' does not give reliable information about the actual duration of the employment in the

trucking industry. Consequently, this variable must not be used in data analysis. Particularly

for long-haul drivers, the largest subgroup in the cohort, the DE exposure seems to be

considerably underestimated. The underestimation is linked to age at hire and thus with

exposure estimates calculated from available records in the participating companies.

The Cox models defined by the study investigators used attained age in 1-year increments as

the timeline. Calendar year (1985 through 2000) was included as an ordinal variable in all

models. Investigators assigned separate baseline hazards based on year of birth (< 1915, 1916-

1925, 1926-1935, 1936-1945) and decade of hire (< 1960, 1960-1969, 1970-1979, > 1980),

i.e. l6 different baseline hazards. The differentiation by year of birth is essential. However,

further differentiation by year of hire is dispensable. The impact of age at hire would be better

modeled outside the baseline risk by appropriate exposure variables, particularly in view of

the relationship between age at hire and total years worked.

Finally, the exclusion of mechanics fi-om the database for the risk estimation (Garshick et al.,

?012) deeds to be addressed. Mecha►lics have the highest exposure intensity with respect to
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EC, especially in cases of cold weather (Zaebst et al., 1991; Bailey, Somers, and Steenland,

2003). That mechanics were exposed to the highest intensity of EC in the study is

acknowledged by the study investigators. However, the study found a duration of>1 year of

work as a mechanic was not associated with an increased risk of lung cancer [HR 0..95 (95%

Cl 0.66 — 1.38)]. This was hypothesized to be due to predominant exposure to aged DE

particles (Garshick et al., 2008). In our view the differences between mechanics and drivers

with respect to other workplace-related factors, like the opportunity to smoke during working

hours or lifestyle-related factors, seem to be a more plausible explanation for these findings.

Hence, the exclusion of mechanics is not justified.

Conclusions on study results and recommendation for reanalysis: As a consequence of the

methodological issues described above, only the results unadjusted. for duration of work and

including mechanics (Garshick et al., 2012; Table 4) can be used to appraise the relationship

between DE and lung cancer in this study in the trucking industry. Lung cancer risk was

scarcely increased in ever-exposed workers, and the comparison of HRs by quartiles of

various EC metrics does not show any trend. Consequently, the log-linear exposure-response

relationship (7% risk increase for each 1 mg/m3-month of cumulative EC), highlighted by the

authors as the main result of their study, is clearly averestirnated. Areanalysis of a sub-

cohort, limiting the analysis to workers hired in the participating companies prior to their 25th

birthday, could overcome the study limitations. To reduce the close correlation between. years

worked and cumulative DE exposure, one should include the years worked before

dieselization instead of the total years worked in the model.

Summary: The advantage of this cohort of workers in the tr~eking industry is the availability

of quantitative exposure estimates. However, this advantage was leveled off due to the

absence of information on exposures before employment in the participating companies.

Particularly long-haul drivers hired later in their working life may have already accumulated
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several years of DE exposure in other companies. The adjustment variable `total years of

work (in the participating companies)' was biased accordingly. Furthermore, as shown above,

premature termination of the job in the trucking industry is related primarily to lifestyle-

related factors (including smoking habits). Therefore, adjustment for ̀ total years worked' was

not indicated in this study. Due to the strong correlation between years worked and

cumulative exposure, adjusting for ̀ total years worked' in the preferred statistical model led

to overadjustment bias; lung cancer risk in relation to DE was considerably overestimated. In

conclusion, the study does not support a causal exposure-response relationship between DE

and lung cancer and, due to the methodological shortcomings discussed, is not useable for

QRA.

Study ~rmong Bus Garage Workers in Stockholm

Description of the study and authors 'main results

The study comprises 695 male bus garage workers employed as mechanics, servicemen or

hostlers for a minimum of six months in five bus garages in Stockholm between 1945 and

1970 (Gustayson et al., 1990). Diesel-powered buses were first introduced in Stockholm in

the beginning of the 1930s. The transition to diesel-powered buses was completed in 1945.

Mortality (1952 — 1986) as well as cancer incidence, based on the data from the Swedish

Cancer Registry (1958 — 1984), were investigated as study outcomes. Exposure intensity to

DE and asbestos was estimated by a JEM, developed by industrial hygienists. Cumulative

exposure was estimated by adding up the product of duration of exposure and exposure

intensity over the time of employment.

The comparison of lung cancer mortality yielded a SMR of 1.22 (95% CL• 0.71 — 1.96; 17

cases) taking the occupational active male population of Stockholm as the reference. In a
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nested case-co~~trol study that included the 20 lung cancer cases (deceased and living cases

combined) and six age-snatched controls per case, an increase of lung cancer risk with

increasing DE-index was estimated using a logistic regression model [OR = 1.37 (95% CI:

0.91 — 2.07) per 10 units of DE-index]. For the highest exposure group, defined by a DE-

index >30, the relative risk estimated by weighted linear regression was 2.43 (95% CI: 1.32 —

4.47), taking the group with a DE-index <10 as the reference.

Comments on the study

The cancer registry data showed 15 incident cases of lung cancer and 2 incident pleura

mesothelioma cases. However, for the study period in question on average 30 cases of pleural

mesothelioma were diagnosed in the Swedish male population annually with an increasing

tendency (Jarvholm, Englund, and Albin, 1999). In contrast, the annual number of lung cancer

cases was about 1,400 (IARC, 2014) which is approximately 50 times the number of pleura

mesothelioma. From these data it can be assumed that the mortality due to mesothelioma is

rather high in the bus garage workers (SMR ~ 6). Hence, the exposure to asbestos in this

industrial cohort is not negligible and would have also impacted the lung cancer risk.

Unfortunately, the authors analyzed their data only in univariate models by DE- and asbestos-

index, respectively. Surprisingly, the authors' asbestos-index did not show adose-response

correlation with lung cancer risk. The highest risk was observed in the group with the second

highest asbestos-index in the range from 20 to 40 (OR = 1.67 in the internal logistic

regression analysis; SMR = 1.97 in the analysis of mortality).

In the analysis of lung cancer mortality by DE-index, the SMR was 1.27 for the highest

exposure category. Hence, the higher risk estimates derived by the case-control approach for

the highest DE-category were mainly due to the three lung cancer cases that were ascertained

through the cancer registry. Thus, these cases survived at least two years after diagnosis. In
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view of the low survival rates in lung cancer patients this combination seems to be a rare

exception and, hence, the corresponding result should not be over-interpreted.

Summary: In conclusion, taking into account the lack of smoking data, non-adjustment for

asbestos, probably weak asbestos data anyway, and the small number of lung cancer cases, the

study can add only little evidence for the clarification of the relationship between DE and lung

cancer risk.

Professions/ Drivers Cohort from London

Description of the study and authors 'main results

Based on the UK Health Service Central Register, the investigators identified 3,392 men who

were employed as professional drivers in London according to the 1939 census (Balarajan and

McDowall, 1988). The study was restricted to those drivers who needed special commercial

licenses for their job, i.e, bus, coach, lorry, and taxi drivers. The mortality follow-up was

conducted from 1950 until 1984.

The overall mortality was significantly reduced [SMR = 0.91 (95% CI: 0.87 — 0.95), own

computations of 95% confidence intervals based on data reported in the publication], while

the lung cancer mortality was clearly elevated [SMR = 1.47 (95% CI: 1.32 — 1.64)]. The

highest lung cancer risk was observed among lorry drivers [SMR = 1.59 (95% CL• 1.41 —

1.79)], the lowest among taxi drivers [SMR = 0.86 (95% CI: 0.58 — 1.23)]. For lorry drivers,

an elevated mortality risk due to stomach cancer [SMR = 1.41 (95% CI: 1.11 — 1.77)] and

respiratory diseases [SMR = 1.17 (95% Cl: 1.04 — 1.31)] was also reported.

Comments on the study

The major limitations of the study are the lack of information on smoking history and the

assumption that the cohort members stayed in the same job until retirement. This assumption
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is weak, particularly when one considers the changes that occurred with respect to World War

[I. Even if one assumes that all cohort members stayed in their jobs over the study period, one

would expect to see a greater lung cancer risk in taxi drivers compared to lorry drivers, as

they drive ►nostly in the urban area of London and, hence, their exposure to DE should be

higher. The fact that the risk difference between lorry and taxi drivers is also present for

stomach cancer and non-malignant respiratory diseases draws attention again to the

differences between mobile and non-mobile workers with regard to differences in lifestyle

habits.

Szrmmary: The study lacks information on lifestyle factors such as smoking. However, the

increase in the risk of lung cancer and other diseases seen in lorry drivers might be ascribable

to such factors. Therefore, the study cannot contribute to answering the research question.

Professional Drivers Cohort from Geneva

Description of the study and authors 'main results

A retrospective study similar to the London cohort study of drivers was carried out in the

Canton of Geneva. A total of 6,630 male drivers with licenses for heavy-duty road goods

vehicles, taxis, buses, coaches, and light-duty road passenger vehicles in 1949 or drivers

getting new licenses between 1949 and 1961 were identified using the archives of the

Cantonal licensing authorities (Guberan et al., 1992). Mortality data from 1949 to 1986 was

investigated. Cancer incidence was studied from 1970, the start of the Geneva Cancer

Registry, until 1986. The cohort was divided into three sub-cohorts based on their noted

occupation: professional drivers, non-professional drivers ̀ more exposed' to exhaust gas due

to their occupations, and ̀ less exposed' non-professional drivers.

Lung cancer mortality was significantly elevated in professional drivers [SMR = 1.50 (90%
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CI: 1.23 — 1.81)] and somewhat lower in non-professional drivers (SMR = 1.32 and 1.21,

respectively). In contrast to non-professional drivers, the professional group also showed a

significantly elevated risk for stomach and rectum cancer, higher even than that for lung

cancer. Furthermore, professional drivers had an increased risk of deaths due to esophageal

cancer, circulatory disease and cirrhosis of liver.

Comments on the study

The cohort comprises a wide range of professions. Therefore, the comparison of occupational

groups with respect to lung cancer without smoking information may be biased. Moreover,

the mortality patterns of professional drivers show a strong impact oflifestyle-related factors.

Summary: This study lacks information necessary for the clarification of the relationship

between DE and lung cancer risk.

Professional Drivers Cohort from Reykjavik, Iceland

Description of the study and authors ' n2ain results

A retrospective cohort study was conducted in Reykjavik, Iceland, in order to compare truck

and taxi drivers with respect to their lung cancer risk (Rafnsson and Gunnarsdottir, 1991). The

cohort was compiled using membership rolls from the Truck Drivers' Union and a

cooperative taxi agency in Reykjavik. The follow-up of the cohort started in 1951 and ended

in 1988. Data on vital status and lung cancer mortality were gathered by linking records with

the national population registry and the national death index. Almost all trucks have been

powered by diesel engines since 1950.

For the 868 subjects that worked as truck drivers a SMR of 2.1.4 (95% CI: 1.37 — 3.18) was

calculated. This was based on 24 cases of cancer of the lung, bronchus or trachea classified by

ICD-7, and, thus, also included pleura mesothelioma. Among taxi drivers there were 12 cases
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with a resulting lower SMR [SMR = 1.39 (95% CI: 0.72 — 2.43)]. The lung cancer risk was

not affected by the duration of employment.

Comments on the study

According to a survey cited in the paper, truckers considered themselves significantly less

likely to be never-smokers compared to both taxi drivers and all participants of the survey

combined (1 1.9% vs. 22.5% or 22.8%, respectively). This difference might partly explain the

study results. Yet mortality due to non-malignant respiratory diseases was unusually low

among truckers [SMR = 0.50 (95% CI: 0.28 — 0.82), based on I S cases], in contrast to taxi

drivers. The SMR for malignant and non-malignant respiratory diseases combined was also

less than one.

In addition, the authors reported the SMR by duration of follow-up up to >50 years (Rafnsson

and Gunnarsdottir, 1991; Table 7). However, duration of follow-up for each subject, by

definition, could not exceed 38 years. It therefore seems probable that the authors designated

the time since hire (TSH) as follow-up duration. Truckers with less than 20 years since hire

had the highest risk observed [SMR = 4.35 (95% CL• 1.18 — 1 1.13), based on four incident

cases (own calculations)]. For the categories 20-39 years and >40 years since hire, the lung

cancer risk was somewhat lower [SMR = 2.64 (95% CI: 1.54 — 4.23), 17 cases, and SMR =

2.31 (95% C1: 0.48 — 6.74), 3 cases, respectively]. Unfortunately, the risk distribution by

calendar time was not reported.

In their paper the investigators refer to findings from a Swedish study (Ahlberg et al., 1981)

saying ̀ It has been suggested that smoking among drivers could be regarded as a special case

because of the lack of air circulation in their vehicles, the result being that drivers are subject

to more indirect exposure from tobacco smoke than are others who smoke on the job'.

Therefore, smoking could be a potential reason for the elevated lung cancer mortality.

However, systematic bias in the docu►nentation of the underlying cause of death cannot be
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excluded. Further complicating the findings is that truck drivers in Iceland usually repaired

and maintained their own trucks and, thus, were exposed to other known risk factors for lung

cancer and mesothelioma, such as asbestos.

Taxi passengers were allowed to smoke in taxi cabs in Iceland until approximately 1980. This

fact may help explain the somewhat elevated lung cancer risk in taxi drivers while the

smoking habits in this job group were almost identical to that of the survey's reference group.

Furthermore, taxi drivers did not usually repair and maintain their own vehicles, reducing

their exposure to asbestos and other potentially hazardous substances.

Summary: Due to likely confounding of the lung cancer risk estimates by asbestos exposure

and smoking, the study does not improve our understanding of the DE-lung cancer

hypothesis.

