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Abstract 
 

Occupational Exposure to Metalworking Fluids and Incidence of Cancer in the United 
Autoworkers-General Motors Cohort: Assessing and Accounting for the Healthy Worker 

Survivor Effect 
 

By 
 

Erika Garcia 
 

Doctor of Philosophy in Environmental Health Sciences 
 

University of California, Berkeley 
 

Professor Ellen A. Eisen, Chair 
 
 
Metalworking fluids (MWF) are coolants and lubricants used in industrial machining and 
grinding operations and have been linked with several cancers. Components found in 
MWFs, including polycyclic aromatic hydrocarbons found in oil-based straight fluids and 
nitrosamines found in water-based synthetic fluids, have been linked with mammary gland 
as well as respiratory organ tumors in laboratory animals. Epidemiologic evidence for 
these cancers, however, is less conclusive. Despite the provocative toxicologic evidence, 
there are few epidemiologic studies on MWF exposure and breast cancer. Results for lung 
cancer have been null for oil-based MWF and appeared inversely related to synthetic fluids, 
possible due to presence of endotoxin. The United Autoworkers-General Motors (UAW-GM) 
study includes an occupational cohort of 46,316 hourly workers in automotive 
manufacturing and extensive MWF exposure data, with annual average exposure estimates 
available for workers’ full employment history, and over two decades of cancer incidence 
follow-up. To better understand the exposure-response relationship between MWF 
exposure and these cancer outcomes, this dissertation set out to improve upon prior 
studies by first evaluating the presence of a common source of bias in occupational 
epidemiology, the healthy worker survivor effect (HWSE) in the UAW-GM cohort, and 
second collecting additional data and using advanced methods to evaluate these 
relationships. 
 
Chapter 1 is the assessment of the presence of the HWSE in cancer studies of the UAW-GM 
cohort. The HWSE can affect the validity of occupational studies when data are analyzed 
incorrectly. HWSE depends on three underlying conditions: (1) leaving work predicts 
future exposure, (2) leaving work is associated with disease outcome, and (3) prior 
exposure increases probability of leaving work. If all these conditions are satisfied 
employment status is a time-varying confounder affected by prior exposure and standard 
methods will produce bias. I evaluated the presence of these conditions for select cancer 
outcomes, including lung cancer, in the UAW-GM cohort and found evidence for all three 
conditions. This suggested that standard methods may underestimate the exposure-
response for lung cancer and therefore a g-method should be applied to control for 
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employment status as a time-varying confounder affected by prior exposure. A secondary 
analysis examining breast cancer among female workers found insufficient evidence for 
condition (3), indicating that standard methods are appropriate for this outcome and will 
not produce bias due to HWSE. 
 
In Chapter 2, I evaluated the exposure-response relation between cumulative MWF 
exposure and breast cancer incidence among female workers in the UAW-GM cohort. 
Additional data was obtained by extending follow-up four more years for female cohort 
members using data linkage with the Michigan Cancer Registry and the National Death 
Index. We identified 221 total incident breast cancer cases among 4,503 female workers. 
Risks associated with exposure to the three types of MWFs, straight, soluble, and synthetic, 
were evaluated using Cox proportional hazards models for all breast cancer cases as well as 
for pre-menopausal cases defined by age at diagnosis. Results suggest an increasing 
exposure-response curve for straight fluids and breast cancer. While the number of the 
pre-menopausal cancers is small, results are modestly suggestive of an increased risk 
associated with higher synthetic fluid exposure, suggesting a different mechanism for the 
younger cases.  
 
In Chapter 3, I examined the relationship between lung cancer mortality and exposure to 
straight and synthetic MWF, as well as to the biocides that are added to water-based fluids 
to control microbial growth. Using the parametric g-formula, ratios were estimated 
comparing cumulative risk of lung cancer mortality under the hypothetical interventions 
always high exposure while at work and always unexposed. We also intervened on both 
synthetic MWF and biocides simultaneously to estimate independent effects. Results from 
this study suggest slightly elevated lung cancer mortality related to straight MWF exposure, 
albeit with wide confidence intervals. Our results do not support a negative association for 
synthetic fluids, as reported in earlier studies; instead, biocide in the fluid, a marker for the 
release of endotoxin, was associated with decreased lung cancer. 
 
The hypotheses addressed in this dissertation are of public health importance in light of 
the extremely high incidence of both breast and lung cancer in the US. These studies 
provide information on the relationships between MWF exposure, breast and lung cancer 
incidence, adding to the scientific literature that informs regulatory measures and protects 
workers from the risks of MWF exposure.  
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Chapter 1    Introduction 
 
1.1    Healthy Worker Survivor Effect 
 
Focusing on occupational populations for epidemiologic studies provides a number of 
advantages. These populations are usually well-defined, making it easier to enumerate a 
study population. Exposure levels in the workplace are usually higher than in the 
community, therefore studies will have greater statistical power to detect health risks 
associated with the exposure. The availability of employment and exposure monitoring–or 
job descriptions–records can be leveraged to more accurately estimate individual exposure 
levels. Since we are relying on observational data, however, we must also bear in mind 
potential sources of bias when using workers as study participants. A unique source of bias 
often of concern in occupational epidemiology is the Healthy Worker Survivor Effect 
(HWSE).1-4 The HSWE is due to less healthy workers preferentially leaving the workforce, 
which results in a survivor worker population remaining at work. When examining the 
health risks of cumulative exposure, the HWSE can bias measures of association downward 
because subject who leave work accrue less exposure compared with subjects who 
“survive” and remain at work.3  
 
Figure 1.1 is a visual demonstrating the HWSE. The rectangular color bands indicate the 
distribution of health status among hypothetical workers at the particular exposure level 
and time. Red indicates lower health, yellow moderate health, and green higher health. 
Because workers who stay in the workforce are more likely to be healthier (i.e., green in 
this example), over time the distribution of underlying health status among active workers 
shifts to be more healthy (i.e., more green). This is the HWSE. And it is expected to be 
stronger in jobs with higher exposure. As seen in the figure, while the color band shifts 
towards green for all exposure levels, it does so more dramatically for higher exposure 
levels. Because underlying health status is not typically available in occupational studies, 
employment status can be used as a proxy, since less healthy workers would be more likely 
to leave employment. 

Figure 1.1    Visual depiction of the Healthy Worker Survivor Effect. The color band communicates the 
distribution of underlying health status of active workers: red indicates lower health, yellow 
moderate health, and green higher health. 



2 

1.2    Examination of the Healthy Worker Survivor Effect in the UAW-GM Cohort 
 
In chapter 2, I used employment termination status as a proxy for underlying health status 
and evaluated the presence of the Healthy Worker Survivor Effect in the United 
Autoworkers-General Motors (UAW-GM) cohort. The UAW-GM cohort study was a joint 
labor-management funded study designed in the mid-1980s to examine cancer mortality 
and its relation to metalworking fluid (MWF) exposure, which are coolants and lubricants 
used in machining and grinding operations.5,6 I used the results from chapter 2 assessment 
to guide my statistical approach for studies of breast (chapter 3) and lung cancer (chapter 
4) in the UAW-GM cohort. In the presence of HWSE standard methods, such as covariate 
adjustment in Poisson or Cox proportional hazards regression, will likely produce biased 
results because these methods are unable to properly adjust for a time-varying confounder 
affected by prior exposure.2,7 Because the HWSE was not evident for female workers in the 
UAW-GM for breast cancer, Cox proportional hazards models were used to evaluate the 
exposure-response relation for MWF and breast cancer incidence. I used a more advanced 
g-method, the parametric g-formula,7,8 to assess the relationship between MWF exposure 
and lung cancer mortality, because I did detect the HWSE in the UAW-GM cohort for this 
outcome. 
 
1.3    Investigation of Metalworking Fluid Exposure and Breast and Lung Cancer in 
the UAW-GM cohort 
 
MWF are cooling and lubricating fluids used widely in industrial machining and grinding 
operations. These fluids are used to protect or treat the surfaces of the material being 
processed, carry away metal chips, and prolong the life of the machine tools.9 Workers may 
be exposed via inhalation due to the aerosolization of MWF during use and splashing of 
fluids during application. MWF are classified into three categories based on composition: 
straight, soluble, and synthetic. Straight MWFs are complex mixtures of paraffinic, 
naphthenic, and aromatic compounds refined from mineral oil.10 Mineral oil is classified as 
carcinogenic to humans11 and its carcinogenic properties are thought to be primarily due to 
its polycyclic aromatic hydrocarbon (PAH) content.12 Soluble MWFs are composed of oils 
emulsified in water. Synthetic fluids are water-soluble chemical lubricants without oil. 
MWF have been linked with several cancers, including skin,6,13-16 laryngeal,5,6,17-20 
rectal,5,6,17,21,22 pancreatic,6,23,24 esophageal,6,24,25 and bladder.26-29 
 
Chapter 3 is an evaluation of the exposure-response relation between MWF exposure and 
breast cancer among 4,503 female autoworkers. Although breast cancer is the leading 
cancer diagnosed among women in the United States,30 there are few known modifiable 
risk factors.31 A 2012 Institute of Medicine review of environmental risk factors for breast 
cancer noted that the initial identifications of many known human carcinogens were based 
on studies of high exposures in occupational settings and recommended additional breast 
cancer studies of worker populations.31 Following their recommendation I designed and 
carried out this study. Cancer incidence follow up was extended and I carried out the 
analyses based on 221 incident female breast cancer cases. Pooled breast cancer as well as 
premenopausal breast cancer, defined by age at diagnosed, were examined. 
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Chapter 4 employs the parametric g-formula to evaluate lung cancer mortality under 
multiple hypothetical interventions on straight and synthetic fluids as well as biocides, 
which are added to water-based fluids to control microbial growth. Based on observed data 
on 38,560 workers, including 873 cases of lung cancer deaths, I estimated ratios comparing 
cumulative risk of lung cancer mortality under the hypothetical interventions always high 
exposure while at work and always unexposed. 
 
1.4    Public Health Significance 
 
Occupational carcinogens are very relevant to public health and contribute to the global 
burden of disease. Occupational carcinogens account for almost half of all identified human 
carcinogens32 and in 2015 there were an estimated 489 thousand deaths and 9.8 million 
disability-adjusted life years (DALYs) attributable to occupational carcinogens.33 Based on 
a comparative risk assessment, 5% of all cancer DALYs and 25% of tracheal, bronchial, and 
lung cancer DALYs are estimated to be attributable to occupational carcinogens.33 Taking 
advantage of the rich longitudinal data available in UAW-GM cohort, I investigated 
occupational exposure to MWF and incidence of breast and lung cancer. The hypotheses 
addressed are of public health importance in light of the extremely high incidence of both 
breast and lung cancer in the US. The studies described in this dissertation provide 
information on the relationship between MWF exposure and breast and lung cancer risk. 
Better specification of the exposure-response curves for MWF will improve the basis for 
setting protective health standards for workers. 
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Chapter 2    Assessment of the Healthy Worker Survivor Effect in Cancer 
Studies of the United Autoworkers-General Motors Cohort 
 
2.1    Abstract 
 
The healthy worker survivor effect (HWSE) can affect the validity of occupational studies 
when data are analyzed incorrectly. HWSE depends on three underlying conditions: (1) 
leaving work predicts future exposure, (2) leaving work is associated with disease 
outcome, and (3) prior exposure increases probability of leaving work. If all these 
conditions are satisfied, then employment status is a time-varying confounder affected by 
prior exposure, and standard regression will produce bias. We assessed these conditions 
for cancer outcomes in a cohort of autoworkers exposed to metalworking fluids (MWF). 
The cohort includes 31,485 workers followed for cancer incidence from 1985-1994. Since 
occupational exposures to straight, soluble, and synthetic MWF are necessarily zero after 
leaving work, condition (1) is satisfied. Cox models for cancer incidence and for 
employment termination were used to assess conditions (2) and (3), respectively. 
Employment termination by select ages was examined to better gauge the presence of 
condition (2). The hazard ratio for leaving work as a predictor of all cancers combined and 
prostate cancer was null, but elevated for lung and colorectal cancers among men. 
Condition (2) was more clearly satisfied for all cancer outcomes when leaving work 
occurred younger. Higher exposures to all three MWF types were associated with increased 
rates of leaving work [condition (3)], with the exception of straight MWF among women. 
We found evidence for the structural conditions underlying HWSE in a cohort of 
autoworkers. G-methods should be applied to reduce HWSE bias in studies of all cancers 
presently examined. 
 
