Exposure to Benzene in a Pooled Analysis of Petroleum Industry Case-Control Studies
DC Glass PhD1, AR Schnatter PhD2, G Tang PhD3, TW Armstrong PhD4, L Rushton PhD5

1 Monash University
Centre for Occupational and Environmental Health, 
Dept. of Epidemiology and Preventive Medicine, 
Faculty of Medicine, Nursing & Health Sciences, 
The Alfred Hospital, 
89 Commercial Road, 
Melbourne Vic. 3004 Australia

2 ExxonMobil Biomedical Sciences, Inc 
Occupational and Public Health Division
1545 US Highway 22 East 
Annandale, NJ 08801-3059 USA

3.University of Pittsburgh
Graduate School of Public Health, 
Dept. of Biostatistics
130 DeSoto Street
Pittsburgh, PA 15261 USA

4 TWA8HR Occupational Hygiene Consulting, LLC
205 Woodstock Lane
Branchburg, NJ 08876-3830 USA

5 Imperial College London
Department of Public Health and Biostatistics and MRC-HPA Centre for Environment and Health
Faculty of Medicine, St Mary’s Campus
Norfolk Place
London W2 3PG UK

Corresponding author: D. C. Glass 
Monash University
[bookmark: _GoBack]Dept. of Epidemiology and Preventive Medicine, 
The Alfred Hospital, 
89 Commercial Road, Melbourne Vic. 3004 Australia
Ph +61 3 9903 0554 Fax Ph +61 3 9903 0556
deborah.glass@monash.edu


Key words
Benzene, exposure assessment, nested case-control study, cohort, pooled analysis, LH cancer
4581 words approx. without refs, abstract, tables & figs (max 5000)