DE-Exposed Workers in Finland

Description of the sti-~dy and authors 'main results

In a registry-based study, Finnish census data from 1970 was linked with the Finnish Cancer

Registry from 1971 up to 1995 (Guo et al., 2004). Exposure to diesel exhaust and gasoline

engine exhaust were assessed according to the occupation held for the longest period in the

census, in combination with the FINJEM job exposure matrix (Kauppinen, Toikkanen, and

Pukkala, 1998). The FINJEM is based on available exposure measurements and the judgment

of 20 Finnish occupational hygienists. It covers major occupational exposures in Finland since

1945 by occupation and calendar time. Cumulative exposure to DE was assessed according to

the concentration of nitrogen dioxide (NOz) in the air (mg/m3) multiplied by time in years. In

addition, FINJEM contains a rough estimate of smoking prevalence (proportion of daily

smokers). Risk estimates in the study were presented as standardized incidence ratios (SIR)
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by job codes, or as risk ratios derived from internal comparisons by Poisson regression,

adjusted for smoking, asbestos, quartz dust, socio-economic status, age, and period of follow-

up.

The lung cancer risk for male bus, taxi, and truck drivers vas SIR = 0.89 (95% CI: 0.78 —

1.00), SIR = 1.10 (95% CI: 0.96 — 1.26), and SIR = 1.13 (95% CI: 1.04 — 1.22), respectively.

Internal comparison did not show an increase in lung cancer risk for males by increasing

cumulative exposure to DE. For the highest exposure category (>10 mg/m3-years) a RR of

0.95 (95% CI: 0.83 — 1.10) was calculated. The risk pattern for males with respect to gasoline

exhaust was similar. In contrast to these results, a significant risk increase for lung cancer

with increasing exposure to gasoline engine exhaust was observed for females, but not with

respect to DE.

Comments on the study

Strengths of the study include the large database, the opporhmity to link the data with the

cancer registry and the availability of smoking data albeit as rough approximates. The

investigators wrote ̀ without adjustment for asbestos or quartz dust, or smoking, our results

would also have shown an effect of diesel eYhallst on lung cancer risk.' This implies that the

adjushnent for smoking had a noticeable impact on the risk estimates.

For the gi.iantification of DF,-exposure the FINJEM was used (Kauppinen, Toikkanen, and

Puk]<ala, 1998). This JEM used the concentration of nitrogen dioxide (NOS) in air (mg/m3) as

the indicator for DE exposure. Job-specific exposure values were weighted by the proportion

of exposed subjects in a job group and gummed up over the tenure to estimate cumulative

exposure. further assumptions were that exposure started at age 20 a~~d that workers

continued to work in the same job as recorded in the 1970 Census. Hence, the deviation oi'tlie

exposure estimate from the actual exposure for a worker might be greater in this study than in

other cohort st~idies based on quantitative exposure estimates, i.e. a more severe exposure
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misclassification must he considered. This effect often leads to shrinkage of the risk estimates

toward one.

Summary: The study did not show a relationship between DE-exposure and lung cancer and

thus does not support the hypothesis of a causal link. 1~1 view of the probably high level of

quantitative exposure misclassification the study should not be used for QRA.

Cohort of Bus Drivers cznd Tramway Erreployees in Copen/zagen

Description of the study and authors 'main results

A retrospective cohort study was conducted among 18,174 bus drivers and tramway

employees who worked between 1900 and 1994 for a large public transportation company in

Copenhagen (Boll-Johanning et al., 1998). Employment records were obtained from the

company files and linked with cancer incidence data from the Danish Cancer Registry, 1943-

1992. Information on smoking was not available. Using national reference rates, lung cancer

risk was found to be significantly elevated in male and female e~r~ployees [SIR = 1.6 (95% CI:

1.5 — 1.8), 473 cases, and SIR = 2.6 (95% CI: 1.5 — 4.3), 15 cases, respectively]. A trend by

duration of employment could not be observed.

To overcome the shortcomings of the cohort study, in addition the investigators carried out a

nested case-control study. Cases were restricted to those with a personal identification mm~ber

and, thus, employees still alive in 1968 when the Central Population Registry was established

(Boll-Johanning, Bach, and Jensen, 2003). Cases older than 85 years and deceased cases

without a co►~tactable next-of-kin were also exclL~ded. In total 153 lung cancer cases and 351

randomly sampled controls, matched by year of birth and vital status, were included in the

analysis. All controls were lung cancer free at the time of the incident cancer diagnosis of

their matched cases. Potential controls that died from cancer or non-malignant respiratory
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diseases were also excluded. Information about smoking habits and occupational history were

obtained from cases or next-of-kin. 98% of cases and 94% of controls were classified as

smokers; almost afl smokers had a smoking history of more than 20 years. The investigators

reported that, when adjusted for smoking, being a bus driver for more than 20 years was

associated with a decrease in lung cancer risk. Additionally, a decreasing trend in the smoking

adjusted odds ratios was observed [OR = 0.97 (95% CI: 0.96 — 0.99) per year employed].

Ever employment in other driving jobs or as a mechanic with DE exposure (37% and 35% for

cases and controls, respectively) was also inversely associated with lung cancer risk.

Comments on the study

The primary study aim was to analyze the impact of aic pollution on lung cancer risk.

Consequently, a specific analysis for DE-exposed jobs was not performed. However,

assuming that DE exposure is higher for drivers of DE-powered vehicles, as was done in other

studies, a further differentiation between bus drivers and tramway employees would have

been helpful, as tramways are powered electrically.

The slightly increased lung cancer risk for transportation workers when compared with the

general population could be explained by smoking. As the case-control analysis showed,

almost all included subjects were smokers.

Summary: The study results are non-conclusive with respect to a relationship between DE and

lung cancer risk.

Cohort Study Among Urban Bus Drivers in Three Danish Cities

Description of the study and authors' main results

The cohort study included 2,037 male urban bus drivers in the three largest Danish cities with

follow-up for cancer incidence from 1979 until 2003 (Petersen et al., 2010). An earlier report
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covered cancer incidence until 1984 (Netterstrom, 1988). Mailed questionnaires were used to

collect information on employment as a driver prior to the start of the follow-up period.

Employment as a professional driver thereafter was ascertained using the Supplementary

Pension Fund. Membership of the fund is compulsory for all wage earners in Denmark. The

Danish Cancer Registry was used to identify cancer cases. The combined cancer incidence

rates for the general male population of the three cities were used for external comparison.

The SIR for cancer incidence until 2003 was 1.09 (95% CI 1.0-1.2), whereas risks for lung

cancer [SIR: 1.2 (95% CI 1.0-1.4)] and bladder cancer [SIR: 1.6 (95% CI 1.2-2.0] where

somewhat i~~creased. 70% of the participating drivers reported active smoking at the start of

follow-up. The internal Cox regression analysis adjusted for smoking status (never, former,

current), amongst others, did not show an association between years of work as a professional

driver and lung cancer. This was true for both the questionnaire-derived employment

information and the complete employment information derived from the pension fund

registry. For bladder cancer, the longest duration (>25 years) of work as a professional driver

was associated with anon-significantly increased hazard ratio of 1.31 (95% C1: 0.70-2.48).

Comments on the study

The study authors concluded that the increased SIRS from the external analysis were probably

due to the higher smoking prevalence among professional drivers, compared with the

reference population. Self-reported smoking prevalence amongst the bus drivers was higher

than the prevalence reported in a separate study of the general male population of

Copenhagen, conducted at a similar time (70% versL~s 60%, respectively). The authors further

discuss that any true small risk increases might not have been detected as a result of small

study power or because employment years as a driver might not act as a good surrogate for

cumulative exposure to traffic pollutants. On the other hand, as smoking was only considered

in terms of three crude categories and derived from participants' smoking history prior to the
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study follow-up period, the observed study results are probably still biased due to residual

confounding by smoking.

Summary; The study on public bus drivers in three Danish cities does not support the

hypothesis of a causal association between DE exposure and lung cancer. Residual

confounding of risk estimates due to smoking is likely. Not least because of missing

quantitative data on exposure the study cannot be used for QRA.

Study on Danish Truck Drivers

Description of the study and authors ' n~airr results

This cohort study comprised 14,225 truck drivers and 43,024 other unskilled male laborers,

aged between 15 and 74 years and occupationally active on the day of the Danish census in

1970 (Hansen, 1993). The cohort was followed for exactly 10 years by a record linkage

between the 1970 census register, the Central Population Register 1970-1980, and the Danish

Death Certificate Register 1970-1980. A total of 627 drivers and 3,81 ] non-drivers died

during the study period. Individual information on smoking habits was not available. Non-

drivers were used as the reference population assuming that the smoking habits were

comparable between groups.

The mortality from lung cancer was significantly elevated in the drivers [SMR = 1.60 (95%

CI: 1.26 — 2.00), 76 cases]. However, elevated risks were seen also for laryngeal cancer and

other respiratory cancers [SMR = 1.40 (95% CI: 0.29 — 4.10), 3 cases; SMR = 1.70 (95% CI:

0.55 — 3.97), 5 cases; respectively]. The study authors noted the missing information on

smoking, the short follow-up period, and the exposure definition based only on the active job

at the reference date as the main limitations of their study design.

Co~nn~ents on the study
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The age structure between the two cohorts was very different. Only 7% of truck drivers were

over 55 years of age, in comparison to 24% of the reference group. One explanation for this

difference could be the rapid rise of the trucking industry in Denmark following WWII.

Assuming this to be true, the authors' assumption that `most Danish truck drivers remain

truck drivers throughout their working lives' is not unreasonable, at least for the younger age

strata.. However, for the truckers older than 55 years in 1970 (>30 years in 1945), this

assumption is incorrect. This cohort of men may have held other jobs before 1945 —most

probably as unskilled laborers -with unknown occupational exposures. The mortality data

reflect the risk difference between the two age strata. For truckers up to 55 years of age the

SMR is 1.07 (95% CI: 0.71 — 1.53, 29 cases) but for older truckers our calculation, based on

data from Table 5 (Hansen, 1993), yields an SMR of 2.32 (95% CI: 1.70 — 3.08, 47 cases).

Summary: The conclusiveness of the study is very limited, taking into account the

shortcomings described.

Cohort Study among Swedish Dock Workers

Description of~the study and authors' main results

In a retrospective cohort study the mortality and cancer incidence of 6,071 Swedish dock

workers in the period from 1961 until 1980 was investigated (Gustafson et al., 1986). The

cohort comprises all dock workers that were employed between 1961 and 1973 at Swedish

ports for at least six months. Diesel-powered trucks were introduced to Swedish ports in the

late 1950s, and their number increased rapidly in the early 1960s. Data on mortality and

cancer incidence were obtained by record linkage of the cohort data with the Cause-of-Death

Registry as well as the Cancer Registry. The overall mortality was significantly lower than

that for the reference population [SMR = 0.89 (95% CI: 0.84 - 0.94)], but the mortality due to
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lung cancer was significantly elevated [SMR = 1.32 (95% CL• 1.05 - 1.66); 70 cases]. Based

on incidence data, the investigators calculated an even higher lung cancer risk [SIR= 1.68

(95% CI: 1.36 - 2.07); 86 cases].

Later, a nested case-control study was conducted (Emmelin, Nystrom, and Wall, 1993). It was

planned to include the 20 ports at which lung cancer cases had occurred. Due to the lack of

exposure data in some ports, the study was further restricted to 15 ports where dieselization of

dock work started in 1957 and was finalized in 1963. The baseline cohort included 6,573 men

employed as dock workers for at least 6 months between 1950 and 1974. Up to four controls

were matched to each eligible lung cancer case diagnosed between 1960 and 1982, by date of

birth and port. [n total 50 cases and 154 controls were included in the study. Information on

employment was collected from company and union records. Smoking data were based on

infiormation from living controls, next-of-kin of the deceased and colleagues of the study

subjects. The three following variables have been used as surrogate markers for exposure to

DE: a) time worked with diesel equipment (`machine time') b) cumulative fuel consumption

(calculated as liter diesel per capita) and c) a cumulative `exposed time' variable where

`exposed time' was equal to 1 for years in which the annual fuel per capita exceeded the lower

quartile of an all years/all ports distribution, and a value of 0 was given for the other years.

The three DE exposure variables were separately included in the analysis, each with three

categories (low, medium, high).

Among the three exposure variables, the highest risk estimate was calculated based on the

exposed time. The odds ratio for high versus low exposure was 2.9 (90% CI: 0.8 - 10.7).

Exposed time was then used for further analysis. It was shown that the lung cancer OR of

high DE-exposed smokers increased to 289 (90% CI: 3.5 - 240), using low DE-exposed, non-

smokers as the reference group. The investigators concluded from their results that DE has an
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independent effect on the lung cancer risk and that a strong interaction exists between the

effects of smoking and DE.

Conzn~ents on the study

Cohort analysis: The basic analysis (Gustafson et al., 1986; Table 3) shows a considerable

heterogeneity between port regions. Applying the tools for meta-analysis it appears that the

measure I` describing the variation in the SMRs attributable to heterogeneity is 61

(p=0.002). Hence, the lung cancer risk is heterogeneous between port regions. The highest

risk is seen in the county Gavleborg on the Baltic coast in the middle of Sweden. Here, the

lung cancer risk was 2.76 times higher than for dock workers in Goteborg, the port with the

largest workforce included in the study (p < 0.005; 95% CI: 1.32 - 5.55; own calculations). It

is worth mentioning that Gavleborg is located in the vicinity of the mining region Bergslagen,

where copper, iron, and lead ore have been mined. Therefore, it is likely that the type of goods

shipped from the port is also important cofactors in the analysis.

