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To assess whether differences in genetic susceptibility to oxidative
stress modify asbestos-related lung cancer risk (caused by lung inflam-
mation, free radical production), we examined possible interactions
between manganese superoxide dismutase (MnSOD) genotypes
and asbestos in a hospital-based case-control study of 811 white lung
cancer cases and 957 friend/spouse controls. Cumulative lifetime
asbestos exposure score (AES) was calculated from self-reported duration
and intensity of occupational and nonoccupational exposures. A total
of 13.5% of cases and 10% of controls had “high” AES (determined by
a priori cut point). The homozygous variant MnSOD genotype was
associated with increased lung cancer risk among individuals with zero
or “low” AES (odds ratio [OR], 2.14; 95% confidence interval [CI],
1.52–3.01) and no association (OR � 1.00; 95% CI � 0.36–2.73)
among the “high” AES group. We observed no statistically significant
interaction between MnSOD genotype and asbestos exposure for lung
cancer risk. (J Occup Environ Med. 2004;46:556–564)

E pidemiologic studies of occupational
cohorts1,2 (ie, asbestos miners,3–5 in-
sulation,6,7 construction and factory
workers8–13) and population based
case-control studies14–18 have con-
sistently observed increased lung
cancer risk associated with occupa-
tional asbestos exposure. The inter-
action between asbestos and smok-
ing has also been noted to be
approximately multiplicative.19 –23

Asbestosis and mesothelioma are
other major asbestos-related dis-
eases.24 The specific disease out-
come appears to depend on factors
that contribute to the site of deposi-
tion in the lung (ie, fiber type, length,
diameter),24 in addition to exposure
intensity and duration.

Inhaled asbestos fibers that are not
cleared from the lungs induce an
inflammatory response that lead to
cytotoxic, genotoxic, and prolifera-
tive effects. Fibers (�5 �m in
length, �3 �m in diameter) that are
incompletely phagocytosed become
trapped in the bronchiole and alveo-
lar ducts, causing tissue damage and
chronic airway inflammation.24,25

Activated alveolar macrophages ag-
gregate at the site of injury releasing
oxygen-free radicals, which are im-
portant in cell signaling but also
cause cellular damage.25 Activated
macrophages also release various
growth factors (eg, platelet-derived
growth factors, insulin-like growth
factor-1, fibroblast growth factor)
and cytokines (eg, procollagen),
leading to fibrosis as a part of
chronic inflammation.25 These pro-
cesses suggest possible tumor initia-
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tion and promoter mechanisms for
asbestos.

Adsorption of tobacco carcinogens
(eg, benzo(a)pyrene [BAP]) by as-
bestos fibers could enhance the car-
cinogenic potential of the fibers and
is a possible mechanism for the ob-
served interaction between asbestos
and smoking exposure.25 The combi-
nation of asbestos fibers and BAP,
given intratracheally, induced tumor
formation in hamsters.26 At the cel-
lular level, the combination of ciga-
rette smoke and asbestos fiber has
been shown to induce hydroxyl rad-
icals and DNA strand breaks in
vitro27 and in vivo.28

Manganese superoxide dismutase
(MnSOD) is an enzyme that specifi-
cally removes superoxide radicals in
the mitochondria.29 The gene con-
tains a common polymorphism (ie,
Ala16Val MnSOD), and we have pre-
viously shown that the Val allele was
associated with increased lung can-
cer risk in the current study popula-
tion.30 Although the function of the
polymorphism is unknown, some
studies suggest that the variant Val
allele could be associated with de-
creased transport of the protein into
its site of action, resulting in de-
creased enzyme activity.31,32 Super-
oxide dismutases or free radical
scavengers prevent asbestos-related
cell injury in vitro.33,34 Asbestos fi-
bers have also been observed to in-
duce expression35 and to increase
protein levels of MnSOD in rat
lungs.36

Few studies have examined inter-
actions between past asbestos expo-
sure and polymorphisms in genes
involved in response to oxidative
stress or metabolism of carcinogens
for lung cancer risk. Analysis and
interpretation have been hindered by
small numbers of occupationally ex-
posed individuals in population-
based studies. A recent pooled anal-
ysis did not observe an interaction
between occupational asbestos expo-
sure and glutathione S-transferase
mu-1 and theta-1 (GSTM1, T1) ge-
notypes in lung carcinogenesis.37