Abstract
	Cases of lymphohematopoietic cancer from three petroleum industry cohorts, matched to controls from the respective cohort, were pooled into single study.  Average benzene exposure was quantitatively estimated in ppm for each job based on measured data from the relevant country, adjusted for the specific time period, site and job exposure characteristics and the certainty of the exposure estimate scored.  The probability of dermal exposure and of peak exposure was also assessed.  Before risk was examined, an exposure estimate comparison and rationalisation exercise was performed across the studies to ensure accuracy and consistency of approach.  This paper evaluates the final exposure estimates and their use in the risk assessments.  
	Overall benzene exposure estimates were low, 90% of participants accumulated less than 20ppm-years.  Mean cumulative exposure was estimated as 5.15ppm-years, mean duration was 22years, and mean exposure intensity was 0.2ppm.  46% of participants were allocated a peak exposure (>3ppm at least weekly).  40% of participants had a high probability of dermal exposure (based on the relative probability of at least weekly exposure).  
	There were differences in mean intensity of exposure, probability of peak and/or dermal exposure associated with job category, job site and decade of exposure.  Terminal Operators handling benzene-containing products were the most highly exposed group, followed by Tanker Drivers carrying gasoline.  Exposures were higher around 1940-1950 and lower in more recent decades.  
Overall confidence in the exposure estimates was highest for recently-held jobs and for White Collar jobs.  We used sensitivity analyses which included and excluded case-sets on the basis of exposure certainty scores, to inform the risk assessment.
	The above analyses demonstrated that the different patterns of exposure across the three studies are largely attributable to differences in jobs, site types and time frames rather than study.  This provides reassurance that the previous rationalisation of exposures achieved inter-study consistency and that the data could be confidently pooled. 
320 words (max 325)
Introduction
Benzene is present in crude oil and historically made up about 3% of gasoline fuels.  The petroleum industry has three main sectors, upstream where crude oil and gas is extracted from the ground (on or offshore), refineries where the crude is fractionated producing gasoline, diesel, kerosene, heating oil etc. and distribution terminals where bulk products are stored and distributed.  Exposure to benzene typically occurs during loading or unloading of tanks, ships, rail cars and road tankers and during maintenance work.  These tasks are common at distribution terminals and to a lesser extent in refineries.  In refineries, products are primarily handled in closed systems but exposure can occur from fugitive emissions and some refinery streams such as reformate can have 8% benzene.  Exposure is usually considerably lower at upstream sites. 
	In three case-control studies nested in petroleum industry cohorts from Canada, the UK and Australia, [1-3] the association between benzene exposure and lympho-hematopoietic (LH) cancers was evaluated.  All three studies included distribution terminals, the Canadian study included marine distribution and the Australian study included upstream (oil and gas extraction) and refinery workers.  
	Cases and controls from the individual studies were pooled to form a single more powerful study of benzene exposure and subtypes of LH cancers.[4]  Risk estimates for LH cancer outcomes are reported elsewhere,[4-6] but briefly, there was little evidence of increased risk due to benzene exposure, except for myelodysplastic syndrome (MDS). 
	This paper examines in detail, the final exposure estimates, including peak and dermal exposure, which were used in the risk assessments.  The paper discusses the exposure data underlying the epidemiological data and includes a description of major determinants of exposure.  This is important when data from several sources are combined.  The exposure estimates were examined by certainty score for the individuals in the pooled analysis.  Exposure data are also presented by type of site and activity and by disease group.  The likelihood of a peak allocation was of interest because it was the exposure metric that most strongly predicted the probability of MDS. [4]
Methods
	In preparation for data pooling, the three original studies were updated with new cases that had occurred after the original case control studies.  	The LH cancer case diagnoses were verified by hematopathologists,[7] and categorized by the WHO criteria[8] into five disease groups each of which had more than 20 cases.  These groups were: acute myeloid leukemia (AML), chronic lymphocytic leukemia (CLL), chronic myeloid leukemia (CML), myeloproliferative disorder (MPD) and myelodysplastic syndrome (MDS).As in the original studies, there were 5 controls per case for the Australian study, matched within the Australian cohort, and 4 controls per case for the Canadian and UK studies, matched by company within the relevant cohort.  
	Work histories for cases and controls (site, job title, dates of starting and finishing each job) were constructed from company records for the UK and Canadian studies.  For the Australian study, work histories were constructed primarily from prospectively collected surveys of study participants and validated examination of company HR records.   
	Quantitative benzene exposure was estimated for each of the newly identified cases and controls using methodology consistent with that in each of the original studies by the individual exposure assessors (TWA, EDP, DCG) for each study (blind to case-control status).[9-11]  For each line of work history, an average benzene exposure was estimated in ppm based on measured data for the relevant job, site, time period from the relevant country.  Adjustments (for task, operations/technology, materials, and environment) were made as necessary to account for differences between the measured data and the job assessed and to extrapolate to missing time periods. [9-11]  
	For each individual, the product of each job’s average benzene exposure estimate and the job duration were summed to give an overall cumulative exposure (ppm-years).  The career average benzene exposure intensity in ppm was calculated over all jobs held for at least one year held by an individual participant.  In addition, the maximum benzene exposure intensity (ppm) value from all jobs held for at least one year was identified for each individual.  
	Each job was also assessed by the individual study exposure expert as to the likelihood of exposure to peaks and the probability of dermal exposure.  Subjects were allocated a peak exposure (Yes or No) if they were likely to have been exposed to a concentration of at least 3 ppm for 15-60 minutes at least once per week.  The peak assessments were based on available short term measurements and the assessors’ knowledge of the tasks associated with the job assignments.  Professional judgement and knowledge of the tasks associated with the job, was used to assess each job for the relative probability of dermal exposure occurring at least weekly (None, Low, Medium or High).  