Smoking prevalence among Swedish men is considerably lower than in other western-

European countries (Pierce, 1989). In addition, smoking prevalence is the highest in the birth

cohorts from 1942 until 1949 and considerably lower in men born earlier (Midlov et al.,

2014). Therefore we would assume that for this study, a smoking prevalence in the reference

population of ~35% is realistic. The case-control study nested into this cohort recorded a

smoking prevalence of 61 % among control subjects. The marked difference between the

smoking prevalence in the reference population and that in dock workers could on its own

explain the higher lung cancer risk observed in the dock workers cohort.

Case-control analysis: The investigators focused their case-control stLidy primarily on the

exposed time, an intensity-weighted sum of exposed months, as the exposure variable. As

seen in Figure 1 of the paper (Emmelin, Nystrom, and Wall, 1993), the annual fiuel

cons~imption increases with calendar time, which is plausible assuming an increase in
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productivity. Hence, more recent years are more likely to be classified as exposed years and

younger dock workers (with probably riskier smoking habits) would accrue more exposed

years than older workers. Unfortunately, the authors also did not verify whether the surrogate

measures for DE exposure in a port are correlated with the lung cancer SMR in that port.

The inclusion of smoking information in the mode] as a binary variable leads to considerable

residual confounding, particularly in view of the described procedure of categorizing former

smokers as either ̀ non-smokers' or ̀ smokers' based on whether they had stopped smoking 5

years prior to the incident cancer case's date of diagnosis.

Using the published frequencies of cases and controls, we re-analyzed the data to verify the

study's results for exposed time in combination with smoking (Emmelin, Nystrom, and Wall,

1993; Table 5). We applied unconditional logistic regression as we did not have access to the

original data base necessary for the conditional approach. In contrast to the authors' results,

our analysis yielded much lower risk estimates. The original publication found an OR of 2.9

for high DE-exposed, non-smokers and an OR of 28.9 for high DE-exposed, smokers. Our

corresponding results were 1.11 and 6.87, respectively. The comparison of various models by

AIC and BIC shows that smoking is the only important variable in the dataset (Table 9). The

OR for the binary smoking variable was 4.68 (95% CI: 1.88 — 1 1.66), i.e. close to the results

of the investigators' conditional logistic model for this variable. Alikelihood-ratio test (i.e.

withoLit penalizing additional parameters) indicates that the interaction term betwee~~ DE-

exposure and smoking is not statistically significant (p > 0.8). The corresponding ORs for the

medium- and high-DE exposure categories were 1.35 (95% CI: 0.58 — 3.12) and 1.83 (95%

CI: 0.78 — 4.29), respectively. A further likelihood-ratio test even rejected the inclusion of

DE-exposure variable into the model. The large discrepancy in results seen between the

original conditional and unconditional logistic regression models highlight that the results of

our unconditional analysis could have considerably underestimated the actual lung cancer
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risk. However, the much larger risk estimates for the conditional approach suggest that the

case-control matching variables ̀ age' and ̀ port' play an important role in the interpretation of

the original results and, thus, should be considered together with smoking differences as

sources of confounding bias.

Summary: The lung cancer risk is very heterogeneous between the ports. However, no attempt

was made to investigate whether DE-exposure could explain the heterogeneity. The

relationship between the exposure variable and lung cancer risk seems to be much weaker

than reported. A strong residual bias of the lung cancer risk estimates due to smoking must be

assumed. In conclusion, this study does not add evidence for the hypothesis concerning a

causal relationship between exposure to DE and the risk of lung cancer and. Due to the

methodological issues raised and missing quantitative exposure data it is not suitable for

Qom.

Cohort Study in the Swedisla Construction Industry

Description of the stu~'v and authors 'main results

The cohort comprised of all Swedish construction workers participating in a regular,

voluntary, free health examination offered by the national industrial health service. A total of

6,364 male truck drivers and 14,364 drivers of heavy construction vehicles were investigated

as DE exposed groups. Altogether, 1 19,984 carpenters and electricians formed the reference

group (Jarvholm and Silverman, 2003). Each worker was followed from his first health

examination between 1971 and early-1993 until 31 December 1995. Vital status, cancer

incidence and mortality were ascertained by record-linkage with national registries. The

oldest available information on smoking history from the health examination record was used
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to classify workers into current smokers, ex-smokers, never-smokers, and subjects with

unknown status.

The authors calculated asmoking-adjusted SIR for lung cancer of 0.87 (95% CI: 0.66 — 1.11)

for heavy equipment operators and 1.29 (95% CI: 0.99 — 1.65) for truckers, taking carpenters

and electricians as the reference group. Results for lung cancer mortality were similar. Risk

estimates (not adjusted for smoking) when the general population was used as the reference,

were even lower. This could be explained by inherent selection bias; voluntary medical

examinations are probably undertaken by the most health-conscious subjects (an attendance

rate of 80% was given in the study report).

Comments on the study

The study shows clearly that DE-exposed workers smoked more than workers in the reference

group (45% of truck drivers vs. 33.4% of reference subjects). The authors controlled for this

by stratifying the internal analysis based on smoking habits. However, truck drivers were, on

average, 8 years older at their first health examination than carpenters/electricians meaning

the age-adjusted smoking prevalence among drivers could even be higher.

The study authors reported a significant inverse trend in the SIR for lung cancer in heavy

equipment operators and suggested that the availability of an enclosed cab might protect

workers from DE (p<0.001; x' test for trend). Our own calculation of a test for trend (Breslow

and Day, 1987) indeed yields a x'-value of 1.18 which is not sufficient to reject the 1lypothesis

of a trend existing. However, the hypothesis of homogeneity of the SIRS cannot be rejected

either (x'=1.21; 2 d.f.). In order to help clarify the relationship between DE and lung cancer in

this study, we applied a Poisson regression model. The availability of an enclosed cab as the

parameter of interest was coded according_to the original subgroups with 0 for ̀ never', 1 for

'sometimes' and 2 for ̀ always'. This calculation resulted in an IRR of 0.76 (95% CI: 0.47 —

1.24). Hence, the significant trend reported by the authors cannot be confirmed. Admittedly,
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the authors themselves interpreted the apparent trend carefully due to a lack of quantitative

DE exposure data for the different vehicle types. In addition, for workers never using

equipment with an enclosed cab the SIR was not elevated.

Summary: The study on Swedish construction workers lacks information on DE exposure

intensity and detailed information on smoking. Nevertheless, in view of the non-elevated risk

in the combined group of DE exposed workers [SIR = 1.04 (95% C1: 0.86-1.24), own

computation based on the information in the study report], the study does not indicate a causal

link between DE exposure and lung cancer. Due to missing quantitative data on exposure, the

study data is not useable for QRA.

Cohort Study in the U.S. Construction Industry

Description of~the sta~dv and authors' main results

This retrospective, mortality cohort study consisted of 34,156 male Heavy Construction

Equipment Operators Union members with at least 12 months of membership between 1964

and 1978 (Wong et al., 1985). Overall, 9.8% of the cohort died before 31st December 1978,

the end of the follow-up period. For a further 5.2%the vital status could not be determined.

The analysis of the entire cohort yielded an unremarkable risk estimate for lung cancer

mortality [SMR = 0.99 (95% CI: 0.88 — 1.10)]. An internal comparison revealed an increasing

risk of lung cancer with longer duration of union membership. Workers with at least 20 years

of membership had a SMR of 1.07 (95% CL• 0.91-1.25; own computation based on numbers

given in study report), while workers with less than 5 years of membership had a SMR of 0.45

(95% CI: 0.22 — 0.83). A similar result was obtained in the internal analysis by latency. Half

of the lung cancer cases were observed among already retired union members, and the risk

estimate was considerably higher in this stratum [SMR = 1.64 (95% CI: 1.39 — 1.92)].
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Comments on the study

The lung cancer mortality for the cohort was virtually identical to the reference population.

An excess lung cancer risk was seen only amongst retired union members. Subjects in this

group were coming to the end of their working lives at the time of the study start. The authors

noted `it has been reported that members of the union historically have been exposed to

concentrations of respirable dust substantially in excess of permissible levels'. The

significantly elevated mortality from emphysema among union workers as compared to the

general population supports this suspicion [SMR = 1.65 (95% CI 1.36-1.98)]. Moreover,

emphysema mortality considerably increased with duration of union membership. When the

original cohort was restricted to retired union members, in addition to the elevated lung cancer

mortality an increased SMR is also seen for emphysema (SMR = 2.77), liver cancer (SMR =

2.07), liver cirrhosis (SMR = 1.74) and cancer of the digestive system (SMR = 1.42). This

implies that lifestyle factors, including smoking, alcohol consumption and dietary habits, play

an important role in the increased disease risk seen in the older cohort. Hence, it is

questionable if DE exposure, expressed by duration of union membership, could really be

responsible for the excess lung cancer risk observed.

Individualized data on smoking was not available for the cohort. As the authors reported, a

small-scale survey indicated that 27 (25.2%) of the 107 participating union members were

never-smokers, which is only slightly lower than the reference value from the 1970 National

Center for Health Statistics' Interview Survey (30.7%). However, these data are not sufficient

to compare, for example, the smoking habits by duration of membership in the union.

F~irthermore, the survey was conducted in union members that were still active. It may,

therefore, incorrectly describe smoking habits of inactive, retired or deceased workers. The

study report includes the information that at the end of follow-up in 1978 only 46.1 % of the

cohort members were still active union members. Other relevant information about this
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survey, especially the response rate, was also not provided.

Summary: The main limitations of the study are that only partial work histories were available

for the cohort and the lack of data on DE-exposure levels. Hence, even semi-quantitative

exposure estimates were not available. The mortality pattern for retired union members

suggests that primarily lifestyle factors such as smoking and alcohol consumption are

responsible for elevated risk estimates. Other occupational exposures such as silica dust may

have contributed to the increased lung cancer risk. The study is not-informative with respect

to a possible causal relationship between DE-exposure and lung cancer risk and also does not

allow QRA.

Excicrded Cofzort Studies

Several studies were excluded from detailed discussion due to insufficient data on the

estimation of an exposure-response-relationship between DE and lung cancer risk. The

reasons for exclusion are briefly described below.

Occupational differences in risks of lung cancer were described based on data from the Los

Angeles County Cancer Surveillance Program (Menck and Henderson, 1976). Despite the

cancer data being of high quality, the lack of specific data on DE exposure, as well as on

duration of exposure and smoking habits, do not permit any stateme~~t about the impact of DE

on l~mg cancer risk.

The large-scale Cancer Prevention Study II, organized by the American Cancer Society, was

used as the study base for an investigation of DE effects on mortality (Boffetta, Stell~nan, and

Garfinkel, 1988). However, this analysis includes information on the first two-years of

follow-up only (1982-1984). Meanwhile the mortality follow-up for this large cohort (1.2

million men and woman) has been extended to 2006. Unfortunately, we were unable to find a
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reanalysis of the current data on DE and mortality. Consequently, the results can be regarded

as preliminary only.

The Minnesota Highway Maintenance Worker Study (Bender et al., 1989) lacks detailed

information on lung cancer mortality. The lung cancer SMR was 0.69 (95% CI: 0.52 — 0.90)

and, further details were reported only for cancer sites with elevated SMRs.

Members of a large prepaid health plan formed the basis for another cohort study (Van Den

Eeden and Friedman, 1993). However, the analysis was based only on self-reported

occupational exposure to engine exhaust. A specific analysis for DE was not possible, as was

any differentiation by duration of exposure.

Based on the Swedish Cancer Environment Register III, the cancer incidence during 1971-

1989 was investigated (Boffetta et al., 2001). Probability and intensity of DE exposure in

1960 and 1970 was assigned by ajob-exposure-matrix. Information on duration of exposure

was missing, as well as data on smoking.

A further large-scale cohort study involved subjects that were at any time between 1989 and

?004 members of a trade association that provides services to truck drivers (Birdsey et al.,

2010). Data on employment history, exposure to DE and individual smoking habits are not

available.

Hospital-based Cnse-Control Studies

Overview ofthe studies

The hospital-based case-control studies are summarized in Tables 10 and 11. They include a

study in 18 hospitals across six U.S, cities (Boffetta, Harris, and Wynder, 1990) and a study

fro►n Montreal, Canada with ahospital- and population-based control group (Parent et al.,

2007) (Table 10). Also included are several component studies of a European, multi-center,
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case-control project financially supported by the INCO-Copernicus program of the European

Union (Olson et al., 2011), and three studies conducted in France and Italy (`LUCA',

`PARIS', ̀ ROME') which, together with the INCO-studies, contributed to a pooled analysis

of European and Canadian case-control studies (Olsson et al., 2011) (Table 11). The lung

cancer ORs for the highest category of DE-exposure ranged between 0.95 (95% CI: 0.52-

1.74) in the French LUCA study and 1.76 (95% Cl: 0.80-3.90) in the PARIS study, also

conducted in France (Tables 10 and 1 l ). [Tables 10 and 11 near here]

Comments on the studies

The study from Montreal, Canada included control subjects with a cancer diagnosis other than

lung cancer (Parent et al., 2007). The other hospital-based studies involved control subjects

with various diagnoses. A common aspect of these studies is the exclusion ofsmoking-related

diseases from the set of permissible diseases among controls. This would be an appropriate

approach for studies with smoking as the exposure of interest. In this case, excluding tobacco-

related diseases ensures better comparability of the hospital control group with the

(hypothetical) source population in regards to the distribution of smoking habits. Removing

exposure-dependent diseases from controls limits an underestimation of the association

between the exposure and the outcome of interest (Rothman, Greenland, and Lash, 2008).