2.2    Introduction 
 
The healthy worker survivor effect (HWSE) can affect the validity of results from 
occupational health studies.1,2 It has been extensively studied 1-6 and we describe it only 
briefly here. The HWSE arises due to less healthy workers preferentially leaving the 
workforce, resulting in workers who remain at work (i.e., survive) being healthier than 
those who have left. A directed acyclic graph (DAG) is a mathematical tool widely used in 
epidemiology to address problems of causal inference.7 Introduced into epidemiology more 

Figure 2.1    Directed acyclic graph depicting the associations underlying healthy worker survivor effect. 
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than a decade ago, these graphs explicitly present assumptions about the temporal 
relations between the exposures, covariates and the outcome, allowing us to identify 
variables that need to be controlled in order to estimate results unbiased by confounding.8 
In Figure 2.1 we show a DAG depicting the structure that gives rise to the HWSE. 
Unobserved underlying health status (U in Figure 2.1) may influence both leaving work 
(employment status at time j) and risk of the disease of interest. Leaving work may be 
affected by prior exposure (exposure at time j-1) and also directly affects subsequent 
exposure (exposure at time j) as occupational exposure will be zero after leaving work. In 
studies of cumulative exposure, employees who leave work accrue less exposure than their 
counterparts who remain on the job, causing bias induced by the HWSE.3 
 
As initially described by Robins, the HWSE poses a challenge to conventional methods of 
analysis because employment termination status is a time-varying confounder affected by 
prior exposure.6 Employment status is associated with the disease and predicts future 
exposure (making it a confounder of future exposure and disease outcome) and it is also 
predicted by past exposure (making it an intermediate between past exposure and disease 
outcome). This poses a dilemma whereby we both need to control for employment status 
as a confounder and need to not control for it since it is on the causal pathway between 
exposure and disease outcome. Furthermore, adjusting for employment status would 
induce collider-stratification bias by opening a confounding pathway as both past exposure 
and underlying health status are parents of employment status.9  
 
The healthy worker survivor effect is sometimes referred to as healthy worker survivor 
bias.2  If we define the effect as the data structure described above (depicted in Figure 2.1), 
however, then we can distinguish it from the bias. Bias from this source occurs only if 
inappropriate analytical methods are applied. When standard methods (e.g., covariate 
adjustment in Poisson or Cox proportional hazards regression) are applied where the 
HWSE is present, results will likely be biased.2,6 More advanced g-methods, including the g-
null test,10 g-estimation of structural nested models,11 the parametric g-formula,6,10 and 
inverse-probability-weighted marginal structural models,12 have been developed to control 
for this type of bias. 
 
To guide our analytical approach in a cohort study of cancer incidence and metalworking 
fluids (MWF) exposure, we first assessed the potential for bias due to the HWSE. We regard 
evidence that employment status is a time-varying confounder affected by prior exposure 
as an indicator of the potential bias. Thus, the presence of the HWSE depends on satisfying 
three underlying conditions: 
  

(1) leaving work predicts future exposure, 
(2) leaving work is associated with disease outcome, and  
(3) prior exposure increases probability of leaving work. 
 

Since occupational exposure is necessarily zero after leaving work, (1) is inherently 
satisfied. In this study we assessed the presence of conditions (2) and (3), which would 
indicate that HWSE threatens the validity of traditional regression results in epidemiologic 
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studies of Michigan autoworkers exposed to MWF. This assessment of the presence of the 
HWSE will guide the choice of methodologic approach in future cancer incidence studies. 
 
2.3    Methods 
 
Study Population 
 
The United Autoworkers-General Motors (UAW-GM) study is an occupational cohort study 
designed in the mid-1980s to examine cancer mortality and its relation to MWF exposure. 
The original cohort includes over 46,000 hourly workers employed for at least three years 
in one of three automobile manufacturing plants in Michigan, USA and hired before January 
1, 1985.13 The study population was further restricted to subjects alive and aged 75 years 
or younger on January 1, 1985, the year follow-up of cancer incidence began via the 
Michigan Cancer Registry. Since almost all subjects have left work by age 75 the age 
restriction was added both as an eligibility criterion and for administrative censoring to 
ensure adequate data coverage when examining employment status. Subjects missing more 
than half of their work history information were excluded from the analyses (3.1%). The 
final study population comprised 31,485 autoworkers. Information on date of birth, year of 
hire, race, sex, and plant were ascertained from workers’ employment records. 
 
Exposure Assessment 
 
MWFs are coolants and lubricants used in industrial machining and grinding operations 
and are categorized into three classes based on composition: straight (oil-based), soluble 
(oils emulsified in water), and synthetic (water-soluble chemical lubricants without oil). 
Quantitative levels of exposure to each MWF class were assigned to subjects based on 
detailed employment records and a time-varying job-exposure-matrix (JEM).14,15 The JEM 
was created by estimating MWF concentrations as an 8-hour time-weighted average 
(mg/m3) based on 475 full-shift personal air samples collected in the mid-1980s in major 
exposure groups in the three manufacturing plants. A set of multipliers (scale factors) were 
developed to adjust MWF concentration for temporal trends based on 394 historical air 
sampling measurements, review of historical records, and interviews with plant personnel. 
Scale factors were updated in 1995 after revisiting the three plants. The JEM was combined 
with employment records to estimate time-weighted annual exposure to each of straight, 
soluble, and synthetic MWFs (mg/m3). For each worker, cumulative exposures to straight, 
soluble, and synthetic MWFs (mg/m3-years) were estimated by summing over annual 
exposures during employment. 
 
Case ascertainment 
 
The UAW-GM cancer incidence cohort was linked with the Michigan Cancer Registry to 
obtain incident cancer cases diagnosed between January 1, 1985 and December 31, 1994. 
Michigan cancer data are collected by the Michigan Department of Community Health as 
part of the Michigan Cancer Surveillance Program,16 which participates in the National 
Program of Cancer Registries of the Centers for Disease Control and Prevention.17 The 
outcomes of interest for this study are first diagnosis of any (International Classification of 
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Disease for Oncology Third Edition codes C00.0-C80.9), prostate (C61.0-C61.9), lung 
(C34.0-C34.9), and colorectal (C18.0-C18.9, C19.9, C20.9, C21.1-C21.2, C21.8) cancers. The 
site-specific cancers were selected based on having at least 100 identified incident cases 
during the follow-up period. Vital status was obtained through linkage with the National 
Death Index (National Center for Health Statistics, Hyattsville, Maryland). 
 
Statistical Methods 
 
We assessed the presence of two conditions necessary for the HWSE by estimating hazard 
ratios using Cox proportional hazards models to predict cancer incidence and employment 
termination, following an approach similar to Naimi et al.18 For all models, we used age as 
the time metric. All models were additionally adjusted for race, plant, and calendar year (B-
spline with 3 df and equally spaced knots). Separate models were fit for male and female 
workers due to temporal differences in hiring and exposure patterns.  
 
For condition (2), we modeled cancer outcome as a function of employment termination 
(=1 if subject left work), which was treated as a time-varying indicator variable. Follow-up 
began January 1, 1985 and ended on either the date of first cancer diagnosis (any or site 
specific), date of death, 75th birthday, or December 31, 1994 (the last date for which we 
have employment data), whichever occurred first. Year of cohort entry (B-spline with 3 df 
and equally spaced knots) and duration of employment were additionally adjusted for in 
the models. In order to gauge whether condition (2) is present, we must block the backdoor 
path8 leading from termination status through prior exposure to cancer incidence in Figure 
2.1. To accomplish this we further adjusted the model for previous exposure using 
cumulative exposure accrued up through the prior year. Because of cancer latency time, we 
do not believe exposure in the current year would affect cancer diagnosis in that same year. 
As such, we did not include current exposure in the cancer incidence models. This differs 
from the methods used by Naimi and colleagues who were examining lung cancer mortality 
and did adjust for subsequent exposure.18 
 
We also investigated whether an age-specific measure of leaving work better distinguishes 
employment termination for health-related reasons (at younger ages) from normal 
retirement (at older ages). Our hypothesis was that leaving work at a younger age would be 
a stronger predictor of future cancer risk than leaving at any age. To explore this 
hypothesis we examined condition (2) based on leaving work by age 50, 55, and 60. Instead 
of a single time-varying indicator of employment termination a set of two dummy variables 
were constructed to capture three levels of employment status: actively employed workers, 
subjects who left work by the age cut point, and subjects who left work after. This 
construction allowed the main model with no age cut point and these age specific models to 
have a common reference group (i.e., actively employed workers).  
 
For assessing condition (3), cumulative MWF exposure was accrued up through the prior 
year and parameterized as a categorical variable with cut points defined based on the 
exposure distribution among subjects who had left work. Separate terms for each MWF 
class were included simultaneously in all the models. For these models we additionally 
adjusted for year of hire. Follow-up for leaving work began when subjects entered the 



10 

cohort (three years after date of hire) and ended on either the date of employment 
termination or December 31, 1994, whichever occurred first. We also examined cumulative 
exposure lagged by 15 years in our evaluation of condition (3), because we plan to lag 
exposure in the ultimate exposure-response models for cancer incidence. This approach is 
also consistent with an earlier proposal for reducing the HWSE by lagging exposures in 
order to ignore the more recent exposures most likely to affect leaving work.5  
 
SAS software version 9.4 (SAS Institute, Cary, NC) was used for all analyses. All research 
protocols were approved by the Office for the Protection of Human Subjects at the 
University of California at Berkeley. 
 