Earlier smaller studies observed pos-

sible but statistically nonsignificant
effect modification by GSTM138 and
CYP2D6,39 whereas findings from a
more recent study suggested effect
modification by myeloperoxidase
(MPO) among individuals with a his-
tory of smoking and/or asbestos ex-
posure.40 A study in a small Finnish
population of asbestos insulation
workers reported no significant asso-
ciation between MnSOD Val geno-
type and asbestos-related pulmonary
diseases (ie, mesothelioma, asbesto-
sis, and/or pleural plaques),41 al-
though the direction of risk associ-
ated with the MnSOD Val allele was
increased for mesothelioma and de-
creased for asbestosis and/or pleural
plaques. To date, no published stud-
ies have assessed possible effect
modification by MnSOD genotype
on asbestos-associated lung cancer
risk.

We evaluated the potential interac-
tion between the MnSOD genotype
and asbestos exposure in a hospital-
based case-control lung cancer study
in Boston, Massachusetts. The cur-
rent study is an extension of our
previous report on the MnSOD geno-
type and lung cancer risk in this
same population.30 Because the
MnSOD enzyme could play an im-
portant role in the body’s normal
response to cigarette smoke and as-
bestos exposure, less efficient func-
tioning associated with the MnSOD
Val allele could lead to increased
lung cancer risk through superoxide
radical accumulation in lung tissue.
We hypothesized that individuals
with higher levels of total asbestos
exposure (ie, from occupational and
environmental sources), along with
the variant Val allele of MnSOD and
exposure to tobacco smoke, have the
greatest lung cancer risk.

Methods

Study Population
Participants in this study were en-

rolled between December 1992 and
September 2000 as part of an ongo-
ing hospital-based case-control study
conducted at Massachusetts General

Hospital, in Boston, Massachusetts.
The study was approved by the In-
stitutional Review Boards at both
Massachusetts General Hospital and
Harvard School of Public Health.
Eligible cases were individuals 18
years or older who were seen at the
Massachusetts General Hospital in
the Thoracic Surgery, Thoracic On-
cology, or Pulmonary Units for
newly diagnosed primary lung can-
cer. Histologic confirmation of all
case diagnoses was determined by a
lung pathologist. Controls were re-
cruited among the friends and non-
blood-related family members of the
lung cancer cases with no specific
matching characteristics. When such
individuals were not available, con-
trols were recruited among friends
and nonblood-related family mem-
bers of nonlung cancer patients ad-
mitted to the cardiothoracic wards.

Data Collection
A detailed health questionnaire

was completed for each case and
control by a trained interviewer at
the time of recruitment. For all par-
ticipants with missing questionnaire
information, attempts were made to
contact the individual by telephone
and obtain more complete data. The
questionnaire, a modified version of
the standardized American Thoracic
Society respiratory questionnaire,42

was used to obtain information on
demographics, medical history, fam-
ily history of cancer, specific smok-
ing history, and detailed work his-
tory, including job titles and tasks.
Specific smoking-related informa-
tion included duration (in years) and
intensity (the average cigarettes
smoked daily over those years) of
smoking and time since quitting (in
years) for exsmokers. Pack-years,
used as a measure of cumulative
smoking exposure, was defined as
the average packs smoked per day
multiplied by the number of years
smoked. Peripheral blood specimens
were collected in EDTA and sili-
cone-coated tubes at the time of in-
terview. Details on MnSOD genotyp-
ing based on polymerase chain
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reaction pyrosequencing methods
have been reported previously.30

Asbestos Exposure Assessment
Participants were first asked if

they had “ever” been exposed to
asbestos in their lifetime. (“Have you
ever been exposed, on or off the job,
to asbestos (even if one time)? In-
clude childhood exposure.”) If they
answered “yes,” then detailed infor-
mation on the type (both occupa-
tional and environmental sources of
asbestos exposure), frequency (year-
round, seasonal, occasional), and
dates of asbestos exposure was col-
lected.

