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Abstract

Objectives Metalworking fluids (MWFs) have been
associated with cancer of several sites, but the risks have
been primarily examined in men or in studies that adjusted
for gender in analyses. To evaluate whether risks were
similar in women, we report cancer mortality risk among
4,825 female autoworkers within the united autoworkers—
general motors autoworkers cohort.

Methods Standardized mortality rates (SMRs) were cal-
culated based on Michigan death rates (1980-2004).
Internal comparisons (1941-2004) were examined using
Cox regression for straight, soluble, and synthetic MWFs,
and their corresponding oil- and water-based fractions.
Results MWTF exposure levels in the female cohort were
generally less than two-third the MWF levels in the male
cohort. Female autoworkers had an excess of cancer from all
sites (SMR, 1.10; 95 % confidence interval (CI), 0.98-1.22)
and lung cancer (SMR, 2.08; 95 % CI, 1.71-2.52). Colon
cancer risk increased with straight (mineral oil) MWF
exposure (exposure > median; hazard ratio = 3.1; 95 % CI,
1.2-8.0). A protective effect was observed for ovarian cancer
with the soluble MWFs and water-based MWF metrics.
Although bladder, rectal, and laryngeal cancers and malig-
nant melanoma have been associated with straight MWF
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exposure and pancreatic cancer with synthetic MWF in men,
there were too few deaths in this female subcohort to
examine exposure—response relations for these sites. Results
were null for lung and breast cancer.

Conclusions Our findings support an association between
colon cancer and straight MWFs, but we found limited
evidence of risk for other tumor sites at the lower exposure
levels experienced by the female autoworkers.
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Introduction

Exposure to metalworking fluids (MWFs) has been asso-
ciated with increased cancer risk for several cancer sites,
including cancers of the bladder, larynx, lung, prostate,
pancreas, rectum, and skin [1-16]. The evidence has come
primarily from studies of males or in studies of cohorts that
were predominately male where the analyses were adjusted
for gender. While we assume risks identified in men also
pertain to women, women may respond differently than
men to the same occupational exposures because of met-
abolic, genetic, physiologic, or other differences [17-22].
In addition, the risk of female breast cancer and cancers of
the female reproductive system cannot be evaluated in
studies of men.

We report the risk of cancer mortality for a cohort of
female autoworkers. These women are a subset from the
united autoworkers—general motors (UAW-GM) cohort,
which is the largest enumerated cohort exposed almost
exclusively to MWFs. Although this cohort included over
4,800 women, there were too few cancer deaths in the 1985
and 1995 mortality follow-ups of this cohort to report the
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cancer risk for women separately [14, 15], with the
exception of a case—control study of incident and mortal
breast cancer [10]. As a result, previous mortality studies of
this male-dominated cohort were based on pooled analyses
of men and women, and no previous analysis examined the
risk of female reproductive cancers. Endocrine disruption,
a risk factor for reproductive cancers, has been hypothe-
sized to occur with exposure to chlorinated hydrocarbons
[23, 24], a component of oil-based MWFs. In addition,
gender differences have been reported for some cancers,
including lung cancer [25]. For instance, never smokers
who develop lung cancer are more likely to be women than
men [26]. These differences between men and women in
lung cancer risk and disease histology suggest that estrogen
may also be a risk factor for lung cancer and there is some
biological evidence to support this hypothesis [27, 28].

In this paper, we report the external and internal com-
parisons of the risk of cancer mortality among female
autoworkers with MWF exposure. The risk is examined in
relation to quantitative estimates for the three broad classes
of MWFs (straight, soluble, and synthetic), as well as for
the fluids’ oil-based (straight + soluble) and water-based
(soluble + synthetic) fractions.