2.4    Results 
 
Characteristics of the 31,485 autoworkers included in the cancer incidence cohort are 
presented in Table 2.1. These characteristics are shown according to the two different 
follow-up periods: for cancer incidence of any site in the assessment of condition (2) and 
 
Table 2.1    Demographic and exposure characteristics of 31,485 autoworkers in the United Autoworker-
General Motors incidence cohort who were alive in 1985, during follow-up for cancer incidence and follow-up 
for leaving work. (median (IQR), unless otherwise noteda) 

Characteristic 
During cancer follow-upb 

(starting in 1985) 
During employment follow-up 

(starting at date of hirec) 
N subjects 31,485 31,485 
Person-years 286,023 504,836 
Age 46 (38-58) 38 (31-46) 
Sex; n (%)   

Male 247,220 (86.4)  447,576 (88.7) 
Female 38,803 (13.6) 57,260 (11.3) 

Race; n (%)   
White 231,186 (80.8) 399,730 (79.2) 
African American 54,837 (19.2) 105,106 (20.8) 

Year of Hire 1968 (1959-1976) 1966 (1953-1973) 
Calendar Year 1989 (1987-1992) 1980 (1970-1986) 
At work; n (%) 160,242 (56.0) 504,836 (100) 
Employment terminations; n – 20,586 
Incident cancer cases; n 1,739 – 
MWF exposured   

Any straight; n (%) 24,367 (8.5) 125,287 (24.8) 
Straight, mg/m3 0.09 (0.04-0.25) 0.10 (0.04-0.39) 
Cumulative straight, mg/m3-years 0.64 (0.21-2.33) 0.72 (0.22-2.85) 
Any soluble; n (%) 78,148 (27.3) 214,299 (42.4) 
Soluble, mg/m3 0.22 (0.13-0.34) 0.37 (0.18-0.87) 
Cumulative soluble, mg/m3-years 3.77 (1.54-9.54) 4.31 (1.54-11.51) 
Any synthetic; n (%) 24,380 (8.5) 83,810 (16.6) 
Synthetic, mg/m3 0.05 (0.02-0.17) 0.04 (0.02-0.17) 
Cumulative synthetic, mg/m3-years 0.38 (0.15-1.33) 0.38 (0.13-1.39) 

aAll n statistics presented as number of person-years, expect for employment terminations and incident 
cancer cases which are presented as number of subjects 
bFollow-up for first diagnosis of any cancer site 
cStart of follow-up is date of hire + 3 years 
dAnnual and cumulative exposure levels reported among those exposed 
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for leaving work in the assessment of condition (3). The cohort is predominately white 
men, but includes 19% (N=5,972) African American and 13% (N=4,228) female workers. 
The person-years for both follow-up periods have similar distributions for most covariates. 
Workers were more likely to be exposed to soluble MWF than either of the two other fluid 
types. The exposure level among exposed workers was highest for soluble, measured both 
as annual and cumulative exposure. Male workers were hired earlier than female workers 
(median (IQR): 1966 (1953-1974) versus 1975 (1967-1977)), at younger ages (23 (19-28) 
versus 27 (22-34)), and were employed at the company for more years (19 (11-28) versus 
17 (12-20)). Annual and cumulative exposures were higher for male than female workers 
for all fluid types, except for annual synthetic exposure, which was similar between the two 
groups. Because of the differences in work and exposure patterns among male and female 
workers, all analyses were stratified by sex. 
 
As seen in Table 2.2, among the 1,739 incident cases of a first cancer diagnosed at any site, 
female cancer cases were younger at diagnosis and more likely to be actively employed 
than male cancer cases. For women, no site-specific cancer had more than 100 cases and so 
none were assessed.  For men, we focused on the three most common cancers: prostate, 
lung, and colorectal. Prostate cancer cases were diagnosed at older ages than the other site-
specific cancers, and survival was worst for lung cancer with regard to both case fatality 

Figure 2.2    Condition 2: Leaving working and cancer incidence. Site-specific cancers examined only among 
male workers. Hazard ratios with 95% confidence intervals. All modeled as Cox regression with 
age as time scale and adjusted for race, plant, year of cohort entry, calendar year, duration of 
employment, and prior exposure 
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and survival time. Colorectal cancer cases were more likely to be diagnosed while actively 
employed, whereas prostate cancer cases were least likely to be actively employed at the 
time of diagnosis.  
 
The results of the assessment for condition (2) were not entirely consistent across the five 
cancer outcomes examined (Figure 2.2). Based on the main model adjusted for covariates 
and past exposure,  we found the hazard ratio (HR) associated with having left work was 
null for all cancers combined and for prostate cancer, slightly elevated for colorectal 
cancers, and elevated with borderline significance for lung cancer. However, when we 
considered the age at having left work, the hazard ratios increased for all outcomes. 
 
 
Based on magnitude and statistical significance, at least one category of MWF exposure was 
associated with leaving work for all fluid types among males (Table 2.3). Compared to 
lowest exposed males, those in the second quartile of cumulative exposure to oil-based 
straight and soluble MWFs were at a higher risk for leaving work. By contrast, only those in 
the highest exposure category of synthetic MWFs were at a higher risk for leaving work. 
Among female workers MWF exposure was associated with leaving work only for the 
water-based soluble and synthetic fluid types. Examining condition (3) using exposure 
lagged by 15-years did not change the overall conclusion that MWF exposure is associated 
with leaving work in both male and female workers (data not shown). 
 
2.5    Discussion 
 
The aim of this study was to assess the potential for bias due to the HWSE in a longitudinal 
study of cancer incidence and metalworking fluid (MWF) exposure in order to guide our 
future analytical approach. The first condition required for the HWSE is present by 
definition: (1) leaving work predicts future MWF exposure, because in this, as in all 
occupational cohort studies, workers cannot be occupationally exposed after employment 
termination. One caveat is that after terminating work at one of the three study plants, 
subjects may have been hired at another automobile manufacturing plant where MWF 
were also in use. Although leaving work is not necessarily an indicator of zero future 
exposure, we have assumed that it is. This is a limitation of the study, as described below.  
 
Evidence of a higher risk of all cancer outcomes was observed for those who left work by 
age 50 [condition (2)]. Across all outcomes leaving work by age 50 was a stronger 
predictor of cancer than leaving work without the age restriction. This pattern is consistent 
with our hypothesis that workers who terminate employment prematurely are more likely 
to have a higher risk of the disease outcome. Evidence for condition (2) was stronger for 
lung and prostate among men, and all cancers combined among women, than for colorectal 
and all cancers combined among men. Although we cannot state for certain whether this 
association is due to a causal link between leaving work and these cancers or by an 
unmeasured confounder, we believe it is most likely the latter. An unmeasured factor, such 
as health status, could lead to both increased risk of employment termination (e.g., 
preferential work termination by less healthy workers) and cancer. We did observe 
younger age at diagnosis among those who left work by age 50 compared with those who 
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left work after age of 50 for prostate, lung, colorectal, and all cancers combined among men 
(range 3.8-4.8 years earlier). For all cancers combined among women this difference was 
only 1.4 years.  
We do not have any information on why subjects in this cohort left work. Ideally, we would 
separate employee-initiated termination (more likely to be due to workers’ underlying 
health status) from lay-offs or other company-initiated terminations. In the absence of any 
way to distinguish these, we assume all employment termination was voluntary and serves 
as a proxy for underlying health status. Together with condition (1), these results suggest 
that employment status is a time-varying confounder and researchers should control for it 
in their analyses. 
 
We found evidence for the third condition required for the HSWE among all workers: (3) 
prior MWF exposure increases probability of leaving work. In our analyses, exposure to 
each of the three types of MWF (straight, soluble, and synthetic) was associated with 
leaving work among males, and exposure to water-based soluble and synthetic MWF were 
each associated with leaving work among females. Lagging exposure did not alter these 
associations, and therefore would not be an effective strategy to avoid bias due to the 
HWSE. The presence of conditions (1) and (3) imply that employment status should not be 
adjusted for in our cancer risk models because it is an intermediate between exposure and 
disease outcome.18  
 
The evidence for all three conditions indicates that employment status is a time-varying 
confounder [conditions (1) and (2)] affected by prior exposure [condition (3)]. We need 
both to control for employment status as a confounder and to not control for it since it is an 
intermediate. The presence of the HWSE does not in itself dictate that results will be 
biased; it is the analytical method applied in the presence of the HWSE that determines 
whether results will be biased. The observed results for the three conditions suggest that g-
methods should be used to address the HWSE and avoid bias in exposure-response 
analyses for all cancers outcomes examined.18  G-methods were originally developed to 
address the HWSE.10  This is achieved by unpacking cumulative exposure into a series of 
time varying exposures and building separate models for outcome, exposure, and 
sometimes other covariates. A large literature on this class of analytic methods explains 
how these additional models are used to adjust properly for time-varying confounding (by 
leaving work) and estimate marginal differences in survival within a counterfactual 
framework.1,2,6,10,12,19 
 
These results are generally consistent with findings from a 2012 study of this same cohort 
comparing standard Cox models with g-estimation models for straight MWF and several 
cancer mortality outcomes.11 Chevrier et al reported statistically significant results from g-
estimation, but null results using standard methods for lung and prostate cancer mortality, 
suggesting the presence of the HWSE. For rectal cancer mortality standard methods 
produced null results, while elevated, though non-significant, risks were found using g-
estimation. There was no marked difference between standard and g-estimation results for 
colon cancer mortality. Costello et al. reported less evidence for the HWSE among women 
compared to men in an ischaemic heart disease analysis of this same cohort.20 Differences 
in the evidence for the HWSE between men and women in the present study are difficult to 
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distinguish since small numbers prevented the examination of site-specific cancers among 
female workers. 
 
We presented one DAG for HWSE. Slight variations of this DAG have also been described.18 
Rather than a direct arrow from prior exposure to employment status, there could be, 
instead or in addition, an unmeasured factor leading to both of these nodes, thereby 
inducing an association. Similarly, where we have a U leading to both employment status 
and disease there could be, instead or in addition, a direct arrow leading from employment 
status to the outcome. Each of these DAGs contains a time-varying confounder affected by 
prior exposure and its presence can be assessed using the methods presented here. See 
Naimi 2013 supplemental appendix A1 for details.18 
 
Underlying health status may affect exposure in several ways: less healthy employees may 
take more intermittent time off work, transfer to lower exposed jobs, use personal 
protective equipment, or terminate employment earlier. In our assessment of the 
conditions for the HWSE, we only explored the association through the latter pathway. An 
analysis that takes into account these additional potential pathways between exposure and 
underlying health status may provide a more accurate assessment of the potential for bias 
due to HWSE. However, we expect terminating employment to be the strongest source of 
healthy worker survivor bias, assuming those who left work were not subsequently 
exposed elsewhere. This is both because the other actions would lead to lower but not 
necessarily zero exposure, and because a worker who terminates employment is likely to 
be in worse health than one who manages to transfer to lower exposed job at the plant. A 
last notable limitation for our study is the small amount of covariate information. Due to 
this lack of data we were unable to account for other potential confounders of the 
relationships examined here, such as smoking status or other lifestyle factors. 
 
It has been claimed that the HWSE is unlikely to have an effect on cancer outcomes, 
particularly cancers with late-stage symptoms and poor survival, such as lung cancer.21  In 
the current study of MWF exposed workers, however, we found evidence of the HWSE in 
relation to incidence of lung cancer. By comparing results from g-methods and standard 
methods, the presence of the HWSE has also been demonstrated in other occupational 
studies of lung cancer in relation to arsenic,10,22 diesel,23 radon,24,25 and asbestos,26,27 as 
well as MWFs.11,28 Coupled with the theoretical underpinnings of the HWSE, these studies 
provide evidence that the HWSE can affect the study of cancer outcomes in occupational 
settings and should be taken into account when considering different methodologic 
approaches. 
 
There are several g-methods available for an exposure-responses analysis of MWF and 
cancer incidence, though not all would be appropriate for this study. Follow-up continues 
after subjects leave work when exposure is zero. This violates the positivity assumption 
and precludes the use of inverse probability of exposure weighting.19 Accelerated failure-
time models used with g-estimation assume the outcome is inevitable and assess whether 
exposure accelerates time to the event. When the outcome is rare, as is cancer, this 
assumption may not hold.29 The parametric g-formula6,10 is more appropriate for rare 
outcomes and can incorporate quantitative exposure and dynamic treatment regimes, 
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though it requires many parametric assumptions. When applying any of these methods in 
this study we will need to adjust for leaving work by a particular age (e.g., 50 years), rather 
than leaving work regardless of age. Based on our results, this more refined variable 
definition for leaving work better captures the essence of the healthy worker survivor 
effect.   
 