In this study population, a cumu-
lative lifetime asbestos exposure
score was previously developed and
validated.43 A high asbestos expo-
sure score (ie, �10) correlated well
with the presence of pleural and pa-
renchymal abnormalities on chest x-
rays or computed tomography scans
in a series of lung cancer cases from
our study population.43 Cumulative
asbestos exposure was calculated as
the product of the intensity, duration,
and frequency of exposure summed
over all reported exposure periods.
Scores for environmental and occu-
pational sources of asbestos expo-
sure were first calculated separately
and then combined to form a total
asbestos exposure score. For occupa-
tional sources of asbestos exposure,
changes in federal regulation of as-
bestos use and handling over specific
time periods (ie, pre-1965, 1965–
1972, and post-1972) were also ac-
counted for using predetermined
weights (ie, 4, 2, and 1, respectively).
These weights were originally devel-
oped based on asbestos exposure in
the New England building construc-
tion trades.44

Predetermined weights given for
the intensity of exposure were based
on a scale of 0 to 2 for environmental
sources of exposure and 4 to 6 for
occupational sources of exposure.
The corresponding weights for the
following reported examples of as-
bestos exposure sources are: “0” for
living in a house with asbestos sid-

ing, “2” for washing asbestos-
covered clothing at home, and “5”
for working as a longshoreman. A
list of specific industries and jobs or
activities, determined a priori to be
associated with asbestos exposure,
along with their corresponding
weights, are listed in Appendix Table
1. Each reported asbestos exposure
source was assessed by this prespeci-
fied list, and responses not listed
were evaluated and assigned a score
based on the expertise of the princi-
pal investigator of the study (Dr.
Christiani), who was blinded to case
status. Individuals who reported
never being exposed to asbestos
were given a total asbestos score of
zero. In addition, individuals who
answered “yes” to ever being ex-
posed to asbestos, but whose re-
ported source of asbestos exposure
was determined to be inconsequen-
tial (ie, corresponding to weight � 0
for intensity), could also have a total
asbestos score of zero. Weights for
frequency of exposure were as fol-
lows: year-round exposure � 1, sea-
sonal � 0.5, occasional � 0.125.

Statistical Analysis
From our original study popula-

tion, only individuals with complete
information on age, sex, and smok-
ing variables were included. Because
�96% of our study population was
white, we restricted our analysis to
whites. Finally, we excluded those
individuals who reported that they
“did not know” if they had ever been
exposed to asbestos (n � 363; ap-
proximately 14%) or those with
missing asbestos scores (n � 203).
Analysis of asbestos exposure,
smoking, and lung cancer was then
conducted on 1950 individuals (966
cases and 984 controls). In our anal-
ysis of the interaction between
MnSOD genotype and asbestos, an
additional 182 individuals without
MnSOD genotype data (as a result of
insufficient DNA or unsuccessful
MnSOD genotyping) were excluded,
leaving 1768 individuals (811 cases,
957 controls).

Associations among asbestos ex-
posure, smoking, MnSOD genotype,
and lung cancer were evaluated us-
ing logistic regression to calculate
the odds ratios (ORs) and 95% con-
fidence intervals (CIs). MnSOD ge-
notype was classified as wild-type
Ala/Ala, heterozygous Ala/Val, or
homozygous variant Val/Val. Co-
variates in our adjusted models in-
cluded age (continuous), sex, smok-
ing status (non-, ex-, current), square
root of pack-years, and years since
quitting for exsmokers. Previous re-
ports on this study population have
determined that this set of variables
most appropriately models these po-
tential confounders.45

The asbestos exposure score was
dichotomized (“high” vs. “no or
low”) based on cutpoints determined
by our previous validation study.43