Methods
Cohort description

The female autoworkers mortality cohort was restricted to
women hired on or after 1 January 1938 and before 1
January 1982 at one of the three Michigan UAW-GM
plants (n = 4,825) to obtain a cohort hired during the
follow-up period (incident hires) to reduce left truncation
bias [29]. Left truncation bias can occur when subjects at
risk prior to baseline are not all observable at the start of
follow-up and can lead to incorrect conclusions about
whether an association exists. This will occur in occupa-
tional cohort studies if subjects hired before the start of
follow-up are included in analyses. Mortality follow-up
was previously obtained for the period 1 January 1941
through 31 December 1994 [14, 15] and extended through
31 December 2004 with linkage to the National Death
Index. Each subject’s work history was obtained from
company records. In internal comparisons, we excluded
women with greater than 50 % missing work history
information (n = 38). For subjects with <50 % missing
work history information, we averaged the exposure levels
of the jobs reported directly before and after the missing
record (1.1 % of person-years). We conducted this study in
accordance with a protocol approved by the office for the
protection of human subjects at the University of California
at Berkeley.
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Exposure assessment

Quantitative exposure levels for straight, soluble, and
synthetic MWF were previously estimated for each study
year and linked to the subjects” work histories [14, 30, 31].
Straight, soluble, and synthetic MWFs have overlapping
constituents, so we also calculated each subject’s exposure
to oil-based MWFs and water-based MWFs to account for
the common constituents. Soluble MWEF contributes to
both the oil- and water-based fractions. We weighted the
contribution of soluble MWF in each fraction to account
for differences in potency between MWF types, using
weights that were previously found to maximize the Wald
statistic (slope parameter/standard error) in exposure—
response relations of cancer incidence in the UAW-GM
cohort [3]. Oil-based MWF exposure was calculated as the
sum of straight MWF and soluble MWF, weighting the
contribution of soluble MWF by 30 % (straight MWF +
0.3 * soluble MWF). Similarly, water-based MWF expo-
sure was calculated as the sum of synthetic MWF and
soluble MWF, weighting the contribution of soluble MWF
by 20 % (synthetic MWF + 0.2 * soluble MWF). For each
MWF metric, cumulative exposure was calculated for each
subject using a lag of 10 years to account for the latency
period before cancer diagnosis.

Statistical analyses

Standardized mortality rates (SMRs) were calculated using
Michigan-specific mortality data (http://wonder.cdc.gov/mortsql.
html; Accessed: June 20, 2011) for the period 1980 through 2004
(n = 4,553). Risk of cervical cancer in this cohort has been
reported separately [32] and thus is not included in this report.
We evaluated exposure—response relations for cancer
sites with 10 or more cases in internal comparisons using
Cox regression models with age as the time metric and
time-varying exposures (Stata/SE, version 11.2; StataCorp
LP, College Station, Texas). The follow-up period for this
internal analysis was 1941-2004. Each subject was fol-
lowed from three years after date of hire to death or study
end. Each model included covariates for race and calendar
year (categorical, in 10-year intervals). In separate models
for each outcome and exposure metric, we treated the
cumulative exposure of the MWF metric of interest as a
categorical variable defined by the exposure distribution of
the cohort (e.g., 0, >0-50th, and >50th percentile of
exposure). The separate models for straight, soluble, and
synthetic MWF exposure included the other two MWF
types as linear covariates. The model for oil-based MWF
included synthetic MWF as a linear covariate; the model
for water-based MWF included straight MWF as a linear
covariate. We tested the trend across categories using
the mean for each category and treating exposure as a
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continuous variable. For the two outcomes with sufficient
number of cases—breast cancer and lung cancer—we
examined the shape of exposure-response relations using
penalized splines because exposure—response trends may
be sensitive to the category cut points (R, version 2.13.1; R
Development Core Team, Vienna, Austria) [11, 33].

Results

The demographic characteristics of the female cohort are
shown in Table 1. The interquartile ranges of the cumu-
lative exposure metrics were much lower than those pre-
viously reported in the combined male and female cancer

Table 1 Demographic and exposure characteristics of the female
autoworkers cohort, 1941-2004

Characteristic Cohort*
Number of females 4,825
Age (years)*, median (IQR) 59 (51-72)

Year of birth, median (IQR) 1943 (1925-1952)

White race (%) 73
No. person-years 139,106
Years employed, median (IQR) 17 (11-20)

Year of hire, median (IQR)
MWEF type

1973 (1953-1977)

Straight MWF, % exposed 36 %

Cum. exposure, median (IQR)b 0.3 (0.07-0.8)
Soluble MWF, % exposed 61 %

Cum. exposure, median (IQR) 1.1 (0.4-2.8)
Synthetic MWF, % exposed 26 %

Cum. exposure, median (IQR) 0.2 (0.05-0.6)
Oil-based MWF, % exposed 62 %

Cum. exposure, median (IQR) 0.5 (0.2-1.3)
Water-based MWF, % exposed 61 %

Cum. exposure, median (IQR) 0.3 (0.1-0.8)