2.6    Conclusion 
 
We found evidence for all three conditions necessary for the HWSE to exist in a cohort 
study of Michigan autoworkers exposed to MWFs. Evidence was strongest for leaving work 
by age 50, consistent with the HWSE. Lagging exposure by 15 years, in keeping with the 
latency period for the cancer outcomes, did not alter these results. This suggests that 
standard methods may underestimate the exposure-response for these outcomes and 
therefore a g-method should be applied to control for employment status as a time-varying 
confounder affected by prior exposure.6,10 Examination of the three conditions for the 
HWSE should precede exposure-response analyses in other occupational cohort studies to 
assess the evidence that it is present. 
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Chapter 3    Breast Cancer Incidence and Metalworking Fluid Exposure in a 
Cohort of Female Autoworkers 
 
3.1    Abstract 
 
Breast cancer is the leading cancer diagnosed among women and environmental studies 
have produced few leads on modifiable risk factors. Following an Institute of Medicine 
recommendation for occupational studies of highly exposed women, we took advantage of 
an existing cohort of 4,503 female hourly autoworkers exposed to metalworking fluid 
(MWF), complex mixtures of oils and chemicals widely used in metal manufacturing 
worldwide. Cox proportional hazards models were fit to estimate hazard ratios (HR) for 
incident breast cancer and cumulative exposure (20-year lag) to straight mineral oils (a 
known human carcinogen), and water-based soluble and synthetic MWF. Because the state 
cancer registry began in 1985, decades after the cohort was defined, we restricted analyses 
to sub-cohorts hired closer to the start of cancer follow-up. Among those hired after 1969, 
the HR associated with an increase of one interquartile range in straight MWF exposure 
was 1.13 (95% confidence interval: 1.03, 1.23).  In separate analyses of premenopausal 
breast cancer, as defined by age at diagnosis, the HR was elevated for exposure to synthetic 
MWF, chemical lubricants with no oil content, suggesting a different mechanism for the 
younger cases. This study adds to the limited literature regarding quantitative chemical 
exposures and breast cancer risk.   
 
3.2    Introduction 
 
Breast cancer is the leading cancer diagnosed among women in the United States.1 It is 
estimated that in 2016 there will be 246,660 new cases and 40,450 deaths attributable to 
breast cancer among women in the United States.2 Despite the large impact of this disease, 
well-established risk factors are estimated to account for only 41% of breast cancer cases3 
and studies of environmental exposures and breast cancer risk have produced few 
additional leads on modifiable risk factors over the past 20 years.4 A 2012 Institute of 
Medicine review of environmental risk factors for breast cancer noted that the initial 
identifications of many known human carcinogens were based on studies of high exposures 
in occupational settings and recommended additional breast cancer studies of worker 
populations.4 
 
Despite provocative evidence that metalworking fluid (MWF) contaminants cause 
mammary gland tumors in laboratory animals5 and that occupational exposure levels are 
appreciable, few studies have been conducted on breast cancer risk. MWF are coolants and 
lubricants widely used in industrial machining and grinding operations, and are 
categorized into three classes based on composition: straight, soluble, and synthetic. 
Straight MWF are complex mixtures of paraffinic, naphthenic, and aromatic compounds 
refined from mineral oil.6 The carcinogenic properties of mineral oil, classified as 
carcinogenic to humans,7 are thought to be primarily due to their polycyclic aromatic 
hydrocarbons (PAH) content.8 Soluble MWF are oils emulsified in water. Synthetic fluids 
are water-soluble chemical lubricants without oil. Ethanolamines and nitrites, added to 
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synthetic MWF to inhibit corrosion and adjust pH, interact to form nitrosamines. Although 
no toxicologic studies have specifically examined the effects of MWF and breast 
carcinogenic effects, MWF components including PAH and nitrosamines have been 
implicated as mammary gland carcinogens.5 Additionally, studies on ambient air PAH 
exposure are suggestive of increased breast cancer risk9,10 and nitrosamines are suspected 
endocrine disruptors.11 Women comprise a growing proportion of the 4.4 million 
potentially exposed U.S. workers,12 as well as of the growing workforce employed in metal 
manufacturing worldwide. The global manufacturing workforce is estimated to be about 
30% female.13 The global market volume of MWF in 2013 was 2.3 million tons; Asia had the 
largest share, 41.5%, compared to North America, 28.0%.14  
 
Few epidemiologic studies on breast cancer risk and MWF exposure exist.15-22 An early 
study observed reduced breast cancer mortality among women in automotive 
manufacturing based on standardized mortality ratios.15,16 More recently, case-control 
studies reported elevated breast cancer risk associated with occupation in automotive 
manufacturing and metal products/metal work.19-21 These studies, however, did not 
examine a specific compound, but instead used occupation as a proxy for exposure. Two 
breast cancer studies have been conducted in the United Autoworker-General Motors 
(UAW-GM) cohort; both were limited in power and relied on either a combination of 
incident and mortal cases or only mortal cases. We took advantage of this large existing 
cohort of female hourly autoworkers exposed to MWF to examine the relationship between 
quantitative MWF exposure and breast cancer incidence. With an additional nine years of 
follow-up, we have enough power to restrict our analysis to registry-identified incident 
cases. The aim of this study was to examine the exposure-response relationship between 
cumulative MWF exposure estimates and breast cancer risk in a cohort of occupationally-
exposed female autoworkers. 
 
3.3    Methods 
 
Study population 
 
The UAW-GM cohort was a joint labor-management funded study designed in 1984 to 
examine cancer mortality and its relation to MWF exposure. This cohort has been 
described in detail elsewhere.23,24 Briefly, the original study included 46,316 hourly 
workers from one of three automobile manufacturing plants in Michigan exposed to MWF 
primarily via inhalation and possibly dermal contact.23 All hourly employees who had 
worked at least 3 years prior to January 1, 1985 were included in the cohort. Subjects alive 
on January 1, 1985 (N=33,915) when the Michigan Cancer Registry began were included in 
the incidence cohort. Analyses for the present study were restricted to female workers in 
the incidence cohort (N = 4,572). We excluded women who were missing more than 50% of 
their employment history (N = 59) or were hired prior to 1938 (N = 5). The final study 
population comprised 4,503 female workers.  
 
Outcome assessment 
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The UAW-GM incidence cohort was linked with the Michigan Cancer Registry to identify 
incident cancer cases diagnosed between January 1, 1985 and December 31, 2013. 
Michigan cancer data are collected by the Michigan Department of Community Health as 
part of the Michigan Cancer Surveillance Program,25 which participates in the National 
Program of Cancer Registries of the Centers for Disease Control and Prevention.26 For this 
study, the outcome of interest is first diagnosis of breast cancer (International 
Classification of Disease for Oncology Third Edition codes C50.0-C50.9). We identified 221 
incident cases of breast cancer in the study population, including 72 cases diagnosed at age 
55 years or younger. Data on vital status were obtained from the National Death Index 
(National Center for Health Statistics, Hyattsville, Maryland).27  
 
Exposure assessment 
 
Cumulative exposure estimates for each MWF type were calculated for each subject in the 
UAW-GM cohort based on detailed employment records and a time-varying job-exposure-
matrix. An extensive retrospective exposure assessment was conducted to develop this job-
exposure-matrix.28,29 Size fractionated MWF concentrations were estimated as an 8-hour 
time-weighted average (mg/m3) based on several hundred personal and area airborne 
exposure measurements collected by study industrial hygienists in the three 
manufacturing plants during the mid-1980s. A set of multipliers to adjust MWF 
concentration for temporal trends were developed based on nearly 400 historical air 
sampling measurements (collected 1958 through 1987), review of historical records, and 
interviews with plant personnel. One of the original study industrial hygienists revisited 
the three plants in 1995 to update the scale factors. This study relies on the respirable size 
fraction (<3.5 µm) of the MWF exposure estimates, which mostly deposit in the alveolar 
region. The job-exposure-matrix was combined with employment records to estimate 
cumulative time-weighted exposure to straight, soluble, and synthetic MWF (mg/m3-
years). Missing employment information was interpolated by averaging exposures from 
previous and subsequent jobs. To account for breast cancer latency cumulative exposures 
for each fluid type were lagged by 20 years. 
 
Data analyses 
 
Cox proportional hazards models were fit to estimate hazard ratios and 95% confidence 
intervals associated with exposure to straight, soluble, and synthetic MWF (20-year lag) on 
breast cancer incidence. Exposure was defined as cumulative exposure to each fluid type 
for the respirable size fraction. MWF exposures were modeled both as continuous and 
categorical. For continuous exposure, HR were computed for an increase of one 
interquartile range among exposed subjects in the full study population; for the three fluid 
types, straight, soluble, and synthetic, these are 0.318, 0.979, and 0.270 mg/m3-years, 
respectively. For categorical exposure, the referent groups were those subjects with no 
fluid type exposure. For each fluid type, the median level among exposed cases was used as 
the cut points for the exposure categories. Age was used as the time metric for all models. 
All models also included baseline covariates for race (white/black), an established breast 
cancer risk factor, manufacturing plant to adjust for plant-specific characteristic not 
captured elsewhere, as well as social-economic status and regional difference, and year of 
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hire (B-spline with 3 degrees of freedom and equally spaced knots30) to account for secular 
trends in exposure including PAH content, personal protective equipment, and plant 
ventilation. A time-varying covariate for calendar year (B-spline with 3 degrees of freedom 
and equally spaced knots) was additionally included to account for secular trends in breast 
cancer diagnosis. To assess the linearity of exposure-response relationships we evaluated 
additional Cox models with penalized splines (2 degrees of freedom) for MWF exposure. 
 
By necessity only UAW-GM cohort members alive on January 1, 1985 were included in the 
incidence cohort, thereby creating a left-truncated cohort. Left truncation occurs when not 
all otherwise eligible subjects are enrolled in the cohort. Downward bias arises from left 
truncation because the proportion of subjects susceptible to the effect of exposure 
decreases over time.31 To reduce this potential bias, we restricted analyses to a series of 
sub-cohorts defined by year of hire. Narrowing the time interval between hire and start of 
the cancer registry reduces the opportunity for susceptible subjects to die prior to start of 
follow-up in 1985. We defined two sub-cohorts; hired after 1959 and hired after 1969 (20 
and 10 years, respectively, prior to the last year of hire among cases). The greater the 
restriction, the less bias due to left truncation we expect. 
 