	There was variation in the products handled and their benzene content at different sites and over time.  Some materials contained an appreciable percentage of benzene (e.g. gasoline 2-3%), while others contain none or only insignificant amounts of benzene (e.g. black oil and jet fuel).  Most tanker drivers (other than those from black oil terminals) will handle gasoline and have intermittent exposure during loading and unloading of tankers.  Terminal workers carry out a number of tasks such as drum filling, road tanker filling, attending to storage tanks that, depending on the type of terminal, can result in exposure to benzene.  These factors were taken into account in the exposure estimation and are discussed elsewhere. [9-11] 
	A job exposure certainty score was allocated to the exposure estimate for each line of work history.  This was driven primarily by the certainty with which the job title was known, and then by the certainty in the knowledge of the site characteristics, products handled, technology used, and robustness measured exposure data used to estimate exposure for that job:
· Low (1) - job title or site not fully identified, exposure circumstances uncertain; 
· Medium (2) - reasonable confidence but some uncertainty in exposure circumstances;
· High (3) - confident of the estimate (e.g. well characterized assignment with sufficient exposure estimates)  
	The job certainty scores were then averaged on a time weighted basis to provide a career certainty score for each individual.  
	Each line of work history was allocated to a site type (terminal, refinery, upstream, office, airport, marine, service station and other).  The dominant site type was identified for each individual by summing the duration of all jobs within each site type category.  Each individual was allocated to the site type with the longest employment duration.
	Each line of work history was also allocated to one of the following 10 job categories White Collar Worker, Product Handling White Collar Worker, Craft Worker (terminal and refinery maintenance workers, instrument technicians etc.), Terminal Operators (benzene-product handling terminals), Refinery Workers (benzene-exposed), Tanker Drivers (benzene-exposed), Other Product Handling Workers, Unexposed Blue Collar Workers (e.g. from black oil terminals), Upstream Operators and Other/Unknown.  To identify the longest-held job, the cumulative duration of jobs within each job category was calculated and the individual was allocated to the job category with the longest cumulative duration.
	Site type, job held, decade of employment and study (Canadian, the UK and Australian) all potentially affect the benzene exposure estimates.  The effect of these factors on benzene exposure intensity (ppm) was investigated using linear regression models after log transformation, with base 2, to reduce the skewness of the exposure distribution.  A one-unit increment in the log-transformed value implies doubling of exposure intensity. The least square means are used to assess the exposure level across various subgroups of each factor. Residuals were used for model diagnosis.  We used multivariate logistic regression models to explore potential predictors for peak exposure and high dermal exposure.  Statistical analyses were carried out using SAS, version 9.2 (26) (SAS, Cary, NC).
	Before risk was examined, an exposure estimate comparison and rationalisation exercise was carried out across the studies to ensure accuracy and consistency of approach.[12]   This was achieved by a panel discussion including the current investigators and the original exposure assessment team and is described in a previous paper.[12]  Any large differences in means in all three studies in one era or for at least two studies in two eras were scrutinised to see whether the difference was justified by local exposure conditions, such as an enclosure versus open work area.  Most exposure estimates were not adjusted, although changes were made to background exposure levels to enhance the consistency of results reported.[12]
The pooled study had ethics committee approval from the following committees: Multicentre Research Ethics Committee (REC), Monash University Human REC, University of Pittsburgh REC, ExxonMobil Health REC.  Ethics committees for cancer registry and data collation centres within Australian Canada also approved the study.
Results
	The pooled population of 1931 male participants included 370 LH cancer cases.  The three studies covered overlapping decades, different site types and consequently different jobs.  Most individuals started work between 1920 and 1970, although the Australian study participants generally started work later, between 1950 and 1980.  Figure 1 shows benzene exposure intensity estimates by decade covered in the work histories of the cases and the controls. Benzene exposure intensity first increased probably in part because of the gradual introduction of catalytic cracking in refinery facilities starting in the late 1930’s which allowed a higher aromatic content in gasoline), peaked in the 1950’s, and has reduced in recent decades.  Control measures for benzene exposure undoubtedly increased in the latter decades, and this is evident since the tail of outliers with very high exposure has much reduced.  
	Table I presents summary exposure statistics by the three different studies.  Compared to the other studies, the Canadian study had a slightly higher mean intensity of exposure (0.29 ppm) and mean duration of exposure (24.9 years) and consequently a higher mean cumulative exposure (7.6 ppm-years).  The higher intensity of exposure is partly due to the earlier time periods included in the Canadian study, and the handling of fuels with higher benzene content (discussed later). In contrast, the Australian study had the lowest average exposure intensity and the lowest percentage of jobs classified as having peak exposures.  Both of these observations are related to the more recent time periods and the sectors (upstream and refineries) covered by the Australian study. 
	Table I also shows that the exposure certainty scores vary by study.  The Australian study, the most recent of the three studies, has the highest mean exposure certainty score.  For all three studies, median career exposure certainty scores increased over time.  For example, the exposure estimates for most jobs held before 1945 had a low certainty score of 1 (white collar jobs had median score of 1.6 before 1945), while estimates for jobs held after 1975 were more certain.  The differing eras covered by the three studies is partly reflected in the certainty scores for each study.  The UK study had the lowest average certainty scores, partly due to the higher percentage of incomplete work history records in that population. 
	Table II shows the number of individuals by the site type at which they spent most of their employment time and presents career mean and maximum exposure intensity by site type.  Terminal and Refinery workers had the highest average benzene exposure, while terminal and marine workers had the highest percentage of workers classified as having peak exposure.  This latter observation is due to the frequent loading/unloading tasks present at these two site types.   
	Table III shows the distributions of the exposure metrics by a worker’s longest-held job.  Terminal Operators at sites with benzene-product handling were the job category with the highest average benzene exposure.  Nearly all of these workers were also classified as having peak exposures.  The peak exposure metric was strongly associated with the Tanker Driver and Terminal Operator job categories.  These two jobs and Craft Workers were the highest exposed job categories and were most likely to be allocated high dermal exposures.  
When examined by job category, White Collar Workers were more likely to have a high certainty score in earlier years than blue collar work, because it was relatively certain that such a job did not entail benzene exposure. 