* Age at death or the end of follow-up (31 December 2004)
® Median and IQR of exposed workers, in mg m>, lagged 10 years

incidence analyses [3]. Thus, we explored the differences
in exposure levels across time between the male and female
autoworkers visually by comparing the average annual
exposure level for employed subjects by gender (Fig. 1).
Female autoworkers generally had half to two-thirds of the
average exposure levels of male autoworkers for straight
and soluble MWFs. Gender differences in average expo-
sure levels were smaller for synthetic MWF; in fact,
women had higher average exposures during the 1950s.

The female autoworkers had an overall deficit of all
deaths (SMR, 0.82; 95 % CI, 0.77-0.87), but had a slightly
elevated excess of mortality from cancer (all sites) (SMR,
1.10; 95 % CI, 0.98-1.22) (Table 2). Among specific sites,
only lung cancer mortality was statistically significantly
elevated (SMR, 2.08; 95 % CI, 1.71-2.52). Nonsignificant
excesses greater than 1.25 were observed for brain cancer
(SMR, 1.30; 95 %CI, 0.56-2.56), stomach cancer (SMR,
1.55; 95 % CI, 0.71-2.94), and pancreas cancer (SMR,
1.42; 95 % CI, 0.89-2.14).

The internal comparisons by cancer site and exposure
metric are shown in Table 3. The only statistically signif-
icant elevated hazard ratio (HR) was observed for colon
cancer risk in the highest category of straight MWF
exposure (HR, 3.1; 95 % CI, 1.2-8.0; pyena = 0.02). Ele-
vated HRs with suggestive exposure-response trends were
observed for brain cancer with synthetic MWF exposure
(Pwena = 0.11) and for leukemia with straight MWF
exposure (Puena = 0.15), with HRs in the highest exposure
category of 4.1 and 2.0, respectively. We observed pro-
tective trends for ovarian cancer with all MWF metrics
(Puena <0.01) except synthetic MWF (puena 0.24). No
associations were found with breast cancer or lung cancer
in either categorical analyses (Table 3) or nonparametric
analyses using smoothing splines (not shown).

Discussion

This study examined the risk of cancer mortality in a
moderately sized cohort of female autoworkers, with six
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Fig. 1 Average annual exposure levels of exposed subjects by year and MWF type for male (dashed lines) and female (solid lines) autoworkers
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Table 2 SMRs for selected cancer sites for female autoworkers in the UAW-GM cohort for time period 1980-2004

Cause Mortality
Obs. Exp.? SMR (95 % CI) ICD codes®
All causes 1,059 1,299 0.82 (0.77, 0.87) All
All cancers 317 289 1.10 (0.98,1.22) ICD9:140-208; ICD10:C0-C97
COPD 57 49 1.16 (0.87,1.50) 1CD9:490-496; ICD10:J40-47)
Ischemic heart disease 201 187 1.08 (0.93,1.24) ICD9:410-414; ICD10:120-25
Site-specific cancers
Bladder 0.70 (0.14, 2.05) ICD9:188; ICD10:C67
Brain 8 6 1.30 (0.56, 2.56) ICD9:191; IC10:C71
Breast 43 42 1.03 (0.75, 1.39) ICD9:174; ICD10:C50
Colon 19 28 0.69 0.41, 1.07) ICD9:153; ICD10:C18
Esophagus 0.86 (0.17, 2.50) ICD9:150; ICD10:C15
Kidney 4 5 0.81 (0.22, 2.06) ICD9:189; ICD10:C64
Larynx 0.75 (0.01, 4.16) ICD9:189; ICD10:C64
Leukemia 19 16 1.22 (0.73, 1.90) 1CD9:203-208; ICD10:C90-95
Liver 2 4 0.54 (0.06, 1.94) ICD9:155; ICD10:C22
Lung 106 51 2.08 (1.71, 2.52) ICD9:162; ICD10:C34
Malignant melanoma 3 1.26 (0.25, 3.67) ICD9:172; ICD10:C43
Non-Hodgkin lymphoma 9 1.05 (0.48, 2.00) 1CD9:200,202; ICD10:C82-85
Ovary 19 16 1.22 (0.73, 1.90) ICD9:183; ICD10:C56
Pancreas 22 16 1.42 (0.89, 2.14) ICD9:157; ICD10:C25
Rectum 4 0.90 (0.24, 2.31) ICD9:154; ICD10:C19-21
Stomach 9 1.55 (0.71, 2.94) ICD9:151; ICD10:C16
Uterus 2 3 0.59 (0.07, 2.12) ICD9:182,ICD10:C54