We also examined premenopausal breast cancer as an outcome using age at diagnosis as an 
indicator for menopausal status. The statistical methods employed were the same as those 
described above for the main analysis. For these analyses, however, a series of four age cut 

Table 3.1    Demographic and exposure characteristics of female breast cancer cases and cohort 
members in the UAW-GM incidence cohort who were alive in 1985 (mean (range) unless otherwise 
noted). 
  Cases Cohort 
No. subjects 221 4,503 
No. person-years 3,519 108,595 
Year of birth 1938 (1907, 1959) 1940 (1893, 1961) 
Year of hire 1969 (1942, 1979) 1969 (1940, 1981) 
Age at hire (years) 30.2 (18.0, 55.1) 29.3 (16.7, 58.0) 
Duration of employment (years) 18.1 (3.2, 47.8) 16.2 (2.9, 47.8) 
Race; n (%) 

  White 155 (70.1) 3,256 (72.3) 
African American 66 (29.9) 1,247 (27.7) 

Plant; n (%) 
  Plant 1 25 (11.3) 509 (11.3) 

Plant 2 122 (55.2) 2,612 (58.0) 
Plant 3 74 (33.5) 1,382 (30.7) 

Vital status as of 2013; n (%) 
  Alive 132 (59.7) 2,947 (65.5) 

Deceased 89 (40.3) 1,556 (34.6) 
Year of diagnosis 1999 (1985, 2013) 

 Age at diagnosis (years) 62.1 (34.8, 94.1) 
 Exposure characteristics (mg/m3-years); mean (SD)a 

  Straight 0.29 (1.08) 0.20 (1.75) 
Soluble 0.68 (1.28) 0.51 (1.42) 
Synthetic 0.09 (0.43) 0.08 (0.44) 

Abbreviations: UAW-GM, United Autoworkers-General Motors. 
a Cumulative exposure lagged 20 years 
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Figure 3.1    Number of active workers and annual exposure prevalence to the three types of 
metalworking fluids (MWF) by year among female members of the United Autoworker-
General Motor incidence cohort who were alive in 1985 (n = 4,503), Michigan, 1940-1994. 

points, 55, 54, 53, and 52 years of age, were used to define premenopausal breast cancer 
cases and follow-up ended upon reaching that age. A separate model was made for each age 
cut point. The younger cut points improved specificity but reduced sensitivity in identifying 
premenopausal breast cancer cases. For these additional analyses, we did not examine sub-
cohorts defined by year of hire since these cases were hired later in time. Among cases 
diagnosed at age 55 or younger, the earliest year of hire was 1966. Thus, left truncation 
bias is less of a concern here. No apparent violation of the underlying assumption of 
proportional hazards was detected based on correlations between the Schoenfeld residuals 
for each MWF of interest and the ranked failure times. SAS software version 9.4 (SAS 
Institute, Cary, NC) was used for all analyses, except for Cox models with penalized splines 
which were conducted in R (version 3.2.3, R Core Team, Vienna, Austria). Use of human 
subjects data in this study was reviewed and approved by the Office for the Protection of 
Human Subjects at the University of California, Berkeley. 
 
3.4    Results 

 
Table 3.1 provides demographic and exposure characteristics of the 4,503 female 
autoworkers comprising the study population, including the 221 incident breast cancer 
cases. The cohort is predominantly white, but does have more than a quarter African 
American women. Total number of active female workers in the three plants and their 
MWF exposure by year is presented in Figure 3.1. Just over half of the women, 50.4%, were 
hired in 1974 or later. Soluble MWF was the predominant fluid exposure type, followed by 
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straights. The percentages of subjects ever exposed to straight, soluble, and synthetic fluids 
were 53.7, 84.1, and 38.0, respectively. Cumulative exposure concentrations were highest 
for soluble and lowest for synthetic fluids (Table 3.1). 
 
We observed elevated rates of incident breast cancer among those with greater straight 
MWF exposure after reducing bias due to left truncation. When we examined the full study 
population using continuous exposure, results were null for all fluids types (Table 3.2). But 
in the analyses using sub-cohorts restricted by year of hire, the HR per increase of one 
interquartile range in straight MWF exposure were increasingly farther from the null with 
more restrictive sub-cohorts (i.e., with decreased time between hire and the start of follow-
up). Examining the exposure-response relation using categorized exposure revealed 
elevated HR, but with wide confidence intervals, for straight fluids in the full study 
population (Table 3.2). Results were stronger and presented a more positive exposure-
response in the sub-cohort analyses. No elevated HR were observed for either soluble or 
synthetic fluids. Models with penalized spline coding for straight MWF exposure showed an 
approximately linear exposure-response relationship with the hazard ratio on the log scale, 
up to the 99th percentile of exposure among cases for both the 1959 and 1969 year of hire 
restricted sub-cohorts (data not shown). 
 

Figure 3.2    Adjusted hazard ratios for premenopausal breast cancer incidence as a smoothed function of 
20-year lagged cumulative synthetic metalworking fluid (MWF) as estimated in a Cox 
regression model using penalized splines (2 degrees of freedom) based on a cohort of female 
workers in the United Autoworker-General Motor incidence cohort who were alive in 1985, 
Michigan, 1985-2013. Premenopausal breast cancer was defined as diagnosis by four select 
age cut points. Model used age as the time scale and adjusted for cumulative exposure to 
straight and soluble MWF, year of hire, calendar year, race, and manufacturing plant. Graph 
truncated at the 99th percentile of synthetic fluid exposure among cases (0.60 mg/m3-years). 
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Results from the premenopausal breast cancer incidence analyses suggest an increased 
hazard associated with synthetic fluid exposure, but null associations for straight and 
soluble MWF. The HR per increase of one interquartile range in exposure to synthetic fluids 
was elevated when using age 54 as the cut point to define premenopausal cases and 
increased in magnitude with lower age cut points (Table 3.3). When using a categorical 
exposure metric, a strong exposure-response was observed for synthetic MWF, particular 
with younger age cut points; the maximum HR was 3.8 (95% confidence interval (CI): 1.0, 
13.5) when age 52 was the cut point for premenopausal breast cancer. Models with 
penalized spline coding for synthetic MWF exposure showed a positive exposure-response 
relationship regardless of age cut point used through the 99th percentile of exposure 
among cases (Figure 3.2). As with the linear and categorical models, HR were higher when 
the premenopausal case definition was based on younger age cut points. 
 
3.5    Discussion 
 
In a prospective cohort of 4,503 female autoworkers from the UAW-GM study we examined 
MWF exposure and its association with incident breast cancer. Exposure to straight MWF, 
but neither soluble nor synthetic, was found to be positively associated with breast cancer. 
This was evident in the analyses using sub-cohorts restricted by year of hire. When 
restricted to subjects hired 1959 or later, the HR for straight MWF exposure was elevated 
in both the continuous and categorical analyses. Results became stronger when using the 
subcohort restricted to subjects hired 1969 or later. This more restrictive sub-cohort was 
designed to reduce bias due to left truncation, and may explain the stronger results 
observed in these analyses. 
 
Though power was adequate for a pooled analysis of pre and post-menopausal cases, when 
we restricted to cases presumed to be premenopausal, the exposed categories were sparse. 
Results however, were modestly suggestive of an increased risk associated with higher 
synthetic MWF exposure. Because of a lack of menopausal status data, age at diagnosis was 
instead used to define premenopausal breast cancer cases. A discernibly positive exposure-
response, however, was found for all four case definitions examined. More pronounced 
associations were observed when we used a younger age cut point to define cases. Case 
definitions with these younger cut points were more specific for premenopausal breast 
cancer, which, when the outcome is rare, is more important than sensitivity and will reduce 
bias.32 Among this younger subset we observed the strongest results for an association 
between synthetic MWF exposure and incident breast cancer. Our interpretation of these 
analyses, however, was constrained by the small number of cases.  
 
Two previous breast cancer studies relied on data from the UAW-GM study.17,22 Neither 
study included only registry-identified incident breast cancer cases. The first study 
combined incident and mortal cases, and imputed date of diagnosis if missing.17 The 
modest risk increase for cumulative soluble MWF exposure observed was inconsistent with 
the literature on latency for breast cancer, suggesting higher risk associated with exposure 
in the decade preceding diagnosis. The present analysis was restricted to incident cases 
and we imposed a 20-year lag on cumulative exposures based on the latency period for 
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breast cancer.33-35 The second study, based on 43 breast cancer deaths, found a HR of 1.4 
(95% CI: 0.7, 2.5) associated with straight MWF exposure above the median.22 Mortality, 
however, is a poor surrogate for breast cancer incidence given a five-year survival rate of 
88%.36 After accounting for left truncation, we observed a similar but marginally larger HR 
associated with straight fluid exposure above the median. Use of the more appropriate 
breast cancer outcome measure of incidence rather than mortality may have led to the 
slightly higher results. 
 
The contrasting results in the pooled analysis versus the sub-analysis restricted to 
premenopausal breast cancer, suggest a possibly distinct biologic mechanisms for this type 
of breast cancer. Though, the distribution of cumulative straight MWF exposure was 
markedly lower among premenopausal cases, with a mean of 0.02 mg/m3-years (standard 
deviation (SD): 0.05) based on an age cut point of 55 years compared to all cases at 0.29 
(SD: 1.08), and may also have contributed to a lack of association for straight fluids in the 
premenopausal analyses. The polycyclic aromatic hydrocarbons (PAH) content of straight 
MWF may be the causal factor in the elevated risk. Researchers examined air pollution 
exposure, as a proxy for PAH, and found associations with postmenopausal breast cancer. 
Total suspended particulate exposure was associated with postmenopausal, but not 
premenopausal, breast cancer in a population-based, case-control study in Western New 
York State.9 A later study in the same population modeled total PAH exposure and similarly 
found exposure at first birth to be associated with postmenopausal, but not 
premenopausal, breast cancer.10 The only study to examine occupational PAH exposure 
found an increased odds of premenopausal breast cancer among those exposed.34 Because 
benzene was a co-exposure in the study, the authors additionally evaluated exclusive PAH 
exposed and found null results. Studies of the Long Island Breast Cancer Study Project have 
investigated PAH-DNA adducts, which serve as a short-term PAH biomarkers of exposure, 
and found them to be positively associated with incident breast cancer.37,38 
 
There is less comparable evidence for synthetic fluids and premenopausal breast cancer 
risk. A class of potentially hazardous contaminants found in synthetic fluids are 
nitrosamines which form due to the co-occurrence of amines and nitrites or nitrates.39 N-
nitrosodiethanolamine, a type of nitrosamine, has been found in synthetic fluids40,41 and in 
post-shift urine samples of workers exposed to water-based MWF.42 It is classified as 
possibly carcinogenic to humans and is an animal carcinogen.43 It has been demonstrated 
to induce DNA damage in both animal and human cells44 and metal workers exposed to 
higher levels of N-nitrosodiethanolamine were found to have increased levels of DNA single 
strand breaks in blood cells.45 While there is no specific research on this compound and 
breast cancer risk, these studies lend to some biological plausibility for synthetic fluids 
being associated with increased premenopausal breast cancer risk. 
 
Bias due to the healthy worker survivor effect is a concern in occupational epidemiology.46-

48 We recently assessed the presence of the healthy worker survivor effect in the UAW-GM 
incidence cohort based on three necessary underlying conditions: 1) leaving work predicts 
future exposure, 2) leaving work is associated with disease outcome, and 3) prior exposure 
increases probability of leaving work.49 The first condition is a given, since those subjects 
who leave work are no longer exposed. We found prior soluble and synthetic, but not 
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straight, MWF exposure to be associated with leaving work among female subjects. This 
supports the third condition for the water-based soluble and synthetic fluids, but not for 
straight fluids. While breast cancer incidence was not examined as part of that assessment, 
we used the same statistical method to evaluate it here. We found that having left work was 
not associated with breast cancer incidence, indicating a lack of evidence for the second 
condition. Overall, these results imply that healthy worker survivor bias did not influence 
our estimates of the association between MWF exposure and breast cancer risk, 
particularly the analyses of straight fluids. 
 