However, as diesel exhaust is the exposure of interest, excluding tobacco-related control

diseases is not necessary. Moreover, including smoking-related diseases in the control group

ensures that the case- and control-subjects remain more alike with respect to the most

important risk factor for lung cancer. The importance of this approach is clear when one

consider that subjects in jobs with DE-exposure tend to smoke more frequently than the

employees in other job groups. This has been described in detail for truck drivers in the U.S.

unionized trucking industry. Including smoking-related diagnoses in the control group seems

advantageous in view of the high potential for residual confounding by smoking in
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epidemiologic analyses. Residual confounding is likely to be most apparent in DE-lung cancer

risk estimates when smoking-related diseases are excluded from the control group, and it may

have less impact when those diseases are not excluded. Of note, the study conducted in the

Montreal area where controls with cancers other than lung were included (Parent et al., 2007)

did not show an increased risk of lung cancer with DE [OR for high exposure level 1.0 (95%

CI: 0.7-1.5), Table 10]. We would argue that the odds ratios for highest cumulative DE-

exposure in the study conducted in six U.S. cities (Boffetta, Harris, and Wynder, 1990) and in

the pooled analysis by Olsson et aL (Olson et al., 2011) might have been overestimated [OR

1.49 (95°/o CI: 0.72-3.11), Table 10 and OR 1.31 (95% CI: 1.19-1.43), Table 11, respectively]

Szrnzmary: The majority of the hospital-based case-control studies may have overestimated the

DE-lung ca~Icer relationship by excluding tobacco-related diagnoses from controls. The

restricted interpretability of the study results precludes their suitability for the evaluation of

the DE-lung cancer relationship.

Population-base/ Case-Control Studies

Overview of the studies

The population-based case-control studies on DE and lung cancer are sum►narized in Table

12. [Table 12 near here] Two studies were conducted in Canada. The first study, from

Montreal, ascertained cases via incident hospital diagnoses. Apopulation-based control group

and ahospital-based control group were included (Parent et al., 2007). The initial analysis

using incident cases from 1979-85 (Parent et al., 2007) was followed by a reanalysis using

cases from 1979-85 and 1996-2001 (Pintos et al., 2012). The second Canadian study

ascertained cases using cancer registries from eight provinces (Villeneuve et al., 2011).
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[n addition to the Canadian studies, a study was conducted in New Mexico, including cases

from 1980-82 compiled from the New Mexico cancer registry (Lerchen, Wiggins, and Samet,

1987). This was the oldest study included in our review. We also reviewed two studies

conducted in the city of Turin (Richiardi et al., 2006) and the Lombardy region of Italy (De

Matteis et al., 2012), three in France (Menvielle et al., 2003; Wild et al., 2012; Matrat et al.,

2015), one in Germany (Bruske-Hohlfeld et al., 1999), one in Stockholm, Sweden

(Gustayson et al., 2000), and one study with two reports (one of which was restricted to non-

smokers) in Hong Kong, China (Tse et al., 2009; Tse et al., 2011). Furthermore, a pooled

analysis ofcase-control studies in Europe and Canada (Olson et al., 201 1) included data from

several of the aforementioned studies (Table 11): the German study with two study centres

(Bruske-Hohlfeld et al., 1999), the Italian study in the Lombardy region (EAGLE study) (De

Matteis et al., 2012), the study from Turin, Italy which extended to a second study centre in

the Venetian region (Richiardi et al., 2004; Richiardi et al., 2006), and the Swedish study in

Stockholm (Gustayson et al., 2000). Additional population-based case-control data involved

in the pooled analysis came from the Liverpool and Warsaw centres of the INCO Copernicus

project (Cassidy et al., 2007) and, as a special case, from the Netherlands sub-cohort of the

European Prospective Investigation into Cancer and Nutrition (Table 11).

The lung cancer odds ratios for subjects with the highest cumulative DE-exposure or longest

exposure duration ranged from 0.7 (Menvielle et al., 2003) to 1.8 (Pintos et al., 2012). Control

subjects were recruited using population registries, electoral rolls, health-related population

databases, random-digit-dialing procedures or, in one case, property assessments data.

Adjustment for smoking varied and included information on smoking status plus duration or

intensity of use, pack-years or pack-years plus further information such as time since quitting.

[n further sections, we aim to describe special methodological features of population-based
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case-control studies on DE-exposure and lung cancer, which are important for the

interpretation of the relationships under question.

Population-based Case-Control Study in Stockholm, Sweden

Description of the study and authors' main results: In a study conducted in Stockholm,

Sweden, which ascertained lung cancer cases from the national cancer registry between 1985

and 1990 (Gustayson et al., 2000), two control groups were selected from the Stockholm

population registry from the same years. The first control group was selected among subjects

that were alive at the end of the calendar year in which a case, matched for age, arose. The

second ̀ mortality-matched' control group was selected among subjects alive at the start of the

calendar year in which a case arose and in addition, case- and control-subjects were matched

with regard to vital status as of December 31, 1990. Deaths related to tobacco smoking were

excluded from the deceased mortality-matched referents, i.e. subjects were excluded if the

following diseases were listed as underlying or contributing causes of death; cancer of the

upper gastrointestinal organs, liver and biliary passages, pancreas, respiratory organs and

urinary bladder, as well as ischemic heart disease, aortic aneurysm, bronchitis and

emphysema, peptic ulcer, cirrhosis of the liver, and external causes. In total, information on

1,042 cases and 2,364 controls (including 1,090 mortality-matched controls, of which 89%

were deceased at time of data collection) was available for analysis. For the highest exposure

category a crude OR of 1.68 (95% CL• 1.23 — 2.30) was calculated. Adjustment for smoking,

asbestos and some environmental factors had little effect on the risk estimate [OR = 1.63

(95% CI: 1.14 — 2.33)].

Comments on the study: The restriction of controls was justified by the study authors as

follows; ̀ we excluded smoking-related causes of death from the ir~ortality-matched referent

series, partly to obtain unbiased risk estimates of the effect of smoking [...]' (Gustayson et
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al., 2000). The reference given in connection with this approach was a methodological study

investigating the effect of excluding smoking-related deaths on the comparability of dead and

living controls from apopulation-based case-control study on renal cancer with regard to their

smoking habits (McLaughlin et al., 1985). With deceased controls more frequently having a

history of smoking compared to living controls, the aim was to gain more similarity between

the groups so as to be able to use deceased subjects as proper controls in studies on smoking

as a risk factor. The principle of excluding control subjects with diagnoses that are caused by

the traits under study has also been described by Rothman, Greenland, and Lash, 2008.

Gustaysson et al. (2000), however, applied the principle without smoking being the exposure

of interest. [n their report, no risk estimate for the effect of smoking on lung cancer risk was

given. Rather, the DE-lung cancer relationship was adjusted for smoking habits. As discussed

earlier iii the section on hospital-based case-control studies, excluding smoking-related

diagnoses in such a situation widens the gap in the distribution of smoking habits between

cases and controls. Taking into account that smoking is the most important confounder for the

analysis of a DE-lung cancer relationship, it might be helpful to keep smoking-related

diseases in the control group comparable to a matching procedure on smoking. We must

assume that, by removing subjects with smoking-related diagnoses, the DE-lung cancer

relationship is stronger biased than it would be the case if subjects with those diagnoses were

included as controls.

In addition, the exclusion of smoking-related deaths disproportionately reduces the share of

certain occupational groups in the control group. In light of the high smoking prevalence of

DE-exposed workers, the proportion of smoking-related deaths will be comparatively high in

this job group and, thus, the control group will be artificially deficient of DE-exposed

workers. The result will be that the DE-lung cancer relationship is overestimated.
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In the publication's discussion, Gustayson et al. (2000) also suggest that exclusion of

smoking-related causes from the mortality-matched deceased controls prevented bias towards

the null. They stated `We excluded smoking-related causes of death firom the mortality-

matched referent series, [...] because several of the risk estimates for the occupational

exposure factors otherwise may have been biased towards the null, since several of these

factors may increase the risk of death not only from lung cancer but also from other forms of

cancer and cardiovascular diseases, in analogy with tobacco smoking'. By this, the authors

assume that DE might not only cause lung cancer but also any other disease associated with

tobacco smoking. As smoking is by far the strongest determinant of lung cancer, the extent of

overestimating the DE-lung cancer relationship when excluding smoking-related deaths might

be higher than the extent of underestimating risk when not excluding smoking-related deaths.

Thus, we think that the risk estimate for the DE-lung cancer relationship given by Gustayson

et al. (2000) is an overestimation of the true association.

Summary: Residual confounding by smoking might be a simple explanation for the results of

this study. The study cannot be considered as evidence for a causal relationship between DE

and lung cancer.

Selection Bias in population-based Case-Control Studies

Overview of selection bias: The validity of population-based case-control studies to a large

extent depends on the sampling procedure of control subjects. In order to compute an

unbiased odds ratio, it is necessary to sample controls independently of exposure status from

the source population. In principle, only complete participation of randomly selected controls

ensures the absence of selection bias, provided that cases and controls stem from the same

source population. In the presence of any incomplete participation of selected controls,

participating and non-participating subjects must not differ from each other in their exposure



(Rothman, Greenland, and Lash, 2008). However, participation of control subjects is seldom

complete and, further to that, participation is frequently dependent on exposure status. For

example, a survey on cardiovascular risk factors in the Swedish population aged between 25

and 74 has clearly shown a socio-economic gradient in the response rates (Strandhagen et al.,

2010). The willingness to participate was significantly higher in individuals with university

education [OR = 1.42 (95% CI: 1.29 — 1.56)]. The difference in terms of income is even

greater. Moreover, among respondents, all health behaviors studied were significantly related

to education.

Based on the pooled analysis of case-control studies in Europe and Canada (Olson et al.,

2011) (Table 11), it was shown that the lLing cancer risk in relation to DE is inversely

correlated with the response rate among controls (Mohner, 2012). Olson and her coworkers

showed that the pooled estimate for the DE-lung cancer relationship was somewhat biased

due to one German study (the so called AuT sh►dy). This study had the lowest response rate in

controls among all pooled studies (response rate 41%) (Olson et al., 2011; Olsson et al.,

2012). The main reason for this low response rate was probably the fact that the study base

was part of a then ongoing study on lung cancer due to indoor radon exposure and the

associated requirement to install a measuring instrument in the living room as well as in the

bedroom for one year (Bruske-Hohlfeld et al., 1997; Bruske-Hohlfeld et al., 1999).

Selection bias in the German study: We aimed to verify whether there was a difference in the

prevalence of driver jobs between the control group in the German AuT case-control study

and the general population. If there was a difference, the control group would not accurately

represent the study source population with respect to an important job group for DE-exposure.

In this situation, study results would be biased and fail to describe the true association

between professional driving, DE and lung cancer. We also sought to estimate the variability
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of lung cancer risk estimates depending on how closely the control group resembled the

source population.

Representative socio-economic data for the German population have been made available for

scientific use since 2001 by the Research Data Centers of the Federal Statistical Office and

the statistical offices of the federal states. We used data from the 1982 microcensus, a

compulsory, representative, yearly re-run survey based on 1% of the population. Microcensus

data from 1982 was limited to information on the population of West Germany, but for the

first time included athree-digit job-code for each individual, referring to the German job

classification system of 1975 (Statistisches Bundesamt, 1975).

The detailed analysis on DE and lung cancer involving the West German part of the AuT

study together with a second study in West Germany (HdA) shows a significantly elevated

lung cancer risk for professional drivers (Table 13) (Bruske-Hohlfeld et al., 1997). The

original dataset included 64 controls from West Germany that were economically active as

professional drivers in 1982. In contrast, 100.37 drivers would be expected based on the

microcensus 1982, taking into account age by 5-year age groups (Mohner, 2016a). Therefore,

the standardized employment ratio (SER), calculated in the wine way as a SMR, is 0.64 (95%

CI: 0.49 — 0.81). [Table 13 near here]

A total of 426 cases and 234 controls in the western areas of the pooled German study were

`ever employed' as professional drivers. In the analysis initially published, the ftgures

provided were 412 and 226, respectively; however, a few individuals were categorized as

non-exposed due to the data records showing that the vehicle was not powered by a diesel

engine (Briiske-Hohlfeld et al., 1997; Bruske-Hohlfeld et al., 1999). Assuming that the SER is

0.64 for all controls `ever employed' as professional drivers, the actual number of exposed

controls should be 367 instead of 234. The impact of the SER on the risk estimates is given in

Table 13. Strictly speaking, the SER is 0.64 only for controls employed as a driver in 1982.
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For drivers who changed jobs prior to 1982 it might be slightly higher. Therefore, an estimate

of 0.7 seems realistic. However, the corresponding risk estimate, adjusted for smoking and

asbestos, is no longer elevated under such an assumption (Table 13). This additional analysis

demonstrates that population-based case-control studies may suffer considerably from certain

bias introduced by a biased recruitment process of control subjects.

Selection bias in an Italian study: An analysis of non-response bias was also performed in the

case-control study on lung cancer conducted in Turin (Richiardi, Boffetta, and Merletti,

2002). The researchers found that the socio-economic level of non-respondents was high in

cases and low in controls. The prevalence odds ratio of ̀non-response' in control subjects was

significantly elevated (OR ~ 3) for the educational level `elementary school or less' in

comparison to ̀ high school and higher'. They concluded that ̀ nonresponse, associated with

socio-economic status, is an important potential source of bias in population-based case-

control studies, which should always be considered and discussed.'

In a first analysis of the data on the relationship between DE exposure and lung cancer risk,

the researchers reported an odds ratio of 1.04 (95% CI: 0.79 — 1.37) for any DE exposure,

adjusted for smoking and exposure to list-A jobs (Richiardi et al., 2006). Further adjustment

for educational level reduced the OR to 0.95 (95% CI: 0.72 — 1.26) (Table 12). The overall

response rate among controls was 84.8%, about 80% in individuals with educational level

elementary school or less and about 93% in individuals with high school education and higher

(own calculations based on Richiardi, Boffetta, and Merletti, 2002 and Richiardi et al., 2006).