CI confidence interval, COPD chronic obstructive pulmonary disease, exp expected number of cases, /CD international classification of disease,

Obs observed number of cases

? Rounded to whole numbers, based on race-adjusted, female-specific Michigan rates

® Based on ICD-0-03

decades of follow up. The female autoworkers had an
overall excess of cancers (SMR, 1.10), and in particular
lung cancer (SMR, 2.08), compared to the reference group
of Michigan women. Because the overall deficit of deaths
(SMR = 0.82) in this cohort suggests a healthy worker hire
effect, we examined too the risk of cancer in internal
comparisons using an incident hire population followed
over the full 60 year study period in relation to several
metrics of MWF exposure. We observed an increased risk
of colon cancer mortality with straight MWF exposure;
however, we also observed few cases of malignant mela-
noma and cancers of the bladder, rectal, and larynx (which
have been strongly associated with MWF exposure in
previous studies [2, 3, 5, 12, 14, 34-39]) to examine
exposure—response relations for these tumors. For all but
lung and breast cancer, the number of cancer outcomes
remained too sparse to examine exposure—response
relations with greater than two exposure categories. In
addition, the female autoworkers’ exposure levels were
generally much lower than the male autoworkers’ expo-
sures, despite having a similar, moderate prevalence of
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exposure and duration of employment (males: median,
18 years; females: median, 17 years). In a recently pub-
lished study of malignant melanoma in this autoworkers
cohort, the comparative medians (IQRs) for white males
were 0.7 (2.5) for straight MWF, 4.4 (9.2) for soluble
MWEF, and 0.5 (1.6) for synthetic [33]. The corresponding
numbers for women reported in this paper were much
lower: 0.3 (0.73) for straight MWF, 1.1 (2.4) for soluble
MWF, and 0.2 (0.55) for synthetic MWEF. Thus, these
analyses provide estimates of the risk associated at the low
end of the MWF exposure scale.

Among these female autoworkers, the risk of colon
cancer was associated with straight MWFs. In contrast, a
previous analysis of colon cancer incidence for both gen-
ders combined found a stronger association with water-
based MWFs [3]. However, analyses of rectal cancer
mortality (which may have similar risk factors) for both
genders combined found stronger risks with straight MWFs
but also observed elevated risks with soluble and synthetic
MWFs [6]. The inconsistency by MWF metric may suggest
that the MWF metrics are surrogates for other causal agents



1079

Cancer Causes Control (2012) 23:1075-1082

yero S0 I Y0 80 9 Ire=€0 01 v 0c70 L0 S 1'e=¢0 L0 9 uerpow> 01 ()<
01 81 o1 11 o1 vl 01 I 01 11 pasodxaup)

searoueq
144\ 100 S0'0 00 600°0 ‘onfea d puaiy,
¥1-c0 S0 ¢ Lo-10 €0 ¢ 01-1'0 €0 ¢ L0-10 0 ¥ L'0-1°0 €0 S ueIpaw<
8C=600 VO 1 €1-co ¢0 ¢ £€C¢e0 60 ¢ ¥'1=C0 S0 9 [Aat 0 S Uelpawr> 0} o<
(U0 B 4 01 91 01 6l 01 91 01 91 pasodxaup)

A1eAQ
LT0 L0 08°0 ¢80 Se0 sonfea—d puai],
€80 VI 6l 190 60 9¢ 9190 01 I 9'1-9'0 01 8¢ Y'1-60 80 Se ueIpaw<
I'e90 11 ¢ 9190 0I 6¢ 9190 60 6l ¥'1-9'0 60 8¢ 8'1-L0 'l 123 uerpau> 01 )<
01 08 01 9% o1 IL 01 St 01 (4% pasodxaupn