The main limitation of this study is unmeasured potential confounders. While we do 
control for age and race, we do not account for several other breast cancer risk factors 
including social economic status, family history of breast cancer, age at menarche or 
menopause, age at first-full term pregnancy, parity, breastfeeding history, use of oral 
contraceptives or postmenopausal hormones, and alcohol consumption. Because these are 
all blue-collar workers employed at the same three plants, we do not expect a large 
difference in social economic status. Additionally, we do not expect family history of breast 
cancer, age at menarche or menopause, or use of oral contraceptives or postmenopausal 
hormones to be related to MWF exposure. Lastly, prior studies of this cohort have found 
that cirrhosis death, a proxy for alcohol consumption, was not associated with MWF 
exposure.50 Therefore, the potential confounders of most concern for the present study are 
those related to childbearing: age at first full-term pregnancy, parity, and breastfeeding 
history. Women with a younger age at first full-term pregnancy, higher parity, and who 
breastfed longer have a reduced risk of breast cancer and are likely to have lower MWF 
exposure due to taking maternity leave, entering the workforce later, and/or leaving the 
workforce earlier. This would produce positive confounding and bias results upward. In 
the above HWSE evaluation, however, we did not see evidence of leaving work being 
associated with reduced breast cancer risk. Furthermore, we would expect such a bias to 
affect the results for all three fluid types, not just the straight fluids in the pooled analyses 
or the synthetic fluids in the premenopausal analyses. Although unmeasured confounding 
may account for some portion of the results observed, this study makes a contribution to 
the literature. 
 
3.6    Conclusion 
 
This study adds to the limited literature regarding quantitative chemical exposures and 
breast cancer risk in humans. This study utilized a well-characterized occupational cohort 
of blue collar women with long cancer incidence follow-up and provided evidence of an 
increased risk of breast cancer associated with cumulative straight MWF exposure. The 
observation of suggestive results for higher synthetic fluid exposure and premenopausal 
breast cancer presents a new avenue for future research. 
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Chapter 4    Metalworking Fluids Exposure and Lung Cancer Mortality; 
Controlling for the Healthy Worker Survivor Effect 
 
4.1    Abstract 
 
Metalworking fluids (MWF) used to cool and lubricate industrial machining and grinding 
operations are linked with several cancers. Studies of lung cancer, however, are 
inconsistent. Applying methods to control for the healthy worker survivor effect, we 
examined the relationship between lung cancer mortality and exposure to straight and 
synthetic MWF, as well as to biocide added to water-based fluids to control microbial 
growth, in a cohort of autoworkers. Using the parametric g-formula, we estimated risk 
ratios (RR) comparing cumulative lung cancer mortality under hypothetical interventions: 
always high exposure while at work and always unexposed. In high-exposure 
interventions, MWF exposure was set to the 99th percentile of annual average daily 
exposure (straight fluids: 1.36 mg/m3; synthetic fluids: 0.48 mg/m3) or biocides set to 
always exposed (specified as a time-varying binary variable).  We also specified 
interventions on synthetic MWF and biocides simultaneously to estimate independent 
effects. We observed a RR=1.10 (95% confidence interval: 0.79-1.43) for lung cancer 
mortality at age 86 due to straights fluids, which increased slightly at younger ages: 1.15 
(0.84-1.55) at age 55. For synthetic MWF exposure, the risk of lung cancer mortality was 
RR=1.03 (0.68-1.38), which increased marginally when biocide interventions were 
considered. Biocide exposure was inversely associated with lung cancer mortality 
(RR=0.83 (0.64-1.02)). Results from this study suggest slightly elevated lung cancer 
mortality related to straight MWF exposure, albeit with wide confidence intervals. Our 
results do not support a negative association for synthetic fluids reported in earlier studies; 
instead, biocide in the fluid, a marker for endotoxin, was associated with decreased lung 
cancer. 
 
4.2    Introduction 
 
In the United States, 4.4 million workers are potentially exposed to metalworking fluids 
(MWF), which are coolants and lubricants used in industrial machining and grinding 
operations.1 MWF are classified into three categories based on composition: straight, 
soluble, and synthetic. Straight fluids are complex mixtures of paraffinic, naphthenic, and 
aromatic compounds refined from mineral oil.2 Soluble fluids are composed of oils 
emulsified in water. Synthetic fluids are water-soluble chemical lubricants without oil. 
While MWF have been linked with several cancers, including skin,3-7 laryngeal,7-12 
rectal,7,11-14 pancreatic,7,15,16 esophageal,7,16,17 and bladder,18-21 their relationship with lung 
cancer is less clear.  
 
Straight MWF potentially contain polycyclic aromatic hydrocarbons—including 
benzo(a)pyrene, a lung carcinogen22—but most cohort-based studies have reported a null 
association with lung cancer.11,12,23-25 Only one study has reported elevated lung cancer 
mortality statistically significantly associated with straight fluids.26 In contrast, two studies 
found decreased risk associated with the water-based synthetic fluids.27,28 These negative 



36 

results were suggested to be due to endotoxins in the synthetic MWF. Endotoxins are 
components of the outer membrane of gram-negative bacteria cell walls that are released 
when bacteria lyse.29 They have reported antitumor activity possibly through release of 
tumor necrosis factor α in response to exposure and are thought to be responsible for 
reduced lung cancer rates in cotton textile and agricultural workers.27,29 Bacterial 
contamination of water-based MWF, particular by gram-negative species, can be 
considerable and lead to fluid deterioration and foul odors.30 Biocides are routinely added 
to the fluids to counteract (but in the long-term do not eliminate) microbial growth and 
thus serve to indicate bacterial and endotoxin contamination.27,28,30-33 
 
The United Autoworkers-General Motors (UAW-GM) study is an occupational cohort of 
46,316 hourly workers in automotive manufacturing and is considered to be the most 
comprehensive cohort study of MWF-exposed workers.12,24,25,34 We took advantage of the 
cohort’s long follow-up and extensive quantitative exposure assessment to examine the 
relationship between lung cancer mortality and exposure to straight and synthetic MWF. 
Prior analyses demonstrated the presence of the healthy worker survivor effect35 for lung 
cancer in the UAW-GM cohort,36 indicating the need to employ a method that can adjust for 
time-varying confounding affected by prior exposure.37,38 Therefore, we employed the 
parametric g-formula,39 which uses standardization to control time-varying confounders 
affected by prior exposure,40 to evaluate lung cancer mortality under multiple hypothetical 
interventions on straight and synthetic fluids. Biocide exposure was considered a proxy for 
endotoxin contamination, and was additionally intervened upon in order to observe the 
independent effect of synthetic fluids on lung cancer mortality. 
 
4.3    Methods 
 
Study Population 
 
The UAW-GM cohort has been described in detail previously.7,12 Briefly, the original study 
included all hourly workers hired between 1938 and 1982 who worked at least three years 
at any of three automobile manufacturing plants in Michigan, U.S.A.12 We restricted the 
cohort to those missing less than half of their employment history and hired no younger 
than age 16. The final study population comprised 38,560 workers. Information on date of 
birth, year of hire, race, sex, and plant was ascertained from employment records. For our 
analysis, follow-up began three years after hire and ended at death, age 86 (age of oldest 
case), or the end of 1994, whichever occurred first.  
 
Outcome ascertainment 
 
Data on vital status were obtained through linkage with the Social Security Administration, 
the National Death Index, plant records, and state mortality files. Death certificates, state 
vital records, and the National Death Index were used to determine cause of death. The 
outcome of interest was lung cancer mortality (ICD-9 162; ICD-10 C34). We identified 873 
lung cancer deaths during follow-up from 1941 through 1994. 
 
Exposure Assessment 
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Exposure estimates for each MWF fluid were calculated for each subject based on detailed 
employment records and a time-varying job-exposure-matrix (JEM). The JEM was based on 
an extensive retrospective exposure assessment.41,42 MWF concentrations characterized by 
particle-size fraction were estimated for homogenous exposure groups as an 8-hour time-
weighted average (mg/m3) based on measurements collected during the mid-1980s. Scale 
factors were developed to adjust MWF concentrations for temporal trends. This study uses 
the thoracic size fraction (<9.8 µm) of the exposure estimates, which deposit mostly in the 
tracheobronchial and alveolar regions of the lung. The presence of biocide was determined 
for each homogenous exposure group over time by reviewing Material Safety Data Sheets 
and historical records of lubricant specification. The JEM was combined with employment 
records to estimate time-varying annual average daily and cumulative exposure to straight, 
soluble, and synthetic MWF (mg/m3 and mg/m3-years, respectively) and to categorize 
subjects into a time-varying indicator of past biocide exposure (never or ever exposed). 
Gaps in employment history information were interpolated by averaging exposures from 
previous and subsequent jobs. To account for lung cancer latency, cumulative MWF 
exposures were lagged by 15 years. 
 
Statistical Methods 
 
We applied the parametric g-formula to estimate the cumulative risk ratio of several 
hypothetical MWF exposure interventions on lung cancer mortality. In addition to the 
simulated natural course (no intervention), we evaluated separate sets of interventions on 
three exposures: straight fluids, synthetic fluids, and biocides, as well as joint interventions 
on synthetic fluids and biocides. The interventions are listed in table 4.1. 
 

Table 4.1. Exposure interventions simulated in the UAW-GM cohort study. [MWF=metalworking fluid] 
Intervention 
variable Intervention MWF intervention a 

Biocide 
intervention b 

(1) Straight MWF  Always unexposed 0 · 

Always exposed while at work 99th%tile (1.36 mg/m3) · 

(2) Synthetic MWF  Always unexposed 0 · 

Always exposed while at work 99th%tile (0.48 mg/m3) · 

(3 and 4) Synthetic 
MWF and biocides 

Always unexposed to synthetic fluids 
and always exposed to biocides 

0 Always exposed 

Always exposed while at work and 
always exposed to biocides 

99th%tile (0.48 mg/m3) Always exposed 

Always unexposed to synthetic fluids 
and always unexposed to biocides 

0 Always unexposed 

Always exposed while at work and 
always unexposed to biocides 

99th %tile (0.48 mg/m3) Always unexposed 

(5) Biocides 
  

Always exposed to biocides  · Always exposed 

Always unexposed to biocides · Always unexposed 

· No intervention 
a annual average daily concentration 
b ever/never 
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The parametric g-formula is a generalization of standardization that can be applied to 
estimation of measures of association in the presence of time-varying exposures and 
covariates under the following three assumptions: 1) no unmeasured confounders 
(conditional exchangeability), 2) counterfactual consistency, and 3) correct model 
specification.37,43,44 It has had several applications in epidemiologic studies, including a 
number of instructive articles.43,45-47 We describe it briefly. This method allowed us to 
estimate the risk of lung cancer mortality under each intervention as a weighted sum of the 
probability of lung cancer death, conditional on past exposure and covariate histories. We 
first developed parametric models for the outcome, competing risk, time-varying 
covariates, and exposures based on the observed data. These models were conditional on 
prior covariate and exposure histories, and on baseline covariates. Next, pseudo-samples 
based on the observed sample population were used in Monte Carlo simulations along with 
the estimates from the parametric models to generate covariate and exposure histories. 
Lastly, cumulative risk of lung cancer mortality under each hypothetical intervention was 
quantified, and interventions were compared using risk ratios. 
 
Parametric models were fitted for the outcome (lung cancer mortality), competing risk 
(non-lung cancer death), the three separate MWF exposures (annual average daily 
exposure to straight, soluble, and synthetic fluids lagged 15 years), and the time-varying 
covariate employment status (lagged 15 years), all conditional on calendar year, age, prior 
covariate and exposure histories and baseline covariates (sex, race, plant, and year of hire). 
Cumulative MWF exposures for each of the three fluid types were calculated based on the 
annual exposure histories. A model was fit for biocide exposure, conditional on calendar 
year, age, prior covariate and exposure histories and baseline covariates as well as prior 
biocide exposure and the current year’s MWF exposure level for each fluid type. 
Cumulative MWF exposures and the biocide covariate were used only in the prediction of 
the outcome and competing risk, not in the prediction of MWF exposures or employment 
status. See appendix for additional details. 
 
