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Abstract
Background—The role of silicosis as ei-
ther a necessary or incidental condition in
silica associated lung cancer remains un-
resolved. To address this issue a cohort
analysis of dose-response relations for
crystalline silica and lung cancer mortality
was conducted among diatomaceous earth
workers classified according to the pres-
ence or absence of radiological silicosis.
Methods—Radiological silicosis was de-
termined by median 1980 International
Labour Organisation system readings of a
panel of three “B” readers for 1809 of 2342
white male workers in a diatomaceous
earth facility in California. Standardised
mortality ratios (SMR) for lung cancer,
based on United States rates for 1942–94,
were calculated separately for workers
with and without radiological silicosis
according to cumulative exposures to
respirable crystalline silica (milligrams
per cubic meter × years; mg/m3-years)
lagged 15 years.
Results—Eighty one cases of silicosis were
identified, including 77 with small opaci-
ties of >1/0 and four with large opacities.
A slightly larger excess of lung cancer was
found among the subjects with silicosis
(SMR 1.57, 95% confidence interval (CI)
0.43 to 4.03) than in workers without
silicosis (SMR 1.19, 95% CI 0.87 to 1.57).
An association between silica exposure
and lung cancer risk was detected among
those without silicosis; a statistically sig-
nificant (p = 0.02) increasing trend of lung
cancer risk was seen with cumulative
exposure, with SMR reaching 2.40 (95% CI
1.24 to 4.20) at the highest exposure level
(>5.0 mg/m3-years). A similar statistically
significant (p = 0.02) dose-response grad-
ient was observed among non-silicotic
subjects when follow up was truncated at
15 years after the final negative radio-
graph (SMR 2.96, 95% CI 1.19 to 6.08 at
>5.0 mg/m3-years), indicating that the
association among non-silicotic subjects
was unlikely to be accounted for by unde-
tected radiological silicosis.
Conclusions—The dose-response relation
observed between cumulative exposure to
respirable crystalline silica and lung can-
cer mortality among workers without
radiological silicosis suggests that silicosis
is not a necessary co-condition for silica
related lung carcinogenesis. However, the
relatively small number of silicosis cases

in the cohort and the absence of radio-
graphic data after employment limit in-
terpretations.
(Thorax 1999;54:56–59)
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The International Agency for Research on
Cancer (IARC) recently concluded that there
is suYcient evidence that inhaled crystalline
silica is a human lung carcinogen.1 Pronounced
increases in the risk of lung cancer have been
documented consistently among cohorts of
registered or hospitalised silicotic subjects,2

and data from these studies were regarded as
supportive evidence by the IARC.1 However,
the potential for selection and confounding
biases in epidemiological studies of registered
silicotic subjects has been noted.3 In a recent
review of the literature on crystalline silica and
lung cancer Weill and McDonald4 reported
that, among defined occupational cohorts,
there was little evidence of excess risk among
workers without silicosis. One interpretation of
this observation is that the increase in lung
cancer limited to subjects with silicosis is con-
sistent with a dose-response relation with crys-
talline silica, assuming that silicotic subjects
typically have the highest exposures. Alterna-
tively, pulmonary fibrosis may play a necessary
contributory role in lung carcinogenesis, which
would imply that those with silicosis represent
a susceptible subgroup. The latter explanation
finds support from investigations showing that
other types of lung fibrosis are associated with
excess lung cancer. In studies of workers in the
manufacture of asbestos products5 and asbes-
tos miners,6 excess lung cancer was detected
only among those with radiographic5 or
pathological6 asbestosis. Furthermore, excep-
tionally high risks of lung cancer have been
observed in patients with idiopathic pulmonary
fibrosis.7 In any case, clarification of the
relation between silicosis and lung cancer risk
would improve the understanding of the
underlying biological mechanisms of lung car-
cinogenicity and would have important impli-
cations for establishing acceptable occupa-
tional exposure levels.

Data from a cohort study of mortality and
radiographically identified silicosis among dia-
tomaceous earth workers8 9 provided a valuable
opportunity to examine the association be-
tween crystalline silica exposures, pulmonary
fibrosis, and lung cancer. A particular advan-
tage of our study is the availability of both
quantitative exposure estimates and historical
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radiographs for a large segment of the cohort
that permitted determinations of the temporal
relations between exposure, the onset of radio-
graphic abnormalities, and risk of lung cancer.
Our objective was to estimate dose-response
relations of crystalline silica and lung cancer
among workers with and without radiographic
evidence of silicosis. These analyses were
intended to address the issue of the necessity of
silicosis for an increased silica related risk of
lung cancer.