Individuals with a score �10 were
defined as having a high asbestos
exposure score (HAES). Individuals
in the “no or low” asbestos exposure
score (LAES) category had a total
asbestos exposure score �10 includ-
ing a score of zero and were consid-
ered the reference group. To limit the
effects of misclassification in our
unexposed reference group, we also
used a more stringent definition for
this group by restricting it to individ-
uals who reported “never” being ex-
posed to asbestos in their lifetime. In
analysis based on 3 exposure catego-
ries (ie, never, low, high), the low-
exposure group was then defined as
individuals who reported being ex-
posed at least once during their life-
time and having an asbestos score
�10 including zero, whereas the
high asbestos exposure group re-
mained the same. The asbestos expo-
sure score was divided into 4 catego-
ries to test for trend. The 4 categories
consisted of individuals with an as-
bestos score � 0 and the following
tertiles among those with an asbestos
scores greater than 0: �0–7, �7–38,
�38).

In analyses stratified by both
smoking status and asbestos expo-
sure together, the smoking variable
was dichotomized into “recent” (ie,
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current smoker and exsmokers who
had quit smoking for 10 or fewer
years) versus “never/remote past”
smokers (ie, nonsmokers and exs-
mokers who had quit for more than
10 years) to allow for sufficient num-
bers of observations. Formal tests for
interaction were conducted using the
Wald or the likelihood ratio test
(LRT) as appropriate.

Results
In our study population, 13.5% of

cases and 10% of controls had a high
asbestos exposure score. Individuals
with a high asbestos exposure score
(HAES) were exposed mainly
through occupational sources of as-
bestos. The total asbestos score cor-
related strongly with the occupa-
tional asbestos score (Spearman
correlation coefficient; r � 0.82,
P � 0.001) and moderately with the
environmental asbestos score (Spear-
man correlation coefficient; r �

0.51, P � 0.001). Asbestos scores
ranged from 0 to 852 and among 689
individuals who reported “ever” be-
ing exposed to asbestos, 45% had an
asbestos score of “0” when deter-
mined by self-reported details of the
type, frequency, and duration of ex-
posure.

The distribution of case status, de-
mographic and smoking factors
among groups of never, low, and
high asbestos exposure categories
are shown in Table 1. A greater
proportion of individuals in the high
asbestos exposure group were cases
(57% vs. 50% in the low or 48% in
the never-exposed groups). Signifi-
cantly more were men (86% vs. 54%
and 43% among the low and never-
exposed groups, respectively) and
slightly older aged (mean age of 65
vs. 61–62 years in the never and
low-exposure groups). The high as-
bestos exposure group had fewer
nonsmokers (8% vs. 22–23% in the

other 2 groups). Among ever-
smokers, those in the high asbestos
exposure group had the greatest cu-
mulative smoking exposure (62 vs.
46–49 pack-years), smoked more in-
tensely and for a greater number of
years. Among controls only, older
age, smoking (based on pack-years),
and being male were positively and
significantly associated with having
a HAES and therefore were consid-
ered as potential confounders for the
association between asbestos and
lung cancer. MnSOD genotype was
independent of asbestos exposure
among our controls.

Initially, high asbestos exposure
was associated with increased lung
cancer risk (OR � 1.4); however,
this estimate was attenuated after
adjustment for age, sex, and addi-
tional smoking factors (ie, square
root of pack-years, years quit for
exsmoker) as confounders (Table 2).
After adjustment for smoking, HAES

TABLE 1
Distribution of Demographics, Smoking Characteristics, and Case Status Among Asbestos Exposure Groups

Never Exposed
to Asbestos

Ever Exposed to Asbestos

Low* High†

Total (n � 1950) n � 1261 n � 461 n � 228
Case (no. [%]) 604 (47.9) 232 (50.3) 130 (57.0)
Controls (no. [%]) 657 (52.1) 229 (49.7) 98 (43.0)

Gender�
Women (no. [%]) 714 (56.6) 214 (46.4) 32 (14.0)
Men (no. [%]) 547 (43.4) 247 (53.6) 196 (86.0)

Smoking status¶
Nonsmoker (no. [%]) 285 (22.6) 100 (21.7) 19 (8.3)
Exsmoker (no. [%]) 590 (46.8) 232 (50.3) 139 (61.0)
Current smoker (no. [%]) 386 (30.6) 129 (28.0) 70 (30.7)