Sun
80 Y10 S0 ST0 w0 sonfea d pual],
Yvr—+v0 €1 ¢ L1-c0 <0 ¢ £€e80 0T 9 0c7C0 90 S £€C7C0 L0 9 URIpow<
0L-¢0 61 ¢ Ov-L'0 L1 8 £€e80 VI ¥ Y90 91 8 81790 L1 8 uerpow> 01 ()<
01 SI o1 8 o1 11 01 8 01 L pasodxoun

BIWAYNOT
8¢0 0L0 00 S6'0 170 :anfea d puai],
¢TI0 S0 ¢ 8¢<60 VI 6 08<CIl 1€ 6 §T¢0 80 9 c9-L0 |4 ol ueIpaw<
€r—¢o 01 ¢ Yvy-¢0 ¢1 9 Sy—¢0 ¢TI ¢ TSL0 6’1 6 89-L0 I'c L ueIpau> 03 <
01 8I o1 L 01 o1 01 L 01 S pasodxaun

uoo)

£€C0 L0 810 €0 18°0 :onfea d puaig],

¥1-co S0 ¢ L1-60 60 8I STL0 vI 91 V10 80 91 9'1-60 60 61 ueIpaw<
91-¢0 S0 ¢ 1I+0 60 €¢I CTITI0 S0 Vv 8'1-60 60 SI 9'1-+'0 Lo cl uerpau> 01 )<
o1 sy 01 ¢ 01 €€ 0’1 (44 01 (44 pasodxaupn

1searg
1o §9°0 - €L°0 - :onfea d puaiy,
€L0 IV ¢ €Lco0 ¢TI ¢ - 0 L'9=T0 'l 4 - 0 URIpow <
0cco 81 1 SI-80 Ve ¢ 91-6'0 Lt Vv €I-L0 6C S SI=6'0 9°¢ L ueIpow> 01 ()<
01T L 0T ¢ 0Tl 9 01 € 01 ¢ pasodxaun

urerg

D%Ss6 ¥dH N ID%S6 ¥dH N D% S6 ¥H N 1D % S6 dH N ID % S6 dH N

AMIN d1eyIukg

AMIN S1qn[oS

JMIN WSTeng

(31AN10S  T0 + dBAYIUAS) (IMIN PSLQ-10 A

(31qN[08 4 €°0 + WSTeNs) L AMIN PISed-TIO

QIS 100ULd AL

(swid) Jeaul] se) saInsodxd JMIA JOUI0 pue ‘Jedk JEpudled ‘Jep QIIY ‘00l JOJ SAIRLIBAOD M ‘4007—[#6] Polied o JOJ S[oPOW UOISSAISAI
x0D) Sursn JMIA PIseq-19Jem pue -[I0 0 dINSodxd SAIIR[NWIND PUB SINIOMOINE JAD—AAV[) S[EWSJ UT SAJIS Jooued AJI[EIIOW Pajod[as IoJ suone[dr asuodsar—amsodxa [eonofare) ¢ dfqe],