Figure 2 shows the distribution of cumulative exposure estimates by case/control status for the five disease groups that were investigated.  The cumulative exposure distribution for MDS cases was higher than for their controls, the difference in distribution being mostly visible around 1- 10 ppm-years (the relatively higher portion of the curve).  They also had higher mean (7.44 ppm-years) cumulative exposure estimate than their controls (mean 4.63 ppm-years).  In contrast, cumulative exposure distributions are similar and overlapping for the other four disease endpoints.  This simple distributional graphic reflects the major cumulative exposure findings on risk by disease category. 
	Figure 3 shows that MDS and MPD cases were estimated to have higher median average intensity of benzene exposure (ppm) than their controls.  ALL, CML and CML cases had a similar median average intensity estimate than their respective controls.  The median of the maximum benzene exposure intensity job held was highest for MDS cases (data not shown), the mean maximum exposure intensity was 0.64 ppm for MDS cases compared to 0.39 ppm for their controls.  Among the other disease groups, controls had similar average maximum intensity estimates (data not shown).  Figure 4 shows that MDS cases also had the highest median cumulative benzene exposure estimates (ppm-years).  The AML cases had slightly higher cumulative and intensity exposure estimates than their controls but the difference was less marked than for the MDS cases.
	Table III also shows that about 39% of study participants had a high probability of ever having been allocated a dermal exposure, with little variation by study (Table I).  Most office workers had low exposure although a few were allocated peak and high dermal exposure indicating that they could come into close contact with benzene-containing products.  Airport and marine workers had a lower probability of peak and high dermal exposures than terminal workers. 
	Peak exposures were allocated to about 50% of individuals in the Canadian and UK studies, but only 35% in the Australian study participants (Table I).  The difference can be partially attributed to the inclusion of refinery and upstream workers in the Australian study for whom peak exposures, as defined in this study, are less common.  Fewer jobs at refineries (14%) and marine sites (26%) were allocated peak exposure (Table III).  
	Peak exposures occurred mostly at terminals (43%) (Table II) and were allocated to 97% of Terminal Operators and 84% of Tanker Drivers (Table III).  Terminal workers were also most likely to have been allocated a peak metric (56%), and were most likely to have had a high probability of dermal exposure (49%).  
	Table IV shows that AML, MDS and MPD cases were more likely to have been allocated a peak exposure than their controls.  It also shows that MDS and MPD cases were more likely to have been allocated a high dermal exposure than their controls.
	Each study covered differing decades, site types and jobs.  There were only a handful jobs in the decades 1910 and 2000 (n=32).  Excluding these jobs, with only the main effects: site type, job category, decade and study in the same regression model, all are significant predictors of log-transformed exposure intensity (p < 0.001).  The R2 is 0.70, which indicates that a substantial proportion of the total variation in exposure intensity is explained by those four factors.  The least square means are presented in the Table A1 of the Supplementary material.  However, site type and job category are highly correlated, thus, much of the explanatory power by site type is probably represented by job category.  .
	About 93% of the UK jobs were at terminals.  In order to explore potential interaction between study and job categories and decade of the jobs, we restricted the analysis to jobs at terminals held between 1940s and 1980s, in the following job categories: Tanker Drivers, Terminal Operators, Unexposed Blue Collar Workers and White Collar Workers.  In the multiple linear regression models interaction terms between study and job categories and those between study and decades were both significant (F=43.08 with df=6, F=5.03 with df=8, both p<0.001).  Although exposure intensities were generally higher for the Australian and Canadian jobs than those for UK jobs, the difference varied between different job categories and decades.  However, in this model that included interaction terms, the main variables job category and decade remained significant predictors of exposure intensity (p < 0.001) across the studies but the main variable study did not (p = 0.37).   
	Multivariate logistic regression models were used to explore whether study, job category and decade were associated with peak exposure or high dermal exposure jobs, respectively.  It was found that compared with Terminal Operators, Tanker Drivers had lower risk of peak exposure (OR=0.17, 0.09-0.32; p<0.0001).  Compared with the UK study, jobs in the Australian study were associated with lower risk of peak exposure (OR=0.55, 0.30-1.01; p=0.054) and jobs in the Canadian study were associated with higher risk of peak exposure (OR=2.83, 1.27-6.23; p=0.01).  Compared with jobs in 1980s, jobs in earlier decades (1940s to 1970s) were associated with higher risks of peak exposure with ORs varying from 3.5 to 7.1 (p<0.001).  Compared with Terminal Operators, Tanker Drivers had a reduced risk of high dermal exposure (OR=0.13, 0.09-0.19).  Compared with jobs in the UK study, jobs in the Australian study and the Canadian study were associated higher risk of high dermal exposure with OR=90 and 10, respectively.  Jobs in 1970s and 1980s had similar risk of high dermal exposure and earlier jobs had lower risk of high dermal exposure with ORs varying from 0.02 to 0.3).  
Discussion
	There were differences in the exposure estimates from the three studies pooled here.  They were largely explained by study-specific differences in job, site type and period.
	The Australian study had the lowest mean exposure intensity estimates and hence lower cumulative exposure values and less likelihood of peak exposures but it included the generally lower-exposed workers from the refinery and upstream sectors.  It is also more recent than the other two so the lower exposures also result from exposure reductions in the industry, notably during the 1970s.[13]  Job category and decade were significant predictors of exposure (including peak and skin exposure) in this study.  Cumulative exposure and both mean and maximum intensity metrics are closely related and the three studies had similar mean employment durations.  
	The estimated exposure to benzene experienced by most participants in this pooled study is lower than that experienced by participants in most previous studies of benzene exposure and risk of LH cancer.[14-18]  Cumulative benzene exposure groups reported in a meta-analysis of leukemia [19] were low (< 40 ppm-years), medium (40-99.9 ppm-years) and high exposure (> 100 ppm-years).  In this pooled analysis, 98.3% of the individuals would have been placed in the low category, 1% of individuals would have been categorized as medium and only 0.7% of individuals categorized as high.   
	The average estimated intensity of exposure for participants was less than 1 ppm, the current exposure limit in many countries.  The median average benzene exposure estimates reported here are similar to those reported in recent summaries of occupational exposure to benzene in Europe and North America, in which typical occupational exposures were at or below 1 ppm. [20, 21]  