Age‡§ 62.3 � 12.3 60.7 � 11.6 64.7 � 10.3
64.3 (18.7–96.3) 62.0 (26.7–90.7) 66.0 (34.8–87.9)

Total asbestos score‡§ 0 � 0 1.1 � 2.4 113.4 � 154.2
0 0 (0–10) 43 (10.25–852)

Occupational asbestos score‡§ 0 � 0 0.6 � 1.9 108.9 � 156.8
0 (0–10) 40 (0–852)

Among ever smokers N � 976 N � 361 N � 209
Pack-years‡ 45.8 � 34.8 48.7 � 36.4 62.3 � 43.5
Cigarettes per day‡ 25.2 � 14.8 28.0 � 17.0 32.5 � 17.8
Years smoked‡ 34.4 � 14.6 32.8 � 14.1 36.8 � 13.5

Among exsmokers N � 590 N � 232 N � 139
Years quit‡ 16.5 � 11.9 16.7 � 11.2 16.8 � 12.0

* Total asbestos score �10, including score of zero.
† Total asbestos score �10.
‡ Mean � standard deviation.
§ Median (minimum value-maximum value).
� Chi-square, P � 0.001 (2 df); MH test for trend P � 0.001.
¶ Chi-square P � 0.001 (4 df); MH test for trend P � 0.03.
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was associated with a small but sta-
tistically nonsignificant reduction in
lung cancer risk (OR � 0.79; 95%
CI � 0.56–1.11). The test for linear
trend was not significant (P � 0.36).
We observed similar findings after
restricting our analysis to individuals
reporting occupational sources of as-
bestos only or to men only. Increas-
ing the cutpoint used to define the
high asbestos group to limit possible
misclassification in this group also
did not markedly change our find-
ings. For example, the adjusted esti-
mate for a total asbestos score of 38
or greater (based on asbestos divided
into 4 categories) versus a score of
zero was OR � 0.76.

When we evaluated asbestos expo-
sure according to the categories of

never, low, and high (Table 2), the
results for the HAES group com-
pared with this new reference group
did not change substantially (OR �
0.84; 95% CI � 0.59–1.18). The low
asbestos exposure group was associ-
ated with a slightly greater, but sta-
tistically not significant, risk of lung
cancer (OR � 1.20; 95% CI � 0.92–
1.55) compared with individuals
never exposed to asbestos.

Previous studies have reported a
synergistic effect of asbestos and
smoking; therefore, we examined
possible effect modification of as-
bestos exposure and lung cancer risk
by smoking status (Table 3). In the
unadjusted models, HAES compared
with the reference group of a “no or
low” asbestos score was associated

with greater lung cancer risk among
current smokers only (OR � 1.52)
and a weak or null association
among non- or exsmokers (OR �
1.13 and 1.01, respectively). After
adjusting for confounders, we ob-
served nonsignificant reductions in
lung cancer risk associated with
HAES among non-, former, and cur-
rent smokers. The observed HAES
association with lung cancer was not
significantly different by smoking
status (LRT [2 df]: P � 0.57). An
additional test for interaction that
modeled smoking as a continuous
variable (ie, pack-years) was also not
statistically significant (Wald test,
P � 0.81). However, the magnitude
of risk associated with a “low” as-
bestos exposure score was greater

TABLE 2
Association Between Asbestos Exposure and Lung Cancer

Asbestos Exposure No. of Cases† No. of Controls† Unadjusted Odds Ratio Adjusted Odds Ratio*

Total asbestos score‡
No/low 836 886 1.0 1.0
High 130 98 1.41 (1.06–1.86) 0.79 (0.56–1.11)

Total asbestos score‡
Never 604 657 1.0 1.0
Low 232 229 1.10 (0.89–1.36) 1.20 (0.92–1.55)
High 130 98 1.44 (1.09–1.92) 0.84 (0.59–1.18)

* Adjusted for age, sex, smoking status (non-, ex-, current), square root pack-years, years quit.
† Sample size used in adjusted models.
‡ n � 1950 (966 cases, 984 controls).