pringer

A



1080 Cancer Causes Control (2012) 23:1075-1082

for colon cancer risk, such as tramp oils, abrasive materi-
als, and metal particulates from the grinding and machining
processes, which are present with any MWF exposure.
Although we observed an elevated lung cancer risk in
external comparisons, in the internal comparisons the lung
cancer mortality rate was not associated with any MWF
exposure metric. The excess mortality rate for lung cancer
may be attributable to differences in the smoking patterns
of this cohort compared to Michigan women, but we could
not adjust for smoking in these analyses. Previous studies
have shown that the smoking rates for women can vary by
employment status and type of work, and thus, internal
comparisons are necessary [21]. The slightly elevated rates
of chronic obstructive pulmonary disease and ischemic
heart disease mortality provide additional support for
smoking as a primary role in the elevated lung cancer
SMR. Previous mortality and incidence studies of the
UAW-GM cohort have observed a protective effect with
lung cancer and water-based MWF exposure (a likely
surrogate for endotoxin exposure) in analyses that included
men and women [3, 7]. In this study, we found no evidence
for a protective effect with lung cancer, but our ability to
detect this association may have been limited by the lower
exposure levels for water-based MWF in this female cohort
compared to the incidence cohort (interquartile range, 75th
percentile—25th percentile: 0.7 vs. 2.8, respectively) [3].
In this study, there was limited evidence of an increased
risk of breast cancer mortality with MWF exposure. In
contrast, a previous nested case—control study of female
autoworkers in this cohort was modestly positive for soluble
MWEF [10]. There were several differences between the
present study and the earlier study of breast cancer in this
z | = © o — cohort. The previous study focused solely on breast cancer
and found the strongest association with exposure to soluble
fluid occurring in the decade prior to disease date (incidence
(n = 86) or mortality (n = 13)). The goal of the current
analysis was to estimate the association between oil- and
water-based fluid and death from several different cancers in
women; thus, we applied a 10-year lag in exposure to all
analyses to account for latency. By design, the current
analysis did not replicate the previously reported association;
however, the HR for breast cancer was weakly elevated in the
highest exposure category for straight MWF, which provides
modest support for the association with oil-based fluids.
Although a protective effect of ovarian cancer was
observed with water-based MWF exposure, we suspect that
the association seen here may represent unmeasured con-
founding from behavioral differences in the study popula-
tion. Ovarian cancer risk has been previously associated
with differences in oral contraceptive use and the number
of pregnancies [40]. Women with longer employment
duration or who worked in the more skilled operations
(e.g., machining or grinding), and thus achieve higher

0.06-4.1

0.5-3.9
0.5

0.53

1.3
1.0
0.5

N HR 95 % CI
4
9
0

Synthetic MWF

0.2-1.5
0.27
0.2-3.6
0.01-1.0
0.04

0.6
1.0
0.1

6
6
1

Soluble MWF
N HR 95 %CI

0.1-2.0

0.4-3.1

0.86
1.0 0.2-53

0.22

1.0
0.3

1.1

5
7
2
1

N HR 95%CI

Straight MWF

95 % CI
0.3-1.9
0.71

2-3
0.01-1.3
0.08

1.0

0.8
0.1

Water-based MWF® (synthetic + 0.2 * soluble)
HR
0.7

95 % CI
0.2-1.3
0.80
0.3-4.5
0.02-1.2
0.03

HR
0
1.0
2
0.2

Oil-based MWF? (straight + 0.3 * soluble)

>median

Trend p value:
>0 to <median
Trend p value:

Unexposed

>median

CI confidence interval, HR hazard ratio, MWF metalworking fluids

2 Median cumulative oil-based MWF = 0.55 mg m >
® Median cumulative water-based MWF = 0.33 mg m~—>

Table 3 continued
Mortality cancer site

Stomach
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cumulative exposures, may have different patterns of oral
contraceptives use or reproductive histories than their
colleagues with interrupted employment patterns or in the
lower exposed unskilled operations (e.g., assembly work).
The employment patterns differed for the unexposed
female autoworkers compared to the highest exposed
female autoworkers (mean employment duration, 23.5 vs.
26.5, respectively). These differences may be attributable
to reproductive history patterns, since working women
generally have lower parity and higher age at first birth
than nonworking women [21]. However, as is common in
retrospective industry-based studies, we were unable to
obtain information on nonoccupational risk factors and
thus cannot adjust for confounding by important repro-
ductive or other behavioral risk factors. Other challenges in
examining cancer risk in women, including difficulty in
outcome ascertainment due to name changes or diagnostic
misclassification on death certificates [21], are less likely to
be correlated with exposure patterns.

Evaluating the associations with overlapping components
of oil- and water-based MWF components was an innovation
of this study. However, these analyses assumed constant
weights for the contribution of soluble MWF that were chosen
from the best fitting models in previous analyses [3]. Incorrect
weights would introduce exposure misclassification and limit
our ability to see associations. Our results using these weights,
however, were consistent with the findings from analyses that
considered each MWF type on its own.

In summary, this study provides evidence of an associ-
ation between colon cancer and straight MWF exposure.
Because of the limited number of cases for these cancer
sites and the much lower MWF exposure levels experi-
enced by the women compared to the men, we were unable
to test whether there were gender differences in risk;
however, this study does provide estimates of the risk at the
lower end of the exposure-response scale. Evaluating the
risks separately for women allowed us to examine potential
associations with cancers of the reproductive system;
however, future studies of women’s occupational cancer
risks need to collect information on important risk factors,
especially reproductive histories.
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