	Site type strongly predicts exposure.  Refinery workers were estimated to have average benzene exposures of 0.11 ppm.  This aligns with a recent report from the United States where, the arithmetic mean benzene concentration for non-task samples was 0.12 ppm between 1977 and 2006.[22]  Exposure to benzene in other regions, notably China, can be more than 100 fold higher with a large proportion of individuals being exposed to more than 50 mg/m3 (15 ppm) and some over 100 mg/m3 (>30 ppm). [23-25]
	In this study, Tanker Drivers who carried gasoline were exposed to an average estimate of 0.39 ppm.  This is consistent with data from Verma et al who found that the arithmetic mean benzene exposure for agency drivers who distribute fuel to service stations was 0.88 ppm, and for bulk terminal drivers without vapor control was 0.12 ppm.[26]  Some Tanker Drivers in the UK and Australia carried the high benzene products in the 1960s and 1970s.  Exposure would have decreased when the high benzene products were phased out.  The highest exposure, 32 ppm was for a UK driver at a benzole (a benzene enriched gasoline blend) terminal during 1946-7.  
	There were differences in products handled between the studies, many of the UK sites had little benzene-containing product after 1960 so most Manual Workers and Terminal Operators at these sites had lower exposure allocated than in the other studies.  By contrast in Australia there was much less demand for heating or black oil which does not contain benzene.  In addition, there were a small number of sites in the UK and Australia which, until the late 1960s or 1970s respectively handled high benzene products. Thus there was a wide range of exposures for the same Job Category.  Terminal Operators in the early years carried out a variety of higher exposed tasks e.g. road tanker filling, rail car filling and drum filling but the mix of tasks varied between countries.  Rail car filling was comparatively common in Australia, but few individuals in the Canadian study and none in the UK study loaded rail cars with gasoline.  Drum filling jobs were identified into the 1980s in the Australian study but not after the 1970s in the UK study.  Differences in technology explain some other differences in exposure.  Drum filling sheds were legally required to be open on three sides in Australia but were enclosed in Canada, resulting in higher exposure for drum fillers in Canada than Australia.  
	Recent exposures can usually be estimated with greater certainty that those in the distant past.  It was therefore expected that the Australian study had a higher mean career certainty score because it included a higher proportion of recently-held jobs than the other two studies.  The UK study had the highest proportion of uncertain jobs, partly because of the inherent uncertainty resulting from exposure extrapolation back to pre-1945.  In addition, some participants in the UK study only had the last known job identified.  Previous jobs would be likely to have been given a low certainty score particularly if the last known job was supervisor.  However, even in the early years, the exposure estimate for a White Collar Worker such as an accountant, could be made with more certainty than that of a Terminal Operator.
	When pooling data across studies it is important to ensure that exposure has been assessed consistently.  The time frames and industry sector differences between studies included here, made such inter-study comparisons difficult.  We were able to explore the interaction between study, job and decade of work in a restricted sample of terminal workers in 4 major job categories from all three studies.  In a model which included the 3 main effects and the 2-way interaction effects we found that the job and decade main effects remained significant predictors of exposure intensity but the main effect for study was not a significant predictor of exposure intensity.  The interaction terms (study X Job) and (study X decade) were also significant predictors of exposure intensity.  
	We consider that combining the data from the three studies would have been problematic if the differences in exposure outcomes were mainly determined by the study (without considering interactions); or if there were unexplained interactions between study and other factors.  In this analysis, study was not the main effect and interactions in the model between study, job and decade were explicable.  
We feel therefore, that these results provide some reassurance that the previous rationalization of exposures[27] achieved inter-study consistency and that differences in exposure estimated between the three studies could largely be explained by study-specific differences in decade and in jobs which vary between industry sector.  As an example, consider tanker truck drivers for the UK and Australian study.  In the UK, such drivers handled both black and white oil, the former having a much lower benzene content and therefore lower exposure as predicted by the modifying factors used to derive the benzene exposure estimate.  The Australian drivers handled nearly all white oil with consequently higher estimated benzene exposures.  
	While exposure estimates for the five disease groups were presented in three previous papers[4-6] using conditional logistic regression techniques, we further examined exposure estimates between cases and controls using simpler techniques to share further insights on the formal comparisons previously made.  Compared to cases and controls from all five disease groups, the MDS cases had the highest median cumulative and average intensity benzene exposure.  The distributional plot of cumulative exposure for MDS cases versus controls (Figure 2) showed that the curves clearly diverged towards higher exposures among cases at the top section of the curve.  (The curves must eventually converge where 100% of cases and controls are exposed).  These curves, though not accounting for study matching nor for potential confounding, may be an additional aid to epidemiologists for interpreting the data.  The box plots in Figures 3 and 4 also show the benzene exposure of MDS cases (expressed as estimated intensity and cumulative exposure) was higher than their matched controls and higher than the exposure of the other disease entity cases and their controls.  Increased risk of MDS was identified as associated with benzene exposure using more than one metric of exposure.[4] 
	Examining these box plots also suggests that MPD may be associated with benzene exposure and some association was seen in spline analyses for benzene exposure experienced in the 2-20 years before diagnosis and with peak exposures considered with cumulative exposure as a continuous variable.[28]
	MDS cases were also more likely than their controls to have been allocated a peak and dermal exposure and this was identified as a risk factor in the earlier paper.[4]  In general, workers in the higher exposed job categories were more likely to have been allocated a peak exposure metric, indicating some correlation between the two metrics.   
	Specifying exposure estimation certainty is helpful for epidemiologic sensitivity analyses.  Analyses can be restricted to study subjects where exposure estimates are more certain, identifying a subset of workers where exposure misclassification is minimized.  In this study the risk estimate for MDS was stronger when the individuals with less certain exposure were excluded from the analyses which suggests that the findings were robust.[4]  