TABLE 3
Asbestos and Lung Cancer Association Stratified by Smoking Status

Asbestos Exposure
Score

Nonsmokers* OR (95% CI)
No. of Cases/No. of Controls

Exsmokers† OR (95% CI)
No. of Cases/No. of Controls

Current smokers‡ OR (95% CI)
No. of Cases/No. of Controls

Total asbestos score
No/low§ 1.0 1.0 1.0

55/330 435/387 346/169
High 0.87 (0.24–3.24) 0.74 (0.49–1.13) 0.89 (0.46–1.75)

3/16 74/65 53/17
Likelihood ratio test for interaction (2 df): P � 0.57
Total asbestos score

Never§ 1.0 1.0 1.0
41/244 310/280 253/133

Low 1.05 (0.54–2.05) 1.20 (0.85–1.71) 1.31 (0.80–2.14)
14/86 125/107 93/36

High 0.88 (0.24–3.32) 0.78 (0.51–1.21) 0.96 (0.48–1.91)
3/16 74/65 53/17

* Adjusted for age, sex.
† Adjusted for age, sex, square root pack-years, years since quitting smoking.
‡ Adjusted for age, sex, square root pack-years.
§ Reference group.
OR, odds ratio; CI, confidence interval.
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among former and current smokers
(OR � 1.20 and 1.31, respectively)
compared with nonsmokers (OR �
1.05), suggesting some evidence for
synergy between smoking and asbes-
tos exposure in our study population.

We have reported previously that
the MnSOD Val allele is positively
associated with lung cancer risk in
this same study population.30 Indi-
viduals who were heterozygous (Ala/
Val) or homozygous variant (Val/
Val) had a greater risk of lung cancer
(OR � 1.34 and 1.67, respectively)
compared with individuals with the
wild-type MnSOD genotype (Ala/
Ala). Similarly, the Val/Val genotype
was associated with increased lung
cancer risk (OR � 2.14; 95% CI �
1.52–3.01) among individuals with
“no or low” asbestos exposure (Ta-
ble 4). Among individuals in the
HAES group, we observed no asso-
ciation (OR � 1.00; 95% CI �
0.36–2.73) for the Val/Val genotype.
An intermediate effect estimate was
observed for heterozygotes only
among those in the “no or low”
asbestos exposure group. The test for
interaction between the asbestos
score and MnSOD genotype was not
statistically significant (LRT, P �
0.20; or Wald test, P � 0.13 assum-
ing the MnSOD genotype is modeled
as an ordinal variable).

We observed a similar pattern for
the associations between the MnSOD
genotype and lung cancer among in-
dividuals stratified by their com-
bined exposure to asbestos (high or

no/low) and tobacco (defined as ei-
ther a recent smoker or never/remote
past smoker). Among individuals
with both the lowest asbestos and
tobacco exposures, having 1 or more
MnSOD Val allele was associated
with a doubling of lung cancer risk
(OR � 2.15; 95% CI � 1.40–3.29).
Intermediate risks were observed
among individuals with intermediate
levels of combined asbestos and to-
bacco exposures (ORs � 1.63 and
1.21). Among individuals with both
the greatest asbestos and smoking
exposures, having 1 or more MnSOD
Val allele conferred a reduction in
lung cancer risk that was not statis-
tically significant (OR � 0.81; 95%
CI � 0.27–2.42).

Discussion
In our study population, high as-

bestos exposure levels, based on a
cumulative lifetime asbestos expo-
sure score, increased lung cancer risk
significantly by 40% in our unad-
justed analysis. However, after ad-
justing for smoking, the high asbes-
tos exposure score was no longer
statistically associated with lung can-
cer and instead suggested a reduction
in risk of 20%. We did not observe a
significant interaction between high
asbestos exposure and smoking in
our study population. However, low-
level asbestos exposure was associ-
ated consistently with a proportion-
ally greater lung cancer risk among
current smokers and former smokers
than among nonsmokers. The MnSOD

Val allele was associated with an in-
creased lung cancer risk among indi-
viduals with “no or low’ asbestos ex-
posure score (OR � 2.14) compared
with risk among individuals with a
HAES (OR � 1.00). However, the
confidence intervals around the geno-
type effect estimate among HAES in-
dividuals were wide as a result of the
small sample size in this group, mak-
ing it difficult to determine if the ge-
notype association was truly different
by asbestos exposure. The test for in-
teraction between MnSOD genotype
and asbestos exposure was not statisti-
cally significant.