Methods
STUDY SETTING AND POPULATION

Details of the original cohort mortality and
silicosis studies have been described previ-
ously8 9 and will only be summarised briefly
here. The study was conducted among workers
from one diatomaceous earth mining and
processing facility in Lompoc, California. Dia-
tomaceous earth, which is derived from skeletal
remains of diatoms, has been mined at the
plant since 1908. Calcining of the ore produces
a final product consisting of 10–60% crystal-
line silica, mainly in the form of cristobalite.
The cohort included 2342 white men em-
ployed for at least 12 months cumulative serv-
ice and at least one day between 1 January
1942 and 31 December 1987. Mortality follow
up of the cohort was performed from 1 January
1942 to 31 December 1994, during which time
77 deaths from lung cancer were identified.8

RADIOGRAPHIC DETERMINATION OF SILICOSIS

There were 1809 men (77%) for whom
readable chest radiographs were available from
the company’s radiographic surveillance pro-
gramme that has been in eVect since the 1930s.
This number excludes 169 workers whose only
radiographs were taken at the time of hire or
within the first month of employment; three of
these workers, one of whom died from lung
cancer, had initial radiographs consistent with
pneumoconiosis.9 Final radiographs of accept-
able quality were read by a panel of three expe-
rienced “B” readers according to the 1980
International Labour Organisation (ILO) sys-
tem10 to identify the prevalence of pneumoco-
niosis, defined as either median ILO profusion
category 1/0 and higher or the presence of large
opacities. Dates of silicosis onset for the cases
were estimated as the median dates of the
initial films with ILO category 1/0 or higher or
large opacity, based on three readers’ reviews of
earlier radiographs. There were 81 cases of

pneumoconiosis, 77 with small opacity profu-
sion scores of 1/0 and higher and four with
large opacities. The mean age at onset was 42
years (range 26–65). Among the 77 cases of
silicosis with small opacities there were 62
(81%) with median ILO profusion scores of
1/0 to 1/2, eight (10%) with category 2/1, and
seven (9%) with category 2/2 and higher.9

ESTIMATION OF CRYSTALLINE SILICA EXPOSURE

The cumulative exposures of members of the
cohort to respirable crystalline silica were esti-
mated from historical occupational hygiene
data linked to detailed employment records.8

Linear regression modelling was applied to
estimate job and time period specific exposure
intensities in units of milligrams per cubic
meter (mg/m3), taking into account temporal
diVerences in occupational hygiene techniques
including the change from impinger to gravi-
metric dust measurement methods.11

STATISTICAL ANALYSIS

Observed lung cancer mortality among work-
ers, classified according to the presence or
absence of radiological silicosis, was compared
with expected values based on rates for white
men in the USA during 1942–97. These com-
parisons were expressed as standardised mor-
tality ratios (SMRs) adjusted for age and
calendar year. For workers identified as cases of
radiological silicosis, person-years of observa-
tion were assigned to the non-silicosis category
until the dates of onset of silicosis to maintain
the appropriate time dependency in the analy-
sis. There were 70 cases of silicosis in whom
onset of the disease occurred after the start of
follow up (1942), who thus contributed
person-years to both the non-silicosis and sili-
cosis groups; the remaining 11 cases of silicosis
were diagnosed before 1942 and contributed
all person-years to the silicosis group. As in the
earlier report,8 exposures were lagged by 15
years to allow for disease latency. Trends of
SMRs by cumulative exposure were tested for
statistical significance, assuming that observed/
expected ratios followed an exponential func-
tion with cumulative exposure.12

Results
As shown in table 1, the lung cancer excess
compared with national rates was slightly larger
among workers with radiological silicosis (SMR
1.57, 95% CI 0.43 to 4.03) than in workers
without silicosis (SMR 1.19, 95% CI 0.87 to
1.57); however, the excess in those with silicosis
was based on only four deaths, all at the highest
exposure level (>5.0 mg/m3-years). There was a
statistically significant (p = 0.02) positive
gradient of increasing risk with cumulative
exposures among workers without radiological
silicosis; the SMR reached 2.40 (95% CI 1.24 to
4.20) in the highest exposure stratum. The lung
cancer excess among the 81 cases of silicosis was
confined to workers with the highest exposures
(SMR 2.94, 95% CI 0.80 to 7.53).