Workers in the pseudo-sample, drawn to be of the same size as the cohort (n=38,560), 
were followed from their age at the beginning of follow-up through age 86. Parameters 
from the models for exposures and covariates described above were used to simulate 
exposure and covariate levels at each age. After employment termination, all exposures 
were set to 0. For interventions on exposure, the value of the exposure of interest was 
intervened on by changing it from the predicted value to the intervention value (either 0 or 
99th percentile of exposure for MWF or exposed/unexposed for biocide), conditional on 
being employed. Subsequent values of exposure, covariates, and risk of non-lung cancer 
and lung cancer mortality were then similarly simulated at each age through the end of 
follow-up. For the simulated natural course, no variables were intervened upon and the 
simulation predicted risk under the natural course of events. For each intervention, lung 
cancer mortality was evaluated using a cumulative mortality estimator for the sub-
distribution of the event of interest in the presence of competing risks.48 We then 
calculated cumulative incidence ratios for lung cancer mortality by ages 86, 75, 65, and 55 
years. We ascertained 95% confidence intervals from 500 bootstraps each the same size as 
the cohort (n=38,560). 
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Figure 4.1.    Number of workers under follow-up (curved line) and number of lung cancer deaths 
(vertical lines) by age among 38,560 autoworkers during the 1,122,160 person-years of 
follow-up between January 1, 1941 and December 31, 1994. 

The analysis was performed in SAS software version 9.4 (SAS Institute, Cary, NC) based on 
the GFORMULA macro available at https://www.hsph.harvard.edu/causal/software/. Use 
of human subjects data in this study was reviewed and approved by the Office for the 
Protection of Human Subjects at the University of California, Berkeley. 
 
4.4    Results 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.2 presents descriptive characteristics of the 38,560 autoworkers included in the 
study population. Figure 4.1 shows the number of workers being followed, indicating 
person-time, and the number of lung cancer deaths by age.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 4.2. Demographic characteristics of the UAW-GM cohort at 
baseline. [IQR=interquartile range] 

 
N % Median IQR 

No. subjects 38,560 
   No. person-years 1,122,160 
   Characteristic 

    Age 
  

24 19–32 
Male 33,801 87.7 

  Female 4,759 12.3 
  White 31,426 81.5 
  African American 7,134 18.5 
  Plant 

    1 9,090 23.6 
  2 17,094 44.3 
  3 12,376 32.1 
  Calendar Year 

  
1965 1952–1973 

Number of events 
    Lung cancer deaths 873 

   Other deaths 8,537       
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Figure 4.2.    Observed (solid line) and simulated (dashed line) cumulative lung cancer mortality in the 
UAW-GM cohort, under the natural course. 

Over the entire study period, the percentages of subjects ever exposed to straight, soluble, 
and synthetic MWF were 58, 90, and 36, respectively. Estimated annual average daily 
exposure estimates were highest for soluble and lowest for synthetic fluids. In a given year 
an average of 12% of subjects were exposed to biocides, while over the entire study period 
36% were ever exposed to biocides. Synthetic MWF exposure did not always entail biocide 
exposure. In our study population, workers were unexposed to biocide 22% of the time 
they worked a job with synthetic exposure. Subjects could also be, though rarely were, 
exposed to biocide when working with soluble fluids: 7% of the time spent in jobs with 
soluble MWF exposure also had biocide exposure. Table 4.3 shows the distributions of 
employment status and exposure over person-time in the observed data and in the pseudo-
populations for the simulated natural course and for four of the simulated interventions. 
The natural course simulation was somewhat consistent with the observed data. The 
simulation under-predicted both whether a subject was exposed to straight or soluble 
fluids in a given year and the exposure levels among the exposed for soluble and synthetic 
fluids. Because biocide exposure was not used in the prediction models for leaving work or 
MWF exposure, the distributions reported for the synthetic fluid interventions in table 4.3 
were essentially the same as those when we also intervened on biocide exposure (data not 
shown). 
 
Figure 4.2 shows the cumulative mortality curve for lung cancer in the observed data 
compared to the simulated natural course. The cumulative lung cancer mortality under the 
natural course simulation was nearly identical to the observed cumulative risk at age 86; 
though at younger ages the fit was not as close.  
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Figure 4.4.    Simulated cumulative lung cancer mortality in the UAW-GM cohort under six synthetic MWF 
interventions: 1) always unexposed (solid line), 2) always exposed to the 99th percentile of 
exposure (0.48 mg/m3) while employed, interventions 1) and 2) repeated while additionally 
intervening on biocide exposure and setting subjects to always exposed (interventions 3) 
and 4)), and interventions 1) and 2) repeated while additionally intervening on biocide 
exposure and setting subjects to always unexposed (interventions 5) and 6)). 

Figure 4.3.    Simulated cumulative lung cancer mortality in the UAW-GM cohort under two straight MWF 
interventions: always unexposed (solid line) and always exposed to the 99th percentile of 
exposure (1.36 mg/m3) while employed (dashed line). 
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Figure 4.3 and 4.4 show the cumulative mortality curves for lung cancer under the straight 
and synthetic MWF interventions, respectively. The risk ratios (RR) comparing the risk of 
lung cancer mortality under each exposed intervention to the unexposed intervention are 
presented in Table 4.4. Risk for lung cancer mortality was higher when straight MWF 
exposure was set to high exposure during employment compared to when subjects were 
always unexposed (intervention 1). The RR was slightly higher at younger ages. For 
synthetic fluid exposure (intervention 2), the RR for lung cancer mortality at age 86 years 
was only just above the null, but increased slightly when we additionally intervened on 
biocide exposure, regardless of whether biocide exposure was set to always exposed 
(intervention 3) or always unexposed (intervention 4). The RRs for mortality at younger 
ages, however, were null and even appear negatively associated. When synthetic fluid 
exposures were allowed to follow a natural course, lung cancer risk was lower when 
workers were always exposed to biocide compared to when they were always unexposed 
to biocides (intervention 5). 

 
4.5    Discussion 
 
Most cohort-based studies of straight MWF and lung cancer risk have found a null 
association.23-25 Results from this study suggest a slightly elevated risk of lung cancer 
mortality related to straight MWF exposure, albeit with a wide confidence interval. Prior 
studies, particularly early reports from this cohort,11,12 may have been biased due to the 
healthy worker survivor effect.36 The one study to observe a positive result for straight 
fluids and lung cancer mortality risk applied g-estimation, an alternative g-method, in this 
same cohort to control for the healthy worker survivor effect,26 estimating a hazard ratio of 
1.07 (1.04-1.14) associated with five years of exposure to straight MWF. Although the 
specific parameter estimated in that study differs from that estimated here, both indicate a 
positive relationship. 
 
A previous study in the UAW-GM cohort focusing on biocide and synthetic MWF exposure 
found reduced risk of lung cancer mortality associated with synthetic fluids when biocides 
were also present.28 Our hypothesis was that biocide exposure—serving as a proxy for 
endotoxin contamination—was causing the protective effect of synthetic fluids on lung 
cancer, and that synthetic fluid itself did not reduce lung cancer risk. We therefore 
investigated the impact of the synthetic fluid intervention while 1) not intervening on 
biocide exposure, and intervening on biocides by either 2) setting all subjects to always 
exposed or 3) all subjects to always unexposed. Our results supported our hypothesis. 
Rather than a protective effect of synthetics, we observed a nominally elevated risk 
comparing always highly exposed to always unexposed. This risk increased slightly in the 
scenarios where we also intervened on biocide exposure, consistent with biocide exposure 
being negatively linked with lung cancer risk. These results suggest that exposure to 
synthetic fluid, per se, does not reduce lung cancer mortality, but rather it is the presence of 
biocide in the water-based fluid, serving as a surrogate for endotoxins, that reduces the 
risk. 
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Several occupational studies have supported the link between endotoxin exposure and 
reduced risk for lung cancer, particularly in the textile and agricultural sectors.29,49,50 A 
2010 meta-analysis reported the summary risk of lung cancer as 0.72 (0.57-0.90) in the 
cotton textile industry and 0.62 (0.52-0.75) in the agricultural industry.49 Our results, using 
biocide as a surrogate for endotoxin, are consistent with this hypothesized link. In the 
scenario comparing the interventions always unexposed to biocide to always exposed to 
biocide, we found a moderate decrease in lung cancer mortality of borderline significance. 
Prior studies in the UAW-GM cohort are inconsistent regarding this relationship. The 
aforementioned UAW-GM study on biocide and synthetic MWF exposure observed a null 
association for years exposed to biocide.28 An earlier study, however, observed reduced 
lung cancer odds ratios for workers with longer durations of exposure to biocides.27 
Workers with 8.52 or more years of biocide exposure had an odds ratio of 0.54 (0.34-0.86) 
compared with unexposed workers. Differences in analytical choices resulted in subjects 
from the earlier study having higher biocide exposures compared to subjects in the later 
study, a possible reason for the discrepancy. In the present analysis, we dichotomize 
biocide exposure as ever or never exposed. 
  
We employed the parametric g-formula to control for the healthy worker survivor effect, 
the presence of which was reported for lung cancer in a prior analysis of the UAW-GM 
cohort.36 A limitation of the parametric g-formula is that it is predicated on the assumption 
of correctly specified models; in our study, particularly for the parametric models for 
employment status, MWF and biocide exposures, death due to a competing risk, and death 
due to lung cancer (see appendix for details). Models may be biased if there are violations 
of the assumptions of no unmeasured confounders, no information bias, or correct model 
specification.43 We optimized these models to predict cumulative lung cancer mortality at 
age 86; had we selected another age end point the models may have been specified 
differently. See figure 4.2 for deviations in the cumulative mortality curves at ages younger 
than 86. We also assumed the G null paradox is not the reason for our results. The G null 
paradox states that under the null hypothesis it may be impossible to correctly specify the 
parametric models for the g-formula, and consequently the parametric g-formula will reject 
the null when it is in fact true.37,51 A limitation of the UAW-GM cohort was the lack of 
smoking data.  We were unable to neither assess whether smoking was associated with 
exposure which would make it a potential confounder, nor control for it in our analysis.  
The only data available was limited to a very small number of selected male subjects 
collected mid-way through follow-up (1985-1986). While 1,666 workers in the present 
study participated in this survey, we did not use the data here because it was too selected 
to be representative of our entire study population. Results reported in this study may be 
affected by this limitation. Additionally, a lack of smoking data may have limited our 
models for competing risk since it is a major predictor of mortality outside of lung cancer 
mortality.  
 
4.6    Conclusion 
 
While not definitive, this study adds to the literature on MWF exposure and risk of lung 
cancer. By using the parametric g-formula, we controlled for the healthy worker survivor 
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effect previously observed to be present in this cohort.36 Results from this study suggest a 
slightly elevated risk of lung cancer mortality related to straight MWF exposure, albeit with 
wide confidence intervals. Our results do not support a negative effect for synthetic fluids 
reported in earlier studies; instead, biocide in the fluid, a proxy for endotoxin 
contamination, appears to be associated with decreased lung cancer risk. 
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4.8    Appendix 
 
An assumption of the parametric g-formula is correct model specification. However, 
baseline variables did not require parametric models as these values were drawn from the 
empirical distribution. While we do intervene upon the exposure variables in the simulated 
datasets, we do not intervene on all the exposures all of the time. For some interventions, 
exposure variables are treated simply as time-varying covariates. Thus, we assumed 
correct specifications of the parametric models for employment status, death due to a 
competing risk, death due to lung cancer, and for biocide and metalworking fluid (MWF) 
exposures, including both annual and cumulative models for each of straight, soluble, and 
synthetic MWF. As an informal check of this assumption, we compared the cumulative lung 
cancer mortality in the observed data to the cumulative lung cancer mortality in the 
simulated natural course. Specification of the models described below was done with the 
goal of minimizing the difference between the observed and simulated natural course 
cumulative lung cancer mortality at age 86. The observed cumulative lung cancer mortality 
was 7.201%. The final models, as described below, achieved a simulated a natural course 
cumulative lung cancer mortality of 7.202%. 
 