Differential loss of potential cases
resulting from differences in survival
until time of lung cancer onset could
explain the consistent but not signif-
icant reduction in risk associated
with the high asbestos exposure
score in this study population. This
bias is also suggested by the lack of
an effect of HAES among current
smokers, in whom we would expect
the greatest increased risk as a result
of the interaction between smoking
and asbestos. “Survival bias” sug-
gests that individuals with high as-
bestos and smoking exposures are
underrepresented in our study popu-
lation. Given that the time period
when asbestos exposure was the
greatest in the Boston area (1930–
1970s), those with high asbestos and
smoking exposure could have al-
ready died of lung cancer or other
asbestos-related pulmonary disease
(eg, asbestosis, pulmonary fibrosis).

TABLE 4
MnSOD Genotype and Lung Cancer Association Stratified by Asbestos Exposure (no or low vs. high)*

MnSOD Genotype
No/Low Asbestos Exposure OR (95% CI)

No. of Case/No. of Controls
High Asbestos Exposure OR (95% CI)

No. of Case/No. of Controls

Ala/Ala† 1.0 1.0
144/236 29/19

Ala/Val 1.71 (1.27–2.31) 0.88 (0.38–2.03)
363/428 50/54

Val/Val 2.14 (1.52–3.01) 1.00 (0.36–2.73)
201/197 24/23

Wald test for interaction: P � 0.13
Likelihood ratio test for interaction (2 df): P � 0.20

* Adjusted for age, sex, exsmoker, current smoker, square root pack-years, years since quitting smoking.
† Reference group.
OR, odds ratio; CI, confidence interval.
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Therefore, they would be underrep-
resented in our case population be-
cause they would have died before
they could be recruited into our study
in the 1990s. We did observe the
expected weak increased risk associ-
ated with low asbestos exposure,
which suggests that only individuals
with high asbestos exposure are un-
derrepresented as lung cancer cases
in this population.

The prevalence of high asbestos
exposure in our population (13.5% of
cases and 10% of controls) was
slightly lower than the prevalence of
occupational asbestos exposure re-
ported in a population based case-
control study of U.S. whites (17.5%)
and blacks (23%) in Los Angeles,
California37 where subjects were en-
rolled in the early 1990s. An earlier
study conducted in the mid-1970s16

enrolled population controls living
near a Southern coastal region of the
United States, where large shipyards
similar to Boston, Massachusetts,
were located during World War II.
They reported that 33% of their pa-
tients with lung cancer and 25%
controls had worked at least 6
months in the shipbuilding industry.
Because the pattern of asbestos ex-
posure has changed in the last 4
decades in the United States, recent
population-based studies of asbestos
exposure could be limited in their
ability to evaluate the effects of as-
bestos in this specific group because
of the low prevalence of highly ex-
posed individuals.

Over- or underreporting for past
asbestos exposure and variation in
true exposure for similar industry or
job descriptions could have contrib-
uted to misclassification in our study.
For example, respirator use or a per-
son’s proximity to the main source of
asbestos exposure at their job site
would affect the probability of expo-
sure. Detailed information obtained
from our open-ended question on
asbestos exposure allowed us to ac-
count for some but not all of this
variation. Generally, we would ex-
pect errors in reporting of exposure
to be random, which would bias

estimates toward the null. Limiting
the extent of possible misclassifica-
tion, by restricting our analysis to
individuals at the extreme ends of the
exposure spectrum where misclassi-
fication was less likely (ie, occupa-
tional asbestos exposure only; using
a greater threshold value to define
high exposure; using a more strin-
gent definition for the unexposed
group), did not change the magnitude
and direction of our observed asso-
ciation for asbestos exposure. Recall
bias is unlikely because we would
expect cases to overreport past as-
bestos exposure, leading to an over-
estimate of risk associated with high
asbestos exposure, not what we ob-
served in this study.