Conclusions
Estimated exposure to benzene was lower for workers in this pooled analysis than in most previous studies investigating the risk of LH cancers.  However, exposure estimates grouping by site type and job category were in line with published industry data.  
	This paper shows that the differences in individuals’ exposure between the three studies were likely to be real and the result of differences in the decades, type of sites and hence jobs and that were included in each study, and that study was probably not a significant predictor of exposure when these were taken into account.  This suggests that the previous rationalisation of exposures achieved inter-study consistency and that the data could be confidently pooled thus providing reassurance that the epidemiological results could confidently be used in risk assessment processes.
	There was little difference in exposure estimates between AML cases and controls and in general the exposure was less than for MDS cases.  Exposure estimates were higher for MDS cases than for their controls and they were more likely to have experienced peak and dermal exposure.
	Specifying exposure estimation certainty allowed sensitivity analyses in the disease-risk outcome papers to be carried out.  Restricting analyses to study subjects where exposure estimates were judged to be most certain, should reduce exposure misclassification 
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[bookmark: _Ref427765988]Figure 1 Distribution of benzene exposure intensity estimates (ppm) by decade
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[bookmark: _Ref481575392]Figure 2: Cumulative exposure to benzene (ppm-years) for cases and their controls
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[bookmark: _Ref456952585]Figure 3: Distribution of median benzene exposure intensity (ppm) by case/control status and disease group (log-scale)
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[bookmark: _Ref456955858][bookmark: _Ref456955854]Figure 4: Distribution of cumulative benzene exposure by case/control status and disease group (log-scale))
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[bookmark: _Ref427765989]Figure 5 Proportion of jobs with peak exposure by decade 
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[bookmark: _Ref456954920][bookmark: _Toc310944845]Table I: Mean (Standard deviation) [Median, 1st -3rd quartiles] for benzene exposure metrics, duration of employment and career certainty score by study
	Exposure metric
	Australia
	Canada
	UK
	All