The study in Turin, extended for the Venetian region, was later included into the pooled study

by Olsson et al. (201 l) (Table 11). The number of cases and controls was then almost

doubled, but the overall response rate among controls decreased to 80%. In contrast, the risk

estimate with respect to highest cumulative DE exposure without adjustment for education
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increased from 0.95 (95% CI: 0.63-1.45) (Richiardi et al., 2006) to 1.18 (95% CI: 0.89 —

1.57) (Olson et al., 2011).

Selection bias in the Dutch study: A further example for the relationship between response

rate and educational level is acase-control study nested in the Dutch sub-cohort of the

European Prospective Investigation into Cancer and nutrition (EPIC)-study (Beulens et al.,

2010). This study was also included in the pooled analysis by Olsson et al. (201 1) (Table 1 1).

The prospective Dutch cohort study comprised data from questionnaires and medical

examinations of 22,769 participants aged 20-59 years. The overall response rate was 45%

with older people more likely to respond than younger subjects (30% response among people

aged 20-29 and 54% among people aged 50-59) (Beulens et al., 2010). Data on 64 lung cancer

cases and 187 controls were included in the pooled analysis. The lifetime prevalence of

occupational DE exposure among controls was 14.4%, significantly lower than the prevalence

rate among all other study centers included in the pooled analysis. The second lowest value

was 20.4% recorded in INCO-Romania. The HdA study in Germany, which adjoins the

Netherlands, recorded exposure prevalence amongst controls of 57.6%. Taking into account

that the age range of the Dutch sub-study was considerably lower than in the other sub-studies

from the pooled analysis, one could speculate that the response rate was especially low among

DE exposed persons that were still economically active. Indeed, the authors of the pooled

study reported that the frequency of employment in jobs known to be associated with an

increased lung cancer risk among controls was also the lowest in the Dutch sub-study (Olson

et al., 2011).

Control for selection bias in the data analysis: The adjustment for educational level, or any

other indicator of socio-economic status, would assist in correcting the study results when

differences in response rates between subjects exposed and not exposed to DE occur.

However, of the separate population-based case-control studies reviewed (Table 12), four did
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not consider any control for socio-economic variables (Lerchen, Wiggins, and Samet, 1987;

Gustayson et al., 2000; Menvielle et al., 2003; Villeneuve et al., 2011). Seven studies

published main risk estimates adjusted for socio-economic variables (Briiske-Hohlfeld et al.,

1999; Richiardi et al., 2006; Parent et al., 2007; Tse et al., 2011; Pintos et al., 2012; Tse and

Yu, 2012a; Wild et al., 2012) while only two of these studies reported both unadjusted and

adjusted results. In the Italian study adjushnent for socio-economic status reduced the risk

estimate by about 9% to an OR of <], as reported above (Richiardi et al., 2006). A similar

adjustment in the Ge►-man study yielded an attenuation of almost 12% from an OR of 1.43 to

1.26 for lung cancer in relation to any occupational DE exposure (Mohner et al., ] 997;

Briiske-Hohlfeld et al., 1999) . De Matteis et al. (2012) reported that adjusting for education

did not have any impact on the risk estimates in their study. Matrat et aL (2015) did not adjust

their main analysis for socio-economic information, but their sensitivity analysis restricted to

subjects without asbestos exposure indicates confounding by educational level; the OR for all

subjects was 1.62 and dropped to 1.47 when subjects were further restricted to those without a

university or high school degree. Finally, additional adjustment for education in the pooled

analysis of European and Canadian studies reduced the risk estimator in the highest quartile of

exposed workers from 1.27 to 1.14 (95% CI: 1.03 — 1.26) (Straif, Olsson, and Gustayson,

2010) (Table 11). The final publication of this study, however, did not mention results

adjusted for education (Olson et al., 2011). In a later letter in response to Mohner (2012),

Olson and her colleagues reported the following: ̀ Education was later dropped from the

model, as it is not certain what attained education level reflects and if it is a real causal factor

associated with lung cancer, after adjustment for other lifestyle factors such as smoking and

occupational exposures to lung carcinogens, or that it is a correlate of DME exposure' (Olson

et al., 2012). Unfort«nately, they did not report the adjusted estimate together with their

argument why such adjustment might be critical in the first place.
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Biased calculation of response rates: Last but not least, the calculation of the response rates

among the controls is worth discussing. In studies that used random digit dialing (RDD) for

recruitment of controls, the response rate was mainly computed as the share of subjects finally

taking part in the study among those that could be contacted by phone in the first place. The

resulting response rates very likely overestimate the true rates, as eligible subjects that cannot

be reached and t}~us remain unknown do usually not contribute to the calculation. This point is

highly relevant to DE exposure studies. Mobile workers such as long-haul truck drivers or

heavy equipment operators, who often work away from home, are likely to be more difficult

to contract compared with non-mobile workers. This at least holds true for landline telephone

numbers, which were in use when the studies on DE exposure and lung cancer were

conducted. Study personnel usually tried to contact a telephone number up to 5 or even ] 0

times at different times of the day and on different days of the week. However, even such a

robust strategy cannot guarantee protection against a deficit of mobile workers among

cont~•ols linked to RDD. Several of the reviewed studies employed RDD for the overall or a

subset of the control group (Lerchen, Wiggins, and Samet, 1987; Parent et al., 2007; Tse et

al., 2011; Villeneuve et al., 2011; Pintos et al., 2012; Tse et al., 2012; Wild et al., 2012;

Matrat et al., 2015) (Table 12). Parent et al. (2007) did not mention the rise of RDD but in an

earlier extensive study report it was noted that 158 of the 533 population-based controls had

been recruited using RDD (Siemiatycki, 1991; Siemiatycki et al., 1994). The same number of

controls recruited using RDD was involved in the analysis by Pintos et al. (2012), yet the

number of overall controls of 1,427 was considerably larger in this extended study.

Summary: In population-based case-control studies, the selection of controls should optimally

be based on a population registry or a comparable database. Only such data enables the

researcher to investigate nonresponse accurately. Furthermore, investigators should reduce

nonresponse bias by adjustment for educational level or similar socio-economic information.
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Four of the case-control studies on DE and lung cancer likely suffer from considerable

selection bias arising from low response rates among population controls. In these studies, no

additional adjustment for education or other factors describing the SES was performed. Such

additional adjustment attenuates lung cancer risk estimates derived from case-control studies

considerably, although it may not resolve this bias completely. Hence, selection bias together

with unresolved confounding bias by smoking habits may fully account for the majority of the

observed increased lung cancer risk in the reviewed studies. Consequently, the single studies

and also the pooled study of European and Canadian study data should not- be used for QRA.

Discussion

We performed a critical review of the literature that has recently been used by an IARC

working group as the basis for the upgrade of DE to a Group 1 carcinogen. Our aim was to

identify studies with sound methodology that could be used to evaluate whether a causal

association between DE and lung cancer exists. A secondary goal was to select studies that

could be used for a quantitative exposure-response assessment (QRA). The review brought to

light a range of important topics that will be summarized in the subsequent discussion. This

will be followed by our conclusions with regard to causality and risk assessment and

recommendations for further research.

Exposure Estimation

Miners working in underground worksites have the highest DE exposure intensity of the job

groups analyzed in this review. Two large cohort studies assessed this group of workers, the

Diesel Exhat►st in Miners Study (DEMS) conducted in the United States and the Potash

miners study conducted in Germany. The mean REC exposure of production workers in the
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Gernlan potash mine study (154 µ~hn3) was in the range of individual underground potash

mines in the DEMS (122 — 219 µg/m3). The DE-exposure among underground workers in the

DEMS was nearly two orders of magnitude higher than typical surface workplaces with

potential exposure to DE, including mining jobs at surface level.

Of the other studies reviewed, only four used quantitative exposure variables based on

measurements of DE during work, two studies in the U.S. trucking industry (Steenland,

Reddens, and Stayner, 1998; Garshick et al., 2012), the study among bus garage workers in

Stockholm (Gustayson et al., 1990) and the study among DE-exposed workers in Finland

(Guo et al., 2004). Thus, only a small fraction of studies reviewed could possibly be included

in the QRA. Rather than quantitative exposure assessment, the other studies used. years in

exposed jobs for exposure-response analysis or simply compared ever-exposed subjects with

the reference population. It is important to note that the high variability of exposure levels

within a single job group is an important disadvantage of several studies. For example, DE

exposure among truck drivers, the largest group among DE-exposed workers, depends on

several factors such as engine power and maintenance intervals for the engine, weather

conditions, vehicle density on the driving route, stop times for loading (when the engine is

still running), and the ventilation practice of the driver in his cab. Exposure intensity among

machine operators, particularly those working in the construction industry, and mechanics is

dependent on the ventilation of the workplace.

Considering the high DE-intensity levels in underground mines, underground workplaces

seem to be the most appropriate site for deriving robust estimates for a possible dose-response

relationship between DE-exposure and lung cancer risk. However, any study in underground

miners needs to carefully manage competing occupational risk factors such as exposure to

respirable silica dust or radon exposure. Uncertainties due to backward extrapolation of

exposure levels from measured values at a certain time point should also be taken into
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account, making the calculation of cumulative exposure levels prone to certain bias.

Nevertheless, the coefficient of variation of data on DE-exposure seems to be more

convenient in underground workplaces. This statement is supported by the replication of the

analysis of the DEMS case-control study using alternative exposure metrics for DE, which

showed the robustness of the results (Silverman et al., 2014; HEI, 2015). However, the

criticism voiced in this review on the analytical approach in the DEMS holds regardless of the

exposure metric used and will again be highlighted in the sections below on overadjustment

bias and model choice.

Resddual Confounding by Smoking

Smoking is the strongest risk factor for lung cancer. As a comparison of 13 occupational

categories demonstrated, the prevalence of cigarette smoking was highest in employees in the

transportation/material moving occupational category (Lee et al., 2004). This example shows

that a thorough and efficient control for smoking is an essential prerequisite for the derivation

of a valid estimate of DE-related lung cancer risk when subjects in exposed job groups are

compared with subjects that might be quite different with respect to their smoking habits. The

accuracy of adjustment fior smoking depends on the precision and validity of available

smoking data. This can be demonstrated using data of the German population-based case-

control study on DE and lung cancer (Bruske-Hohlfeld et al., 1999). As Table 14 shows, the

estimate for lung cancer describing the effect of DE-exposure is decreasing with increasing

level of detail for the s~~oking iilformatio~~. [Table 1 ~1 near here]

A further source of confounding bias is environmental tobacco smoke (ETS), originating from

smoking drivers themselves or from their co-drivers. A recent survey in Australia showed that

more than half of the long-haul truck drivers are exposed to ETS (Si et al., 2016). The

exposure to respirable suspended particles PM~.S originating from cigarette smoke may even
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be higher than that from the exhaust of a diesel heavy-duty truck, as recent studies

demonstrated (Invernizzi et al., 2004; De Marco et al., 2016).

Cohort studies

Information about smoking in occupational cohort studies is usually scarce and imprecise.

Moreover, the imprecision increases if the smoking information is gathered from next-of-kin

or imputed from other sources. In studies with differences in the smoking habits between

exposed and non-exposed group, residual confounding due to smoking is thus quite likely. As

outlined in the comment on the U.S. railroad worker study, observed differences in lung

cancer risk could potentially be explained by differences of smoking habits. Moreover, in

engineers, changes in the work environment over time entailed changes in smoking habits.

The ideal situation of a cohort study in an occupational setting is thus to compare groups of

workers defined by intensity of exposure, assuming that these groups are homogeneous with

respect to other important factors such as age, birth cohort, education, lifestyle, and work

environment. For the studies in miners, this set of parameters seems to hold true. As we have

shown in our reanalysis of the published DEMS data, adjustment for smoking status and

intensity did actually not influence the risk estimates for DE exposure. Therefore, the studies

on miners seem to provide reliable results on a possible exposure-response relationship

between DE and lung cancer risk among the available cohort studies.

The effects of birth cohorts present an additional bias with respect to smoking. Here again, the

cohort from the U.S. railroad retirement board is a good example. In this study, exposure

accumulation and follow-up started in 1959 when subjects were between 40 and 64 years old.

As a consequence, DE exposure was positively correlated with the year of birth. In general, a

harmonization in respect to age between the exposed and unexposed subjects can be achieved,

if study entry as well as the end of follow-up are adapted. However, this implies a strong

reduction of person years in the given study. Even then an acceptable comparability may be
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not given. Table 8 shows that in the external reference population a large difference between

the birth cohorts exist in terms of lung cancer mortality. The age-specific share of lung cancer

in total cancer deaths in the youngest birth cohort is almost twice as high as in the oldest birth

cohort [own calculations based on U.S. mortality statistics (Ribicoff and Terry, 1961; CDC-

WONDER, 2009)]. This implies that smoking in younger subjects plays a much stronger role

for the lung cancer mortality than in older subjects. In turn, confounding by smoking might

then disproportionally affect younger birth cohorts with longer exposure experience.

However, this difference is not reflected by the smoking data imputed for use in the cohort

analysis of the railroad worker study.

Case-control studies

The availability of smoking data is generally better in case-control studies as they offer the

opportunity to collect information about possible confounding factors from the participants

themselves or from their relatives. However, the issue of potential residual confounding by

smoking cannot be completely excluded as an assessment of smoking habits is complex. As

previously discussed, most of the hospital-based case-control studies and one population-

based study (Gustayson et al., 2000) additionally excluded subjects with smoking-related

diseases or causes of death from their controls. This is likely to have exaggerated the

confounding problem. Lung cancer risk estimates may have been overestimated by artificially

maki►~g the control group more different from the case group with regard to the most

important risk factor for tl~e disease, smoking.

Selection Bias in Case-Control Studies

Selection bias among population-based controls in the case-control studies is likely to have

further biased results. Generally speaking, the ainl is to select controls in a way that represents
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a blueprint of the source population (i.e. the base population that gives rise to the cases).