We considered the possibility that the ob-
served exposure-response trends of crystalline
silica and lung cancer were confounded by
cigarette smoking by examining the relation

Table 1 Lung cancer mortality by ILO radiographic category and cumulative exposure to
crystalline silica

Cumulative
exposure
(mg/m3-year)

Radiographic category

<1/0 (n = 1798)* >1/0 or large opacity (n = 81)

Deaths SMR (95% CI) Deaths SMR (95% CI)

<0.5 13 1.05 (0.56 to 1.79) 0 0 (0 to 12.2)
0.5–1.9 13 0.86 (0.46 to 1.48) 0 0 (0 to 19.3)
2.0–4.9 10 1.25 (0.60 to 2.29) 0 0 (0 to 5.32)
>5.0 12 2.40 (1.24 to 4.20) 4 2.94 (0.80 to 7.53)
Total 48 1.19 (0.87 to 1.57) 4 1.57 (0.43 to 4.03)

*Includes 1728 with <1/0 throughout, and 70 who later converted to >1/0
SMR = standardised mortality ratio based on rates for US white men, 1942–94.
95% CI = 95% confidence interval for SMR
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between smoking prevalence and exposure.
Smoking data were available for 58% of workers
included in these analyses, and were only
adequate to classify workers as ever smokers or
never smokers. The percentages of ever smok-
ers among non-silicotic workers with available
smoking data for the four exposure categories of
crystalline silica were, respectively, 63.5%,
80.5%, 85.1%, and 78.9%. We applied Axel-
son’s method13 of indirect adjustment for
confounding, assuming a 20-fold increased risk
of lung cancer for smokers compared with non-
smokers. This distribution of smoking preva-
lence in those without silicosis would result in a
relative risk of 1.22 due to confounding for the
comparison of the highest with the lowest expo-
sure stratum. The observed ratio of SMRs in
table 1 for these exposure strata is 2.29
(2.40/1.05), which would be reduced to 1.88
based on the estimated extent of confounding.
The corresponding percentages of ever smok-
ers, by exposure category, among the 81 cases of
silicosis were 66.7%, 100%, 100%, and 94.7%.
Adjustment of relative risks for diVerences in
smoking prevalence is complicated for those
with silicosis because all four lung cancer deaths
occurred among workers in the highest expo-
sure stratum. However, if it is assumed that the
SMR for the lowest exposure category is 1.05
(as was seen for non-silicotic subjects) then,
following the same approach as for non-
silicotics, the smoking adjusted relative risk for
lung cancer between the highest and lowest
exposure categories in subjects with silicosis
would be 2.04.

Radiographic surveillance of the cohort did
not extend beyond dates of employment termi-
nation. Thus, there is the possibility that some
workers whose final radiographs were read as
<1/0 may have ultimately developed radiologi-
cal silicosis that was not detected. Evidence that
this may have occurred is indicated by the
diVerence in mean duration of time from first
hire to final radiograph between workers classi-
fied as having silicosis (21.3 years) and those
whose final radiographs were negative (11.5
years). The corresponding mean ages at final
radiograph were 51.9 and 37.7 years for silico-
tic and non-silicotic subjects, respectively. In
order to evaluate possible bias due to such mis-
classification we computed SMRs by exposure
category among non-silicotic subjects with
follow up truncated at 15 years after the final
negative radiograph. Fifteen years was chosen
as the cut oV for follow up because, although
some additional cases of radiological silicosis

may have occurred in this period, the study that
linked lung fibrosis with radiological asbestosis5

demonstrated a role for lung fibrosis with a
comparable follow up interval. Also, 15 years
provided a suYciently long period to observe
subsequent lung cancer mortality. Although
based on smaller numbers, the SMR trend with
cumulative exposure (table 2) remained statisti-
cally significant (p = 0.02) and was not materi-
ally diVerent from that observed in full follow
up of non-silicotic subjects (table 1).

Discussion
Our findings indicate that the increased risk of
lung cancer related to cumulative exposure to
respirable crystalline silica in this cohort of
diatomaceous earth workers was not restricted
to workers with radiological silicosis. Infor-
mation on cigarette smoking, a potentially
important confounding factor, was limited,
which precluded a full assessment of possible
bias. Nonetheless, the available smoking data
suggested that confounding was unlikely to be
the main explanation for the findings. A
notable strength of our study was the availabil-
ity of both detailed exposure data that enabled
a quantitative dose-response estimation and
serial radiographs for a large fraction of the
cohort (77%) that were read to identify dates of
onset of silicosis. Nearly all other studies that
have addressed the relation between silicosis
and lung cancer have relied on radiographic or
pathological data obtained at a single point in
time, either during or after employment. How-
ever, the limited statistical precision of our
data, due to the relatively small number of
workers with silicosis (n = 81) and lung cancer
deaths among that group (n = 4), should be
recognised.