Baseline covariates were entered in all models as follows: indicator variables for sex (male, 
female) and race (white, African American), and plant (1, 2, 3); linear term for year of hire; 
categorical variable for calendar year with cut points every five years starting with 1950 
through 1990; categorical variable for age with a level per decade starting with the 30s. 
Calendar year and age were simulated as time-varying covariates that increased by one 
year for each subject for each person-year record after baseline. Age was the time-scale of 
interest, indexed a = 16 to 86. All models were conditional on prior survival.  
 
The parametric models were fit as follows: 
 
1. A logistic model for the probability of employment termination status at age a, 

restricted to records where prior employment termination status = 0 (not terminated). 
Because of the 15-year lag, the first 15 records were set to 0. As an independent 
variable for succeeding covariate models, the prior value of employment termination 
status was included as an indicator variable. 

 
2. A two-stage process for the level of annual average daily straight metalworking fluid 

(MWF) exposure at age a. First, a logistic model was used for the probability of straight 
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MWF exposure being greater than 0. Second, for records in which exposure was 
predicted to be greater than 0, a linear model predicted the natural log of the straight 
MWF exposure level. In records in which employment termination status = 1 
(terminated), exposure was set to 0. Because of the 15-year lag, the first 15 records 
were set to 0 exposure. As an independent variable for succeeding covariate models, the 
prior two values of straight MWF exposure were included as categorical variables with 
cut points at the quintiles of annual exposure among all observed person-time: 0.0295, 
0.0569, 0.164, and 0.5395 mg/m3. 
 

3. A model accumulating annual average daily straight MWF exposure to predict 
cumulative straight MWF exposure at age a. Because of the 15-year lag, the first 15 
records were set to 0 exposure. Values of cumulative straight MWF exposure were not 
used as independent variables in covariate models. These were only used as 
independent variables in the models for lung cancer death and non-lung cancer death, 
specifically the prior two values of cumulative straight MWF exposure were included as 
restricted cubic splines with knots at the quintiles of cumulative exposure among 
observed lung cancer deaths: 0.0871, 0.3401, 0.9497, and 2.8895 mg/m3-years. 
 

4. A two-stage process for the level of annual average daily soluble metalworking fluid 
(MWF) exposure at age a. First, a logistic model was used for the probability of soluble 
MWF exposure being greater than 0. Second, for records in which exposure was 
predicted to be greater than 0, a linear model predicted the natural log of the soluble 
MWF exposure level. In records in which employment termination status = 1 
(terminated), exposure was set to 0. Because of the 15-year lag, the first 15 records 
were set to 0 exposure. As an independent variable for succeeding covariate models, the 
prior two values of soluble MWF exposure were included as categorical variables with 
cut points at the quartiles of annual exposure among all observed person-time: 0.2047, 
0.4767, and 0.8841 mg/m3. 
 

5. A model accumulating annual average daily soluble MWF exposure to predict 
cumulative soluble MWF exposure at age a. Because of the 15-year lag, the first 15 
records were set to 0 exposure. Values of cumulative soluble MWF exposure were not 
used as independent variables in covariate models. These were only used as 
independent variables in the models for lung cancer death and non-lung cancer death, 
specifically the prior two values of cumulative soluble MWF exposure were included as 
restricted cubic splines with knots at the quintiles of cumulative exposure among 
observed lung cancer deaths: 1.4934, 3.5005, 6.9223, and 13.5493 mg/m3-years. 
 

6. A two-stage process for the level of annual average daily synthetic metalworking fluid 
(MWF) exposure at age a. First, a logistic model was used for the probability of 
synthetic MWF exposure being greater than 0. Second, for records in which exposure 
was predicted to be greater than 0, a linear model predicted the natural log of the 
synthetic MWF exposure level. In records in which employment termination status = 1 
(terminated), exposure was set to 0. Because of the 15-year lag, the first 15 records 
were set to 0 exposure. As an independent variable for succeeding covariate models, the 
prior two values of synthetic MWF exposure were included as categorical variables with 
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cut points at the quintiles of annual exposure among all observed person-time: 0.0143, 
0.0286, 0.0878, and 0.1831 mg/m3. 
 

7. A model accumulating annual average daily synthetic MWF exposure to predict 
cumulative synthetic MWF exposure at age a. Because of the 15-year lag, the first 15 
records were set to 0 exposure. Values of cumulative synthetic MWF exposure were not 
used as independent variables in covariate models. These were only used as 
independent variables in the models for lung cancer death and non-lung cancer death, 
specifically the prior two values of cumulative synthetic MWF exposure were included 
as restricted cubic splines with knots at the quartiles of cumulative exposure among 
observed lung cancer deaths:  0.1347, 0.5216, and 1.3826 mg/m3-years. 

 
8. A logistic model for the probability of biocide exposure at age a. Restricted to records 

where prior biocide exposure = 0 (never exposed). Values of biocide exposure were not 
used as independent variables in covariate models. These were only used as 
independent variables in the models for lung cancer death and non-lung cancer death, 
specifically the prior value of biocide exposure was included as an indicator variable 
(never or ever exposed). 

 
9. A logistic model for the probability of death due to causes other than lung cancer at age 

a. 
 
10. A logistic model for the probability of lung cancer death at age a. 
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Chapter 5    Conclusions 
 
Breast and lung cancer are the two most commonly diagnosed cancers in the United 
States.1,2 Combined they account for an estimated 28% of all new cancer cases. Recognizing 
their significance to public health, I planned my dissertation research to evaluate their 
relationship with the occupational exposure, metalworking fluids (MWF). In the United 
States there are 4.4 million workers potentially exposed to MWF.3 We took advantage of 
the United Autoworkers-General Motors (UAW-GM) cohort study, which is considered to 
be the most comprehensive cohort study of MWF-exposed workers, to examine the 
exposure-response relationships for these two outcomes.4-7 Knowing that the Healthy 
Worker Survivor Effect (HWSE) may be present in the cohort and could bias results from 
the cancer studies, I first examined evidence for the presence of the HWSE to guide our 
subsequent cancer analyses. The cancer studies were then carried out appropriately based 
on these results. 
 
5.1    Summary of Findings 
 
Findings of Chapter 2: Evidence for the structural conditions underlying the HWSE 
were present in a cohort study of Michigan autoworkers exposed to MWF. 
 
This chapter assessed the evidence for the presence of the HWSE for cancer studies in the 
UAW-GM cohort study. This was done by evaluating the three conditions underlying the 
HSWE: (1) leaving work predicts future exposure, (2) leaving work is associated with 
disease outcome, and (3) prior exposure increases probability of leaving work. We found 
evidence for the presence of all three conditions necessary for the HWSE. Evidence was 
strongest for leaving work by age 50, consistent with the HWSE. Lagging exposure by 15 
years, in keeping with the latency period for the cancer outcomes, did not alter these 
results. This suggests that standard methods may underestimate the exposure-response for 
the cancer outcomes examined in the study and therefore a g-method should be applied to 
control for employment status as a time-varying confounder affected by prior exposure.8,9 
Examination of the three conditions for the HWSE should precede exposure-response 
analyses in other occupational cohort studies to assess whether it is present. 
 
Findings of Chapter 3: Cumulative exposure to straight MWF was positively 
associated with incident breast cancer. 
 
Chapter 3 examined MWF exposure and its association with incident breast cancer among 
4,503 female autoworkers in the UAW-GM cohort study. Exposure to straight MWF, but 
neither soluble nor synthetic, was found to be positively associated with breast cancer. This 
was evident in the analyses using sub-cohorts restricted by year of hire. Results were 
stronger when using the subcohort restricted to subjects hired 1969 or later compared to 
the subcohort restricted to subjects hired 1959 or later. This more restrictive subcohort 
was designed to reduce bias due to left truncation (i.e., the loss of subjects susceptible to 
the effect of exposure prior to the start of follow-up in nested subcohorts), and may explain 
the stronger results observed in these analyses. Analyses of premenopausal breast cancer, 
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as defined by age at diagnosis, were modestly suggestive of an increased risk associated 
with higher synthetic MWF exposure. Interpretation of these analyses, however, must be 
constrained due to the small number of cases, but the results present a new avenue for 
future research. This study adds to the limited literature regarding quantitative chemical 
exposures and breast cancer risk. 
 
Findings of Chapter 4: After controlling for the HWSE, straight MWF exposure may be 
associated with slightly elevated lung cancer mortality. 
 
In this chapter, I employed the parametric g-formula to control for the healthy worker 
survivor effect previously observed to be present for lung cancer in the UAW-GM cohort.10 
Using this method I examined the relationship between lung cancer mortality and exposure 
to straight and synthetic MWF, as well as to biocide, by simulating and comparing the 
hypothetical interventions of always high exposure while at work and always unexposed. 
Results indicated a slight increase in lung cancer risk by age 86 for straight MWF exposure 
and risk ratios were slightly higher at younger ages. These results, however, were not 
statistically significant. Our results did not support a negative effect for synthetic fluids as 
reported in earlier studies; instead, biocide in the fluid, a proxy for endotoxin 
contamination, appears to be associated with decreased lung cancer risk. While not 
definitive, this study adds to the literature on MWF exposure and risk of lung cancer. 
 
5.2    Conclusions and Future Directions 
 
By first evaluating evidence for the presence of the HWSE for cancer outcomes in the UAW-
GM cohort, we better informed our statistical approach for the cancer studies. It should be 
emphasized that the presence of HWSE does not itself dictate that results will be biased; it 
is the analytical method applied in the presence of the HWSE that determines whether 
results will be biased. Standard methods (i.e., Poisson or Cox proportional hazards models) 
will likely produce biased results because they cannot control for a time-varying 
confounder affected by prior exposure.9,11 More advanced methods, such as g-methods,  are 
able to adjust for this type of bias.8,9,12,13 
 
While the study presented in chapter 3 provides support for an association between 
straight MWF exposure and increased risk of female breast cancer, more research is 
needed. In addition to more studies in general, evaluation of associated risk in subsets of 
breast cancer cases, such as by tumor hormone responsiveness, may be useful. 
Additionally, further exploration of the relationship between synthetic fluids and 
premenopausal breast cancer is recommended, preferably with more certain classification 
of menopausal status. 
 
Results from chapter 4 suggest a slightly elevated risk of lung cancer related to straight 
MWF exposure, albeit with a wide confidence interval. Most cohort-based studies of this 
relationship have found a null association.5,6,14 The one study to observe a positive result 
applied g-estimation, an alternative g-method, in this same cohort also to control for the 
HWSE.12 Some of the prior studies may have been biased due to the HWSE, and only when 
the appropriate analytical method is applied is the modestly positive association observed. 
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Future investigators examining the relationship between straight MWF exposure and lung 
cancer risk are highly recommended to first evaluate the presence of the HWSE in their 
cohort and then decide upon statistical methods for the main analysis in order to reduce 
likelihood of bias from this source. 
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