However for DE exposure, this aim is difficult to achieve using traditional sampling strategies

as the response rate among control subjects is correlated with SES. The result is an

underrepresentation of blue collar workers and, thus, an underestimation of the exposure

prevalence in the control group. The controls are therefore likely to differ from the source

population in terms of lifestyle habits and working conditions. Additionally, the selection of

highly-mobile subjects, such as truck drivers, is often difficult as they are often away from

home. This job group is also likely to be underrepresented in the control group. The resulting

bias in the selection of control groups may be responsible for the increased risks of lung

cancer in exposed study groups and hinders the assessment of observed risk differences.

Individual matching via detailed information on smoking habits or SES might reduce residual

confounding. However, this is not usually performed. Case-control studies nested within large

cohorts of workers with similar work tasks and similar work environment provide generally

better opportunities to derive reliable risk estimates.

Overadjustment bias

Adjustment for a supposed healthy-worker effect

The ]lealthy-worker effect is always an issue in occupational epidemiology. Several strategies

have been developed in order to deal with this kind of bias (Arrighi and Hertz-Picciotto, 1994;

Arrighi and Hertz-Picciotto, 1995; Steenland et al., 1996; Li and Sung, 1999; Baillargeon,

2001; Richardson et al., 2004; Applebaum, Malloy, and Eisen, 2007; Applebaum, Malloy, and

Eisen, 20l 1; Cheerier, Picciotto, and Eisen, 2012; Joffe, 2012; Naimi, Richardson, and Cole,

2013; Picciotto et al., 2013; Buckley et al., 2015), but as recently formulated: the HWSE is a

still-evolving concept (Picciotto and Hertz-Picciotto, 2015). Some of strategies referenced
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above do not take into account the primary aim of occupational epidemiology, which is to

investigate the relationship between exposure and the first diagnosis (incidence) of a disease.

Mortality serves merely as a surrogate for incidence. Hence, an appropriate approach when

considering a possible HWSE should take into account the lethality rate of the disease of

i~~terest. A complete discussion of this phei~o~nenon is beyond the scope of this paper. We will

therefore discuss only the aspects we believe are important for the cohort studies on DE

exposure.

Lung cancer has a high lethality rate (Compton et al., 2012). Therefore, exposure lagging by

five years should be sufficient to prevent HWSE. However, two of the large cohort analyses

have been adjusted for years worked and years off work in order to control for a supposed

HWSE. This was true of the railroad worker cohort of the U.S. railroad retirement board

(Garshick et al., 2004; Garshick et al., 2006; Laden et al., 2006) and the cohort of employees

in the U.S. unionized trucking industry (Garshick et al., 2008; Garshick et al., 2012). Here, the

study authors did not explain why the total years employed in the corresponding industries

should be treated in the analysis as a confounder. In our opinion, the consideration of years

worked as atime-dependent variable in the Cox models leads to biased risk estimates for the

following two reasons. First, this variable does not cover the complete former time of

employment without DE-exposure leading to a differential bias. Secondly, the years worked

are strongly correlated with cumulative exposure, which induces an overadjustment bias. A

less problematic consideration of the employment duration could be achieved if the years

worked without DE-exposure would be used instead of total years worked in the

corresponding industry. The years worked with DE exposure are already incorporated into the

cumulative exposure variable.

With regard to the adjListment for years off work the use of mortality data in the absence of

incidence data needs to be considered again. Most lung cancer patients, as well as workers
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with other serious illnesses, will not remain employed in their jobs following their diagnoses.

Consequently, the SMR is strongly increased in the first year after a premature termination of

employment. The relationship between time since premature termination of employment and

mortality is related to the lethality rate of the disease under investigation. In the case of lung

cancer the lethality rate is high. Thus, the SMR in the first year after a premature termination

of the employment is also considerably elevated. However, this observation alone cannot

justify an adjustment for years off work.

[n conclusion, we do not see the necessity to adjust for total years worked or years off work in

the analyses on DE and lung cancer. Moreover, we suspect bias in conjunction with such an

approach. In this case, a reasonable approach to adjust for HWSE is exposure lagging, as was

performed in many studies on this topic. A lag time of 5 years seems to be sufficient to

prevent a HWSE.

Adjustment for work location in the DEMS

When the variable work location was included in the statistical model of the DEMS data, a

relationship between DE and lung cancer was observed. This adjustment is questionable as

the work location variable is tightly correlated with the exposure under question and any

subsequent adjustment procedures lead to overadjustment bias and the suggestion of a strong

exposure-response effect. Although the positive relationship in the subgroup of ever-

underground workers from the cohort analysis first suggested such a relationship, this

observation may actually be the result of ahealthy-worker survivor bias instead.

Model choice

The internal analysis of cohort studies is in most cases performed by Cox or Poisson

regression. Logistic regression is a standard approach for case-control studies. There are many

82



other ways to model the relationship between the exposure and the outcome, particularly if a

set of possible confounding factors is included. When the ratio between the number of

observations/cases and number of parameters to be estimated falls below an acceptable range,

the precision of the parameter estimates decreases rapidly and `sparse-data' bias can result

(Greenland, Schwartzbaum, and Finkle, 2000). In this case methods are required to balance

the model bias and the estimation error.

AIC and BIC are both methods of assessing model fit and penalize free parameters in an

effort to combat overfitting. BIC tends to penalize models more for free parameters than does

AIC. Wllen applied to the DEMS, both measures argued for the use of a simple model,

including main effects for the exposure variable (either work location or cumulative REC) and

smoking status with or without smoking intensity. In contrast, the combination of work

location cross-classified by smoking status and smoking intensity as used by the DEMS

authors was identified as the inappropriate option.

Cross-validation can also be useful in selecting the appropriate statistical model for an

analysis (Arlot and Celisse, 2010). A suitable cross-validation approach for the DEMS could

be to take the data for seven of the eight mines to generate the risk estimates for various

models. This estimate is then used for prediction in the eighth mine and to calculate the

precision of the fit. This procedure should be repeated by rotating the mines in the analysis

until all mines have been used for testing the model fit. The model with the best fit,

s~immarized over all eight runs, is then the recommended model to use for the pooled

analysis.

Synopsis of t/ze Results

Of the studies reviewed, only the cohort-based studies among non-metal miners are suitable

for derivation of valid quantitative lung cancer risk estimates in individuals occupationally
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exposed to DE. The DEMS has the most informative database. However, the unusual

adjustment of REC exposure for smoking cross-classified with work location led to strong

overadjustment bias. The study authors concluded that a causal relationship exists between

DE-exposure and lung cancer risk. An alternative hypothesis for the observed relationship

would be the presence of a healthy worker effect. Our rough reanalysis of the DEMS yielded

only a very flat non-significant increase of lung cancer risk with increasing DE exposure,

similar to the results of the reanalysis of the German Potash Miners Cohort study.

The results of the study in the unionized U.S. trucking industry cannot be used because of

biased exposure estimates. The two other studies with quantitative exposure data -the Finnish

registry-based study on DE exposed workers (Guo et al., 2004) and the cohort study in the

Swedish construction industry (Jarvholm and Silverman, 2003) -add some evidence against a

DE -lung cancer relationship, although these studies also have noticeable limitations.

The other cohort studies reviewed suffer from significant limitations with respect to exposure

assessment. For some studies, the assessment of exposure via the quantification of exposure

by years of work since 1959 in a certain job introduces further bias. An exposure

classification by cumulative DE exposure is, in fact, the same as a classification by birth

cohorts. Hence, birth cohort effects with respect to confounding factors, especially to

smoking, and selection processes may substantially bias tl~e results. The large-scale cohort

study in the railroad industry (Garshick et al., 2006) provides further evidence against a link

between DE and lung cancer risk as the study results can be easily explained by factors such

as smoking.

Population-based case-control studies are limited by the fact that response rates among

controls are correlated with socio-economic parameters such as education. A response rate

below average in DE exposed workers entails an overestimation of the corresponding lung

cancer risk. Unfortunately, for only a few studies data were available, allowing for some
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verification of this type of correlation. Crude calculations based on these data indicate that the

elevated risk estimates were at least greatly diminished after correcting for heterogeneity in

the response rates by socio-economic status. Hospital-based studies were likely biased by

excluding subjects with smoking-related diagnoses from the control groups. Therefore, case-

control studies can add only little evidence for the DE —lung cancer hypothesis.

Conclusions and Recommendations for further Research

Conclusions with respect to causnliry

This critique of the methodological issues seen in occupational epidemiological studies

strongly suggests that there is currently insufficient evidence to confirm the hypothesis of a

causal link between DE exposure and lung cancer risk. The body of evidence could be

enhanced by a re-analysis of the most informative study base, the DEMS. In order to appraise

the researchers' post-hoc hypothesis (Silverman and Attfield, 2012) correctly, the case-control

approach could be reduced to surface-only and underground-only workers. A second suitable

approach would be to include two separate exposure variables for DE; the first for exposure

on surface and the second for exposure underground.

Verification of the alternative HWE-hypothesis (Mohner, 2016b) should be based on a

classification of workers by work location at study entry. Beside smoking status, former

employment in other underground mines, former employment in other jobs classified as list-

A jobs (Ahrens and Merletti, 1998; Mirabelli et al., 2001), duration of mining outside the

study mines, and the year of hire in an underground job in a ̀ study mine' should be taken into

account. Unfortunately, the authors of the DEMS seem to ignore this alternative hypothesis

(Silverman et al., 2016). However, we would like to reiterate that the classification into

surface-only and ever-underground workers is not an appropriate classification for the

verification of their post-hoc hypothesis.
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Conclusions with respect to risk assessment

The DEMS results were already used for quantitative risk assessment (Vermeulen et al., 2014;

MacCalman, Cherrie, and Searl, 2015; Neophytou et al., 2016). However, risk was

overestimated in these calculations, due to the methodological issues in the DEMS described

above. There are only the two studies among non-metal miners, which are suitable for

quantitative risk assessment. Of these, the DEMS needs to be re-analyzed in order to exclude

overadjustment bias and to select an appropriate analytical model.

Recommendatfnnsfnr further research

Taking into account the huge difference in exposure intensity between underground and

surface jobs, as well as the uncertainties concerning the exposure assessment for almost all

DE exposed jobs on surface, epidemiological data on miners should ideally be used to assess

a possible exposure-response relationship between DE and lung cancer risk. A pooled analysis

of the two studies among non-metal miners could further improve the validity of the results.

Moreover, we recommend the use of a uniform lag time in all studies on DE and lung cancer.

All future studies should at least include results with a 5-year lag-time.

It should be noted, that measurements in civil engineering have revealed that workplaces exist

in this field where DE exposure is much higher in comparison with the studies in underground

mines discussed above. Exposure concentrations of approximately 1.5 mg/m3 REC were

measured in deep excavations or trenches operating diesel-powered rammers or vibration

plates (Ziegler, Rutscher, and Ruhl, 2014). It is also conceivable that some underground

workplaces such as tunnel constructions are prone to DE concentrations in that range.

Epidemiological data on workers exposed to such intensity levels of DE exposure are missing.
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It is known from animal studies that the lung cancer risk in rats can be described by a

threshold model (Valberg and Crouch, 1999). Following these calculations, the threshold can

be expected between 160 and 600 µg/m3 average continuous lifetime exposure. Further

epidemiological research is urgently needed that includes high exposed workplaces to verify

such a threshold model for humans.

Recmm~zendation for « threshold value

Our review shows that most studies cannot add evidence for a causal link between DE

exposure and lung cancer risk. Therefore, a reliable derivation of a quantitative exposure-

response relationship is not possible at present. In view of the results from animal studies and

the fact that a threshold model cannot be ruled out, a conservative lower bound for a possible

threshold value should be determined. Such a value could he derived from the German cohort

study among potash miners. An upper bound for the cumulative exposure of 2.5 mg/m3-years

REC seems to be sufficient to prevent a detectable increase of lung cancer risk. This value

corresponds to an average annual value of 50 µg/m3 REC assuming a working life of 45 years.