	Mean of cumulative benzene exposure in ppm-years
	4.3 (7.1) 
[1.9, 0.4-5.0]
	7.6 (23.0) 
[0.5, 0.2-6.7] 
	5.0 (19.6) 
[0.8, 0.1-3.5]
	5.2 (17.0) 
[1.1, 0.2-4.5]

	Mean of average benzene exposure intensity in ppm
	0.19 (0.28) 
[0.09, 0.02-0.25]
	0.29 (0.74) 
[0.02, 0.01-0.31]
	0.23 (0.88) 
[0.04, 0.01-0.19]
	0.22 (0.7)
[0.07, 0.01-0.23]

	Mean maximum benzene exposure intensity in ppm
	0.32 (0.52) 
[0.14, 0.02-0.40]
	0.70 (2.1) 
[0.03, 0.01-0.63]
	0.40 (1.45)
[0.07, 0.02-0.29] 
	0.41 (1.3)
[0.09, 0.02-0.39]

	Mean duration of employment in years
	21.5 (9.1)
[21.4, 14.2-28.7]
	24.9 (11.8)
[27.2, 16.2-33.8] 
	21.3 (12.8)
[20.8, 10-31.4]
	21.9 (11.5)
[21.8, 12.7-31.0]

	Peak ≥ 3 ppm (%)
	35
	50
	53
	46

	High dermal exposure (%)
	36
	40
	41
	39

	Mean of career exposure certainty score
	2.9 (0.2) 
[3, 3-3]
	2.7 (0.5) 
[3, 2.5-3] 
	1.5 (0.6) 
[1.2, 1-2]
	2.2 (0.8) 
[2.5, 1.2-3] 







[bookmark: _Ref456955069][bookmark: _Ref456954884]Table II: Distribution of the participants’ most dominant site type and career average and maximum benzene exposure intensity (ppm), peak and high dermal estimates by site type *
	[bookmark: OLE_LINK1]Site Type
	n (col %)
	Average intensity (ppm) Median (1st, 3rd quartiles)
	Maximum exposure (ppm) Median (1st, 3rd quartiles)
	Peak ≥3ppm (%)
	High dermal (%) **

	Terminal
	1400 (72)
	0.07 (0.01, 0.26) 
	0.10 (0.02, 0.43)
	787 (56)
	681 (49)

	Refinery
	291 (15)
	0.11 (0.07, 0.24)
	0.16 (0.08, 0.40)
	80 (27)
	70 (24)

	Upstream
	86 (4)
	0.01 (0.001, 0.04)
	0.03 (0.001, 0.06)
	0 
	0 

	Office
	76 (4)
	0.005 (0.005, 0.009)
	0.005 (0.005, 0.02)
	6 (8)
	5 (7)

	Airport
	60 (3)
	0.06 (0.02, 0.09)
	0.06 (0.02, 0.15)
	10 (17)
	4 (7)

	Marine
	32 (2)
	0.01 (0.01, 0.19)
	0.01 (0.01, 0.25)
	13 (41)
	2 (6)

	Service Station
	1 (<1)
	0.006
	0.02
	0 
	0 

	Unknown
	6 (<1)
	0.01 (0.005, 0.03)
	0.02 (0.005, 0.03)
	2 (33)
	2 (33)