Smoking is a highly correlated
confounder for asbestos. Adjustment
for smoking factors altered the direc-
tion of the effect estimates for asbes-
tos exposure and could have ob-
scured any increased risk associated
with asbestos in our logistic models.

The use of friend or spouse con-
trols could have led to our controls
being more similar to our cases with
respect to asbestos exposure. For ex-
ample, friends of cases could have
similar occupations (eg, firefighters),
whereas wives of husbands who
work in asbestos-exposed industries
were likely to report some low level
of asbestos exposure based on asbes-
tos brought home by their husbands,
resulting in an underestimate for the
effect of asbestos. However, our es-
timate for the interaction between
asbestos and the MnSOD genotype
should not be affected assuming the
factors are independent of each other
(ie, the MnSOD genotype distribu-
tion for our controls within each
level of asbestos exposure represents
the distribution in the general popu-
lation).46

We observed a doubling of lung
cancer risk associated with the
MnSOD Val allele compared with
the homozygous Ala allele as the
reference group among the “no or
low” asbestos exposure score group
and no association for the MnSOD
genotype among the HAES group. A

similar pattern was observed on fur-
ther stratification by combined as-
bestos and smoking exposures. It is
biologically plausible that the effect
of the MnSOD genotype on lung
carcinogenesis could be more visible
at low levels of asbestos and tobacco
exposure. The balance of oxidative
species in the mitochondria is an
important mechanism in the regula-
tion of apoptosis,47,48 and very high
exposure to carcinogens could lead
directly to cell death rather than tu-
mor transformation.

Our results could also be ex-
plained by lung cancer cases related
to both high asbestos and smoking
exposure that were not captured in
our study as discussed previously.
Because individuals with the
MnSOD Val allele are also more
likely to develop lung cancer, there
could be a greater proportion of in-
dividuals with HAES and the Val
allele who were not captured in our
study. This would lead to an under-
estimate of the true risk associated
with the MnSOD genotype among
HAES, arguing against an interac-
tion. Further studies in populations in
whom asbestos exposure is still prev-
alent and all developing lung cancer
cases can be captured could provide
further clarification on our findings.

Given our sample size of 811
cases and approximately an equiva-
lent number of controls, we had 72%
power to detect an interaction of
magnitude 2.5 assuming an OR �
1.5 for the MnSOD genotype (Val/
Val vs. Ala/Ala) and an OR � 1.5 for
the HAES versus no/low asbestos
exposure group.49 We used the ap-
proximate observed proportion of
HAES (15%) and MnSOD Val/Val
genotype (25%) from our study pop-
ulation for these calculations. This
study had fairly good power to detect
moderate to large interactions be-
tween MnSOD and asbestos; how-
ever, larger sample sizes with higher
proportions of highly exposed indi-
viduals are needed to evaluate poten-
tial interactions of smaller magni-
tude.
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In conclusion, in this study of 811
lung cancer cases and 957 controls,
we initially observed a 40% in-
creased lung cancer risk for high
levels of past asbestos exposure
through combined environmental
and occupational sources. However,
after adjusting for multiple smoking-
related factors, high asbestos expo-
sure was associated with a nonsignif-
icant reduction in risk. We observed
no significant interaction between
asbestos exposure and the MnSOD
genotype, although having at least 1
MnSOD Val allele doubled an indi-
vidual’s lung cancer risk among
those with “no or low” levels of
asbestos exposure and was associ-
ated with a null effect among indi-
viduals with high asbestos exposure.
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APPENDIX I.
List of Specific Asbestos-Related In-
dustries, Jobs, or Activities and the
Corresponding Intensity Factor Used
in Calculation of Asbestos Scores

Industries
Intensity
Factor

Construction 5
Job or activities

Boilermaking 5
Building maintenance 4
Carpentry 4
Demolition of buildings 4
Drywall hanging 4
Foundry work 5
Insulation installation 6
Iron/steel manufacturing 5
Pipefitting 5
Pipe covering/insulating 6
Shipbuilding/repair 6
Smelting 4
Tunnel construction 4
Welding 4
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