Unless a re-analysis of the DEMS yields considerably higher values, this value could be

recommended as threshold value for occupational safety.
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Table 1. Description of study base for cohort- or nested case-control studies included in the review and their most recent results (sorted according to

order in the reviewl
First author, Population Follow-up Exposure assessment Special adjustment Highest exposure Risk estimate Considered

Year of period factors category used for (95 % CI) in IARC's
~~. tii:~a~o..., comparison 2012 decision

Studies on Non-Metal Miners

Silverman, 2012 12,315 male employees in 8 1947-1997 REC measurements Work location cross- Cumulative REC, OR=2.83 Yes

U.S. non-metal mines, after 1998-2001; Modelling classified by smoking lagged I S years, (118-626)

dieselization (1947-1967) of historical REC status and smoking ?536 pg/m3-years [nested case-control

exposure intensiri analysis]

Mohner, 5,819 male employees in 1970-2001 Measurements of TC in Smoking Cumulative EC, OR=1.04 No

2013 Potash mining, Germany , 1991; assumption of lagged S years, (0.47-2,27)

employed in 1970 or later stable exposure over >_1,550 pg/m -years [nested case-control

Studies on Railroad Workers

Howe, 1983 43,826 retired railroad 1965-1977 Job group at time of

workers, Canada, <I965- retirement

1977

`Probably exposed' ro IRR=135 Yes

DE (not reported)

Nokso-Koivisto, 8,391 members of Finish 1953-91 Joh group - >_30 years since first SIR=0.89 Yes

1994 Locomotive Drivers' employment as a (0.77-1.02)

Association, 1953-91 locomotive driver

Garshick, 39,388 occupationally active 1959-1996 Jobs group Years worked, >_20 yeazs worked as HR=1.22 Yes

2006 U.S. railroad workers in Years off-work, engineer or conductor (1.02-1.47)

1959, with 10-20 years of Smoking [Analysis was restricted to

service age 40-64 years deceased workers]

Studies on professional drivers and related jobs

Steenland, 1998 U.S. Teamsters Union Deaths EC measurements in Smoking Cumulative EC, lagged 5 OR=1.64 Yes

members with at least 20 between trucking industry jobs in years, >_331 µg/m~-years (1.09-2.49)

years of union membership 1982-1983 1990; Modelling of [nested case-control study

that had died between 1982- historical EC exposure based on 99q deaths from

1983 lung cancer and 1085



First author, Population Follow-up Exposure assessment Special adjustment Highest eaposure Risk estimate Considered

Year of period factors category used for (95 % CI) in IARC's

publication comparison 2012 decision

Garshick 31,135 male workers 1985-2000 REC measurements Total years of Cumulative REC, lagged HR=136 - Yes

2012 employed in U.S. unionized 2001-2006; Modelling employment 5 years, >_1,803 µg/m3- (0.98-1.89)

trucking industry in 1985, of historical REC months

age >_40 exposure

Gustaysson, 695 bus garage workers in 1952-1986 Each work period was - Highest cumulative DE OR=2.43 Yes

1990 Stockholm, 1945-1970 described in terms of DE - exposure (1.32-4.47)

exposure intensity (six (DE index>30) [nested case-control

categories) analysis]

Balarajan, 1988 3,392 professional drivers 1950-1984 Job group - Professional driver SMR=1 .47 Yes

from London 1939 (132-1.64)

Guberan, 6,630 men from Geneva with 1949-1986 Job group noted pn - ?45 yeazs since start of SMR=2.59 Yes

1992 a profesvunal driver's professional driver's work as 'professional (1.60-3.96)

icence. 1949- 1961 licence driver'

Rafnsson, S68 truck drivers in 1939 or 1951-1988 Job group - Truck driver SMR=2.14 Yes

1991 later and 726 taxi drivers in 0~3~-3~~$)
1943 or later from Reykjavik

Guo, 2004 Economically active Fins 1971-1995 Application of NO2- Smoking, Cumulative NOZ, la~ged IRR=0.95 Yes

participating in the National based FINJEMjob asbestos, 20 years,>_10 mg/m'- (0.83-1.10)

Population Census 1970, exposure matrix [o silica dust, years (male subgroup)

including 667,121 men longest occupation SES

Soll-Johanning, 18,174 bus drivers and 1943-1992 Job group Smoking >_20 years employed es OR=0.54 Yes

2003 tramway employees, driver in public (0.28-1.03)

Copenhagen, 1900-1994 transport, lagged 10
yeazs

Petersen, 2,037 male urban bus 1979-2003 Jab group Smoking >_25 years worked as HR=0.8 Yes

2010 drivers, Denmark, 1978 public bus driver, lagged (0.5.1.4)
10 years

Hansen, 1993 14,225 truck drivers and 1970-I 980 Job group - Truck driver in SMR=1.60 Yes

43,024 other unskilled male comparison to other Q 26-2.00)

laborers in the Danish unskilled laborers

Census 1970 __



First nathor, Population Follow-up Exposure assessment Special adjuslmenl Highest exposure Risk estimate Considered

Year of period factors category used for (95 % CI) in IARC's

pnblicalion comparison 2012 decision

Study on dock workers

Emmelin, 1993 Male dock workers in 1960-1982 Annual diesel fuel - High cumulative OR=2.9 Yes

Swedish ports, 1950-1974 consumption (licer) in exposure to DE (0.8-10.7)

each port ('Exposed time') [nested case-control

Jarvholm, 140,712 male employees 1971-1995 Job group Smoking Truck drivers in SMR=137 Yes

2003 (including 6,364 truck comparison to (1.04-1.78)

drivers) from the Swedish carpenters and

construction industry, electricians

1971-1993

Wong, 1985 34,156 male members of 1964-1978 Job group - >_20 years membership in SMR=1.07 Yes

U.S. heary construction heary construction (0.91-1.25)

equipment operators union, equipment operators

1964-1978 union

EC =Elemental carbon; HR =Hazard ratio; IRR =Incidence rate ratio; OR =Odds ratio; REC =Respirable elemental carbon; SIR = Standardized incidence ratio; SMR =Standardized mortality

ratio; TC =Total carbon



Table 2. Model comparison for the DEMS with respect to work location and smoking

parameters based on unconditional logistic regression models.

Model Variables and interactions d.f. AIC BIC

MO - 1 932.1262 935.4144

M 1 Work location 2 934.0882 940.6648

M2 Work location +smoking status 5 883.73 ] 9 900.1732

M3 Work location +smoking intensity 6 890.4929 910.2225

M4 Work location +smoking status +smoking intensity 7 881.3167 904.3345

MS Work location + (smoking status x smoking intensity) 9 885.1182 914.7126

M6 Work location x smoking status x smoking intensity 16 884.8769 937.4892

~ Number of cases and controls are taken from Table 2 in Silverman et al., 2012

AIC — Akaike's information criterion, BIC — Bayesian information criterion,

d.f. —Degrees of freedom

+ -Only main effects of the variables are included into the model

x -Main effect and interaction terms are included into the model



Table 3. Comparison of odds ratios from different models for lung cancer risk in DEMS by work location and smoking status/intensity.

Smoking

Status/intensity

Surface-only worker

OR(M2)' OR(M4)i OR(M6)i OR(Silverman)*

Ever-underground worker

OR(M2)x OR(M4)$ OR(M6)~ OR(Silverman)*

Never smoker 1.00 1.00 1.00 1.00 0.94 0.92 1.72 0.90

Former (0, 1) 3.47 2.79 1.12 1.36 3.25 2.57 4.77 2.51

Former [I, 2) 3.47 3.40 6.09 6.66 3.25 3.14 4.09 1.97

Former [2, ac) 3.47 5.46 14.91 16.30 3.25 5.04 5.40 2.70

Current (0, 1) 6.91 5.26 4.64 5.22 6.48 4.85 9.94 5.71

Current [I, 2) 6.91 6.42 11.03 13.34 6.48 5.92 7.14 4.51

Current [2, ~) 6.91 1030 23.20 26.60 6.48 9.49 10.96 7.13

Unknown 3.63 3.63 3.62 2.86 3.40 3.35 5.80 2.65

t - Models as described in Table 2

* -Odds ratios from Table 2 in Silverman et al. (2012)



Table 4. Model comparison for the DEMS with respect to textiles of cumulative REC

exposure and smoking intensity based on unconditional logistic regression models.#

Model Variables and interactions d.f. AIC BIC

MO - 1 932.1262 935.4144

M7 Tertiles of cumulative REC 3 932.9279 942.7927

M8 Tertiles of cumulative REC +smoking intensity 7 890.2927 913.3106

M9 Tertiles of cumulative REC x smoking intensity 15 892.5585 941.8825

~ Number of cases and controls are taken from Table 6 in Silverman et al., 2012

AIC — Akaike's information criterion, BIC — Bayesian information criterion,

d.f. —Degrees of freedom



Table 5. Comparison of odds ratios from different models for lung cancer risk in DEMS by work location and smoking intensity.

Smoking

packs/day

Tertile 1, 0 to <8 µg/m'-years

OR(M8)$ OR(M9)i OR(Silverman)*

Tertile 2, 8 to <304 µfilm'-years

OR(M8)* OR(M9)$ OR(Silverman) *

TeMile 3,>_ 304 µg/m'-years

OR(M8)x OR(M9)$ OR(Silverman)*

[0] 1.00 1.00 1.00 0.93 1.06 1.47 1.27 3.06 7.30

(0, 1) 3.40 4.80 6.25 3.15 4.01 7.42 4.30 7.56 16.35

[l, 2) 4.92 7.31 10.16 4.55 732 11.58 6.22 8.43 20.42

[2, ~o) 7.65 16.98 26.79 7.09 13.41 22.17 9.68 7.02 17.38

Unknown 3.60 3.15 4.13 3.33 3.42 3.79 4.55 14.75 27.85

# - Models as described in Table 4

"` -Odds ratio from Table 6 in Silverman et al. (2012)



Table 6. Lung cancer risk estimates for various categorizations of cumulative REC exposure

in the DEMS."

Exposure /reference group Unadjusted for smoking

OR 95% CI

Adjusted for smoking

OR 95% CI

Reference: surface-only

Ever-underground 1.03 0.74 - 1.43 0.94 0.67 - 132

Reference: Cumulative REC, lagged 15

years, textile 1 (0 - 8 µg/m'-years)

Textile 2 (8 - 304 µg/m'-years) 0.89 0.60 - 1.31 0.93 0.62 - 1.38

Tertile 3 (> 304 µg/m3-years) 1.26 0.85 - 1.86 1.27 0.85 - 1.89

Reference: Cumulative REC, unlagged,

quartile 1 (0 - 19 µghn'-years)

Quartile 2 (19 - 246 µg/m'-years) 0.72 0.46 - 1.12

Quartile 3 (246 - 964 µg/m3-years) 1.03 0.65 - 1.62

Quartile 4 (> 964 µg/m'-years) 1.00 0.64 - 1.57

Reference: Cumulative REC, lagged 15

years, quartile 1 (0 - 3 µg/m'-years)

Quartile 2 (3 - 72 µg/tn'-years) 0.71 0.45 - 1.10

Quartile 3 (72 - 536 µg/m3-years) 1.O1 0.64 - 1.58

Quartile 4 (> 536 µg/m3-years) 1.31 0.83 - 2.07

r' -Derived by unconditional logistic regression, number of cases and controls are taken from

Tables 2, 3, and 6 in Silverman et al., 2012

-Adjusted for smoking status and smoking intensity

-Adjusted for smoking intensity



Table 7. Impact of birth cohorts on mortality rate ratios in the Cohort study among U.S. railroad workers."

Job group Birth cohort

1915-19 1910-14 1905-09 1900-04 1895-99

Estimates from Poisson model

MRR adjusted for age MRR increase with calendar time (S)

Engineer 1.45 L23 138 1.20 0.68 1.19 (1.07-1.31) I.11 (1.03-1.19)

Conductor 1.35 1.27 1.24 1.35 1.21 128 (1.17-1.41) 1.02 (0.95-1.08)

Shop worker 1.12 1.02 0.95 1.34 0.93 1.07 (0.97-1.18) 1.00 (0.93-1.07)

Engineer &Conductor 1,38 1.26 1.30 1.28 0.96 1.24 (1.14-1.35) 1.06 (0.99-1.12)

Poisson regression models based on number of cases and person yeazs from 'Cable 2 in Garsh~ck et al., ZUo4. ll~-exposed~ob groups were

compazed to unexposed job groups
S — Loglinear term describing risk increase with increasing yeaz of birth, centered at the median birth cohort (calculated per 5 years)



Table 8: Lung cancer share in total deaths by birth cohort and 5-year age groups in white

males for each 5 h̀ calendar year from 1959 until 1999, USA (expressed as a percentage).*

Birth cohort 1915-1919 1910-1914 1905-1909 1900-1904 1895-1899

Age in 1959 40-44 45-49 50-54 55-59 60-64

Attained age

40-44 3.21

45-49 5.39 4.52

50-54 7.41 6.45 5.58

55-59 9.59 8.12 7.22 6.36

60-64 11.73 9.79 8.22 7.10 6.13

65-69 11.81 10.75 8.71 7.35 6.21

70-74 11.06 9.98 8.84 7.03 5.73

75-79 8.82 8.30 7.44 6.55 5.17

80-84 5.95 6.06 5.63 4.91 4.23

85-89 3.72 3.68 3.44 2.88

90-94 2.09 1.95 1.87

95-99 1.32 1.04

100+ 0.81

* Data from CDC, 2009; Ribicoff and Terry, 1961 -own calculations



Table 9. Model comparison for the Swedish dock workers study with respect to work location

and smoking parameters based on unconditional logistic regression models.#

Model Variables and interactions d.f. AIC BIC

M 1 Exposed time (3 categories) 3 231.0936 236.4462

M2 Smoking (2 categories) 2 216.9859 220.5543

M3 Exposed time +Smoking 4 219.0188 226.1556

M4 Exposed time x smoking 6 222.7429 233.4480

"Number of cases and controls are taken from Table 5 in Emmelin et al., 1993

AIC — Akaike's information criterion, BIC — Bayesian information criterion,

d.f. —Degrees of freedom

+ -Only mains effects of the variables are included into the model

x -Main effects and interaction terns are included into the model



Table 10. Hospital-based case-control studies

Firvt SluJr region Recruitment dcawea Sampling of Proxy AJJ uxtmcol for AJj uatment fur DetiWtloo of Full xdjuxteJ OR (95% Tree)with CunxiJereJ
author, anJ au6jecte coohde reepooJenfn to amuWogs SES ezgreure C17 for hiAhext iocreexiog In IARC'c 2012
Yexr asea/contrda exposure cuteRory ex~roaure~ Jeclsian

6offetm, 6 I I.S cities I Y77-87, 19Ni-87 with Hscliuion of 0°/ 3' Yeare of e~l~wetion Yeers of "pmbahle" I AY (OJ23.I q p = Q 18 Yes
19911 inli~rmation aMmi mhewo-rrlaied DE espoawc

emplo~mem Juraiinn in 3ixaxr:a
divcne j~6s

Years of wck Driving 1.17 (UAU-3.41) p=0.25

Parent. CanaJa. 1979-ffi Cancer despite lung 29 d%JI9,2% 4 Femily income Duration of DF. !.0(0.74.4) nn Yes
2067 Muntrenl area; cancer exposure

Level of DF, e ~pnsure I.0 (0.7-I.5) nn

SES-socio-economic status
s Smoking habits: 0-no adjustment. 1 -adjustment for stains (never, former, current), 2-adj ustmen[ for status cross-classified by further informatioq 3-pacF.years, 4-packyeers plus time since quitting
Adj ustmenl for average quaniih of cigaretleslda~~ (continuous); this seems to be not straightfon~~ard as [he actual H-level-definition of smoking in this sMdy involves cwr~~ smokers Q-20, 21-40, 41+ cigarettes/day), ex-

smokers (I.2q 2U-40, 4U+ cigarettes per day); pipe and/or cigar smokers, and non-smokers
no —trend not detectedt p-slue given if reported



Table 11. Pooled analysis of European and Canadian case-control studies (Olson et al., 2011,
Straif et al., 2010; further indicated references reported about type of controls).