	Other
	3 (<1)
	0.02 (0.005, 0.24)
	0.08 (0.005, 0.48)
	0
	2 (67)

	No dominant site
	2 (<1)
	0.09 (0.02, 0.17)
	-
	0 
	0 

	Total
	1957
	
	
	898 (46)
	766 (39)


* There were 6 participants for whom the site type was unknown, 3 others who worked at a site-type not categorised here and 2 for whom there was no dominant site type assignable because they had not worked at a single site type for at least one year.
** Participants with no, low or medium dermal exposure not listed in the table


Table III: Distribution of exposure metrics by participants’ longest-held job category.  
	Job Category
	n
(col %)
	Average intensity (ppm) Median (1st, 3rd quartiles)
	Maximum intensity (ppm) Median (1st, 3rd quartiles)
	Average certainty of Job Exposure Median (1st, 3rd quartiles)
	Peak ≥3ppm (%)
	High dermal (%)

	Terminal Operators
	179 (9)
	0.35 (0.13, 0.65)
	0.52 (0.19, 1.11)
	2.0 (1.0, 2.7)
	173 (97)
	173 (97)

	Tanker Drivers 
	444 (23)
	0.19 (0.09, 0.32)
	0.26 (0.13, 0.47)
	1.6 (1.0, 2.8)
	410 (92)
	328 (74)

	Craft Workers
	160 (8)
	0.32 (0.14, 0.48)
	0.41 (0.24, 0.57)
	3.0 (1.4, 3.0)
	78 (49)
	96 (60)

	Refinery Workers 
	127 (6)
	0.12 (0.09, 0.18)
	0.16 (0.11, 0.31)
	3.0 (3.0, 3.0)
	40 (32)
	35 (28)

	Upstream Operators 
	61 (3)
	0.04 (0.01, 0.05)
	0.04 (0.02, 0.06)
	3.0 (3.0, 3.0)
	0
	0

	Product Handling White Collar workers
	53 (3)
	0.08 (0.02, 0.16)
	0.15 (0.02, 0.46)
	2.2 (1.2, 3.0)
	28 (53)
	19 (36)

	Other Product Handling Workers
	48 (2)
	0.08 (0.06, 0.25)
	0.11 (0.06, 0.29)
	2.0 (1.4, 2.3)
	19 (40)
	8 (17)

	Unexposed Blue Collar Workers *
	436 (22)
	0.02 (0.003, 0.07)
	0.02 (0.003, 0.08)
	2.6 (1.3, 3.0)
	96 (22)
	76 (17)

	White Collar Workers
	409 (21)
	0.01 (0.005, 0.02)
	0.02 (0.005, 0.02)
	3.0 (2.0, 3.0)
	45 (11)
	25 (6)

	Site unassigned**
	35 (2)
	0.02 (0.003, 0.07)
	0.02 (0.003, 0.03)
	1.0 (1.0, 1.8)
	7 (20)
	4 (11)

	Unknown 
	5 (<1)
	0.01 (0.005, 0.03)
	0.02 (0.005, 0.03)
	1.2 (1.2, 1.8)
	2 (40)
	2 (40)

	Total
	1957
	
	
	
	898 (46)
	766 (39)


* Terminal Operators from terminals only handling black oil or lubrication oil, Tanker Drivers not carrying benzene containing products and Refinery workers on units with no benzene were categorized with other unexposed blue collar workers
** There were 35 participants for whom no longest-held job category was assigned because they had not held a job within a job category for at least one year.



[bookmark: _Ref343851247]Table IV: Peak and dermal exposure (ever) by case/control status and by disease group, n (%)
	Disease group
	Status
	Number
	Peak Exposure
	High probability of dermal exposure

	AML
	Cases 
	60
	35 (58)
	27 (45)

	
	Controls
	241
	117 (49)
	99 (41)

	MDS
	Cases 
	29
	16 (55)
	16 (55)

	
	Controls 
	129
	47 (36)
	39 (30)

	CLL
	Cases
	80
	30 (38)
	27 (34)

	
	Controls
	345
	158 (46)
	134 (39)

	CML
	Cases
	28
	11 (39)
	11 (39)

	
	Controls
	122
	59 (48)
	47 (39)

	MPD
	Cases
	30
	18 (60)
	17 (57)

	
	Controls
	124
	61 (49)
	57 (46)
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