The results from this group of diatomaceous
earth workers are at variance with findings from
studies of US metal miners,14 Dutch ceramics
workers,15 and Australian gold miners16 in which
excess mortality from lung cancer was concen-
trated in subjects with silicosis, identified either
radiographically14 15 or from medical compensa-
tion records.16 However, exposure assessment
for crystalline silica in these other studies was
based on relatively crude dose indicators such as
years of underground mining14 or ordinal
rankings of jobs,15 16 thus hindering comparisons
with results from our study which benefited
from exposure quantitation. Another perhaps
more direct evaluation of the role of silicosis in
lung cancer risk is provided by a case-control
study nested within a cohort of South African
gold miners.17 That study, which examined the
joint eVects of quantitative estimates of crystal-
line silica exposure and pathologically con-
firmed silicosis (determined at necropsy) on
lung cancer mortality, revealed a dose-response
gradient with cumulative exposure and an
apparently stronger independent eVect of silico-
sis. However, the authors17 could not reach a
firm conclusion as to whether silicosis is a
necessary co-condition for silica associated lung
carcinogenesis or an unrelated consequence of
exposure. Our findings are in qualitative agree-
ment with the study of South African gold min-
ers with regard to a dose-response gradient for

Table 2 Lung cancer mortality by cumulative exposure to
crystalline silica among workers with ILO radiographic
category <1/0, first 15 years of follow up after final
negative radiograph

Cumulative exposure
(mg/m3-year) Deaths SMR (95% CI)

<0.5 6 1.04 (0.38 to 2.27)
0.5–1.9 3 0.79 (0.16 to 2.31)
2.0–4.9 6 1.81 (0.66 to 3.93)
>5.0 7 2.96 (1.19 to 6.08)
Total 22 1.44 (0.90 to 2.19)

SMR = standardised mortality ratio based on rates for US white
men, 1942–94.
95% CI = 95% confidence interval for SMR.
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crystalline silica that is not restricted to cases of
silicosis. It should also be noted that compari-
sons across studies may be complicated by
diVerences in exposure types; in our study
cristobalite was the main form of crystalline
silica while in other settings quartz is predomi-
nant. DiVerences in carcinogenic potential
among the various crystalline silica polymorphs
have not yet been established.1

Interpretation of our results and of similar
investigations should be tempered by the reali-
sation of the inherent complexities of epide-
miological investigations of the interrelations
between silica, silicosis, and lung cancer. Chief
among these is the predictably strong correla-
tion between silica exposure and silicosis which
complicates attempts to disentangle unique
contributions to the aetiology of lung cancer.
This was noted in the study of South African
gold miners17 and is certainly true in our cohort
among whom a very strong dose-response rela-
tion between cumulative exposure to crystal-
line silica and radiological silicosis has been
demonstrated previously.9 Furthermore, radio-
graphic surveillance of worker populations
typically ends when workers leave employ-
ment, which can result in underestimates of the
true prevalence of silicosis. Such underesti-
mates could have resulted in misclassification
of silicosis that would bias the assessment of
the role of silicosis in the excess risk of lung
cancer. Our study may have suVered from this
problem, as have others.14–16 There are also
some well known limitations of chest radio-
graphs, especially their low sensitivity to detect
microscopic fibrotic nodules.18 Pathological
detection of silicosis at necropsy, as was
performed in the South African gold miner
study,17 oVers a more accurate and valid
method of silicosis classification than radio-
graphs. However, for epidemiological purposes
this advantage may be oVset by feasibility con-
straints and the absence of information on the
times of onset of silicosis that can be inferred
from serial chest radiographs.

An understanding of the nature and extent of
the contribution of pulmonary fibrosis to the
pathogenesis of lung cancer in populations
exposed to silica would undoubtedly advance
our knowledge of the mechanisms of occupa-
tional lung carcinogenesis. To date, the epide-
miological findings bearing on this issue,
including data from our study, are conflicting.
The role of silicosis in lung cancer is likely to
remain controversial until large scale epide-

miological studies that incorporate valid and
sensitive longitudinal measurements of both
silica induced lung fibrosis and quantified
exposures to silica are conducted. Obtaining
data on potentially important confounders,
especially cigarette smoking, will also be neces-
sary. In the interim, appropriately designed
toxicological experiments may provide the
clearest insights into the underlying biology of
the association between silica, silicosis, and
lung cancer.
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