Part of analysis Type of study/controls OR estimates (95% CI) Considered
for highest cumulative in IARC's 2012
ezposure category decision

Complete pooled analysis
(Olson et al., 2011)
(Straitet al., 2010)

Component studies of pooled analysis (Olson

et al., 201 I )
INCO sr~idies (Zeka et al., 200fi; Cassidy et al.,
2007)

Czech Republic
Hungary
Poland

Romania
Russia

Slovakia
UK

Separate .snidies on DE and lemg cancer (.see
nG+~o Kahle 13J
AUT (Germany), (Bruske-Hohlfeld et al.; 1999)
HdA (Germany), (Bruske-Hohlfeld et al., 1999)

EAGLE Qtaly), (De Matteis et al., 2012)
TUR[NNENETO (Italy), (Richiardi et al., 2006;

Richiardi e[ al., 2004)
LUCAS (Sweden), (Gustayson et al., 2000)

MONTREAL (Canada), (Pintos et al., 2012)

H (excl. cancer and TRD)
H (excl. cancer and TRD)
H (excl. cancer and TRD), P (PR)
H (excl. cancer and TRD)
H (excl. cancer and TRD)
H (excl. cancer and TRD)
P(HC)

P (PR, RDD)
P (PR)
P (HC)
P (PR)

P (PR; two control groups, of which one is
matched to cases regarding vital status in 1990
(with exclusion ofsmoking-related causes of
death))
P (ERj

Addirinnal.rrudies
MORGEN (The Netherlands) Nested in a prospective cohort study

LUCA (France), (Stucker et al., 1995; Stucker e[ H (excl. cancer and absence of non-cancerous

al., 1999, Stucker et al., 2002) lung diseases among controls)
PARIS (France), (Boffetta et al., 1998) H (excl. TRD)
ROME (JraiyJ, (Bochicchio et al., 2005) H (excL TRD and diseases related to dietary

1,31 (1,19-1,43) Yes
127(1,141,4]) No
1,14 (1,03-1.26),
adjusted for education

1.16 (0.64-2.13)
127 (0.76-2.1 1)
I.77 (I.OS-2.90)
0.99 (0.40-2,48)
1.17 (0.74-1,8fi)
I.60 (0.80-3. 18)
0.93 (0.59-1.46)

1.67 (1.38-2.03)
120 (0.87-L66)
0.98 (0.75-1.27)
1.18 (0.89-1.57)

1.20 (0.91-].59)

1.36 (0.9fi-1.91)

.0.62 (0.05-7.42)
0.95 (0.52-].74)

1.76 (0.80-3.90)
1.23 (0.74-2.06)

H-hospital-based control group, P-population-based control group, PR-population-registry, HC-healthcaze-related database,
RDD-random-digit-dialing, ER-electoral rolls, TRD-tobacco-related diseases



Table 12. Population-based case-control studies
Fiat Author, Ycar
(~dditiuoal papers for
atudr dexriplian)

SmJy regiva a¢d
nubJecro

Rceruitment of
cxr~~

Sumplloq ul contrulr Response rite
amooR ~r~ntrnlx

Pruxy
respnnJend in
asedmntrds

AJjwhnenf AdJuetment
fix ~molung' fur SES

Definition of
expnure

OR(95%Cq for
highest c:posure
cah¢on~, nJi~ehd

TreoJ with
locreaaing
expncure°

CoosiJered
in IARC'e
21112 Jecieion

Gu tnvswn, 2(1(10 Sweden. StocY.holm Cancer registry, PR; two conunl groups, 88F (nrnmal 93%/19% 2 - Cwnulative I.fi3 p.14-233) ~ ssihle Yes
County, men 1985-I9~ of which one is metchai wntrols), 82% (~mrmal

to cast regarding vital (morlaliiy- wntrols), 89"/
status in 1990 (µ~i~h matched commis) (manelity-
eseluion of smoking- matched
related causes of death) con[mis)

Pwront, 29Q7 Canada. Montreal a~~ea, All lergc PR (electoral roll, n=375), 72%(PR: C9.3%; 29,4%/I2.6% 4 family inwme Gver-never 12 (0.8-I.8) n.a. Yes
(Siemiatvclu. 1991) mcn hospitals, 1979- RDD (n=15A) RDD~. 79.4%)

19Ai

I'inios. 2111 Z (l lE~a~c of Canada, Monvenl urea. All Iwge 1979-85. FR (electoral 1979-85: 73Wo 1979-Ri'. 4
Proem ci uL. 2llU7. ~~i~h men hnspiidin. 1979- roil. ~~,775). RDD (PR.fi9,7^/0'. 29.4 /1~.6%.

al'ni.es 1985. 19YC, :OU1 (n=UN)l RDD: 79.4%) 1996.2W2,
unJ controls: 19`Xi-2001: PR (electoral 19A42001: 70%s 39.8%/9.7%
Siemiaroaki. 19911 rolls. it-894)

Villeneuve, 2111 I Genodn, e (of lU) F'rovinciel enncer HC (3 provinces), RDD 6U.8% 0"/0 3
(JoMsan, 1998-, provinces, nxn regisvies, 1994- (2 pmvi~es), pmpaty
Villeneuve el nl.. 1999) 19y7 a~vessmenta Jeiabese

pmvim e)

Lerohen, 1987 New Mesim, USA, Tumar registry, RDD, HC (additionally 83Yo i0%a/2%; not 2
men 1980-1982 only for older subi~~) conlm~~rd form

analysis

Bnlske-Hohlfeid, 1999 Swdy I: West Haspitnls, stmiy I: Study I ~ PR; StuJy L 68%', (P/ 4
Gem~am~~, Swdy 2: 198R-19921 swdy Scudp 2: NR, RDD Study 2: 4I
Wes~ond Gass
Gertnanv. men

2:19'X)-1994

Richierdi. ZQ06 Italy, Turn flapitals. 1996 PR R48! (P/ 2
19).

Uwation I.0 (0.6-1.7) (no)

Ezpcnw~e L6 (0.9-2.8) posxible
level

family iiwnme, Lver-never 1.74(1.1-1.7) n.e. Yes
xhooling Izvel

Uura~iun 123 (0.9-1.7) (~w)

Gsposiue L[i~(13-2GJ possible
level

Ever-ncvv I.(Xs @.89-1.25) n.a.

Cumulati~ 1.12(0,89-1.40) P=0.ti7

Ever 0.6(01-I.b) n.e.
empingment
in DE related
~~~n
Ever -never 1.43(1.23-1.67) n.e.

education 1.26, pa1.05

- Wraiion 135 (0.95-1.93) (no)

Ever-never 1.04(0.79-1.37) n.e.

educational 0.95 (0.72-1.26) n.a.
level

Cumulative 0.95 (0,(3—I 45) (no)

educeiional 0.86 (0.56d.3q (rro)
Icvel

Yes

No

Ya

Yes



Fiat Author, Yexr Study region ant RttrWtment of SnmplinR of conholx Rexpuose rate Pmxy AdJuatmeot AdJ uetment Defioifioo of OR(IS^/, CI)far Trent with CuosldereJ

(aJditlnoxl pxpera for xuhjeea c~su among control. rexpuodena in for .moldoR far SES exposure M1ig6eet e:pucure Ircrexring in 1ARC'r

t J ~ J ne IpN ) xvedcontrds cateenn~, adf~ted ex~maure~ 2012 dcelefoo

De Matteis. 2012 Iu~k. Lom6nrdy region. 131wspiiais with HC 72.4^/o or 571°/ (W/, 4 n~itLL,imem for Hver-never 0.82 (o.67-I.UO) n.a. I~xi~rectlym

U.anJroi al.. 2IX18) min tiU%co~xrage of (own education dlJ pooled

all cases, 211n2- computation) nog change OR anelYsis

2(NIS when mla[ing (Olson e~ al.,
penicipanL to 2~i p
re>-poiniing or all
on~acteA
~ubja ts.
peclivcly

Cumulelive 0.88(0.65-1.19) p=0.36

Matter 2015 (Luce Prance, IO regions Canecr registries, RDD R2% Shortened 4 - Ever def ire 1.20 (L(~1.44) n.a. No

St~c4;er, xn~l lcure (coverage l3%of total 2Onl ?W7 direct orprosY (in subjects

SludV Getup. 2n1 I) population), men inlerview~, with m
8. ~/J22%; oat c~pnsure to
controlled for in nshesms, the
analysis OR dropred

from LC2 to
1.47 ~chen
excluding
subicola with
highest
siucation)

Cumulative 110(0.96-I.51) P=D.12

Wild, 201: Nonheastem Franu-, Hoypitels, Hl(l6- RDD not reportcvi not reported 4 socio-ewnomic Lvcr never 1.C~6 (L I 1-2.49) nor. No

men 2FlI0 (po~iL 1v 66.4%°) (probably 0%) oleos

Meno~iclle. ?OU3 France. New Caledonia Grocer Registry, PR(cltttoral rolls) 953% (25.4%/<I%) 3 - Ever -never O.R (0.5-11) n.e. No

(South Pecifc), mrn 19)3-I`I95

CumWatiee 0.7 (nn CI given) no

Tse. 2012 Chine. Hong Kraig. I.ergesl u~x.uingc RDD 48% eP/, 3 Wuca~im level Evar regular 2J0 (L2c73.b9) ore. Nu

men renve. 2ex14-2fNK,

Duration 1.70 (0.68-2.4`)) (m~)

Tea 201 I China. I Inn@ Kong. Largea nnada~ RDD not reported (44% 0°/ Mulysis niucation Ievel Fver regular 3:37 (I.O8-I 1.14) nor, Yes

mrn centre. 2nuJ-2o(X, n twfy with Cull rcstneted «~
whoa. Tse ct al.. non-smnken
2U12)

SF;S:,ewio-cwnnmic aiatac, RDD-random-ligit dialing. PR-{apulation registry, HGhe.Jih-rnrc related database

SttaAi~g habit.. o-nn edus~men4 I-adjustment for xtntu (ne~vr, Fornier, ewrenq. ?~aJju unem for status crors-classified by fiuther inf~rtnaiiaq 3-peckyeers. 4-pacAyews plus time since quitting

s "It~e number of ImcrvieweJ wmcois (n=R94) divided by the giecn numl,er of eligible cnnvals (n=1024) ecwally resulty in 8(%; the given interview eompletiun r to of SIP/ is probohly derive) from the numMrof eligible wnwls bf 1294 reported in

other publication. atwut this study (Vollierea et el.. 2012)
Q Ii is reported Thai &Nl rmle wnvols initially declumd ~~~illingiwsv to participate; the swdy was run with 571 controls, however, which pacsi6ly would give e f al interview rate of 6C,.4%

nn -tend not detected. (rm) - OR in highest c tegory lower than in lower aacegories; posvlhle - OR was highen in highest category; p-value given if mported~, n.a. - ml epplice6le



Table 13. Lung cancer risk estimates in a German case-control study (Bruske-Hohlfeld et al.,

1998) assuming different response rates among professional drivers in the control group.

Work as a rofessional driver Cases Controls OR 95% CI OR*
Original distribution of control subjects
(conditional to istic re ression model
Never 2,263 2,401 1.00 1.00

Ever 426 234 1.96 1.65 - 2.33 1.47
Original distribution of control subjects
(unconditional to istic re ession model)
Never 2,263 2,401 1.00 1.00

Ever 426 234 1.93 1.62 - 230 1.41

Model 1: SER = 0.64; nc = 133
Never 2,263 2,268 1.00 1.00

Ever 426 367 1.16 1.00- 1.36 0.85
Model 2: SER = 0.7; nc = 100
Never 2,263 2,301 1.00 1.00

Ever 426 334 1.30 1.11- 1.52 0.95
Model 3: SER = 0.8; nc = 58
Never 2,263 2,343 1.00 1.00
Ever 426 292 1.51 1.28 - 1.78 I.10

Model 4: SER = 0.9; nc = 26
Never 2,263 2,375 1.00 1.00
Ever 426 260 1.72 1.45 - 2.03 1.26

SER -standardized employment ratio, i.e. the ratio of the prevalence of professional driving

in the control group and the source population of the study;
nc -Number of control subjects that change from unexposed to exposed status

* -Adjusted for smoking and asbestos;
# -Assuming that the proportional risk reduction due to confounding factors is the same as in

the unconditional logistic model based on the original data



Table 14. Impact of smoking adjustment on DE-related lung cancer risk estimates in a case-

control study in Germany (Bruske-Hohlfeld et al., 1999).#

Smoking related variables Other variables OR 95%-CI

- - 1.91 1.68-2.18

In(PY), ex-smoking(3), pipe/cigar(1) - 1.47 1.26 — 1.70

ln(PY), ex-smoking(3), pipe/cigar(1) Asbestos(1) 1.43 1.24 — 1.67

ln(PY), ex-smoking(3), pipe/cigar(1) Asbestos(1), SES(3) 1.27 1.09-1.48

Current, former, never (Garshick et al., 2008) - 1.63 1.41 — 1.88

Never, 1-49 PY, 50+ PY (Garshick et al., 1987) - 1.64 1.43 — 1.88

"Comparison of ever DE-exposed vs. never exposed

PY —pack years; SES — socio-economic status; Number of parameters in parentheses


