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Abstract
Objective—To use various exposure-
response models to estimate the risk of
mortality from lung cancer due to occupa-
tional exposure to respirable crystalline
silica dust.
Methods—Data from a cohort mortality
study of 2342 white male California dia-
tomaceous earth mining and processing
workers exposed to crystalline silica dust
(mainly cristobalite) were reanalyzed with
Poisson regression and Cox’s proportional
hazards models. Internal and external
adjustments were used to control for
potential confounding from the eVects of
time since first observation, calendar
time, age, and Hispanic ethnicity. Cubic
smoothing spline models were used to
assess the fit of the models. Exposures
were lagged by 10 years. Evaluations of the
fit of the models were performed by com-
paring their deviances. Lifetime risks of
lung cancer were estimated up to age 85
with an actuarial approach that accounted
for competing causes of death.
Results—Exposure to respirable crystal-
line silica dust was a significant predictor
(p<0.05) in nearly all of the models evalu-
ated and the linear relative rate model
with a 10 year exposure lag seemed to give
the best fit in the Poisson regression
analysis. For those who died of lung
cancer the linear relative rate model
predicted rate ratios for mortality from
lung cancer of about 1.6 for the mean
cumulative exposure to respirable silica
compared with no exposure. The excess
lifetime risk (to age 85) of mortality from
lung cancer for white men exposed for 45
years and with a 10 year lag period at the
current Occupational Safety and Health
Administration (OSHA) standard of
about 0.05 mg/m3 for respirable cristobal-
ite dust is 19/1000 (95% confidence interval
(95% CI) 5/1000 to 46/1000).
Conclusions—There was a significant risk
of mortality from lung cancer that in-
creased with cumulative exposure to re-
spirable crystalline silica dust. The
predicted number of deaths from lung
cancer suggests that current occupational
health standards may not be adequately
protecting workers from the risk of lung
cancer.
(Occup Environ Med 2001;58:38–45)
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Although the non-malignant respiratory health
hazards of occupational exposure to dust have
been known for centuries, the possibility of an
association of occupational exposure to respir-
able crystalline silica dust with lung cancer has
been debated in the scientific literature in
recent decades. In 1996, a Working Group of
the World Health Organization’s International
Agency for Research on Cancer (IARC)
reviewed the results of published epidemiologi-
cal studies of occupational exposure to crystal-
line silica and lung cancer, and concluded that
there is “suYcient evidence in humans for the
carcinogenicity of inhaled crystalline silica in
the form of quartz or cristobalite from occupa-
tional sources”.1 The debate is important
internationally for public health because crys-
talline silica dust is a common and worldwide
occupational exposure, and a designation of
carcinogenicity would be likely to result in
lower concentrations of silica allowed in work-
place exposure.

Few epidemiological studies of workers with
occupational exposure to respirable crystalline
silica have collected quantitative exposure data
appropriate for an exposure-response analysis
and often there were potentially confounding
exposures. The data on mortality and exposure
to dust gathered during a recent follow up
study of diatomaceous earth mining and
processing workers in California2 were rela-
tively unconfounded by other exposures. For
the study follow up period (1942–94), Checko-
way et al reported significantly increased rate
ratios for mortality from lung cancer (rate
ratio=2.15; 95% confidence interval (95% CI)
1.08 to 4.28; 15 year exposure lag) and
non-malignant respiratory disease (rate ra-
tio=5.35; 95% CI 2.23 to 12.8; 15 year
exposure lag) in the highest compared with the
lowest stratum of cumulative exposure to
respirable crystalline silica.2

The present study is an exposure-response
analysis and quantitative risk assessment of
mortality from lung cancer based on data from
the same cohort of diatomaceous earth workers.

Methods
STUDY POPULATION

The study population described in the original
mortality study2 included 2342 white men
employed at a diatomaceous earth mining and
processing facility in Lompoc, California for at
least 12 months of cumulative service and at
least 1 day between 1 January 1942 and 31
December 1987. The cohort was restricted to
workers who did not have known exposure to
asbestos from previous employment. About a
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quarter of the cohort was made up of white
Hispanic men. The cohort was followed up
from 1 January 1942 to 31 December 1994.
Seventy seven deaths from cancer of the
trachea, bronchus, or lung occurred in that
period. All causes of death were assigned the
international classification of diseases (ICD)
codes in eVect at the time of death.

RETROSPECTIVE EXPOSURE ASSESSMENT

A strength of this study is the availability of
relatively high quality information on exposure
for estimating historical occupational crystal-
line silica exposures, and the absence of expo-
sures to radon progeny, arsenic, and diesel
exhaust. Also, exposure to asbestos was ac-
counted for in the analysis.2 3 Calcining of the
ore extracted from the open pit diatomaceous
earth mines produced a final product contain-
ing 10%–25% crystalline silica, mainly in the
form of cristobalite.2 4 The crystalline silica
content of uncalcined diatomaceous earth is
about 1% in the form of quartz.2

Quantitative dust exposure was estimated
with complex methods described elsewhere5 and
summarised here. More than 6000 measure-
ments of exposure to dust taken by the company
from 1948–88 were available. Particle count
data before 1962 (million particles per cubic
foot) were converted to gravimetric units
(mg/m3) with linear regression modelling. Cu-
mulative exposures to respirable crystalline silica
dust were estimated for each worker by linking
the historical occupational hygiene data with
detailed employment records.2 Mean cumula-
tive concentrations of respirable dust and respir-
able crystalline silica dust were 7.31 mg/m3.years
(maximum: 168.84 mg/m3.years) and 2.16
mg/m3.years (maximum: 62.52 mg/m3.years),
respectively.2 The mean concentration of respir-
able crystalline silica averaged over the cohort’s
years of employment was 0.29 mg/m3.

Chrysotile asbestos was used at various times
in two small operations between the 1920s and
1977. Quantitative estimates of exposure to
asbestos (fibres/ml) for the years since 1930 for
all workers in the cohort were based on histori-
cal exposure monitoring data for jobs with
direct handling of asbestos, production
records, and documented quantities of asbes-
tos contained in various mixed products.
Asbestos exposures for years of employment
before 1930 were extrapolated from job
specific intensity estimates for 1930.2 Cumula-
tive exposure to asbestos (fibres/ml.years) was
calculated in the same manner as the silica
exposure metric. The mean cumulative con-
centration of asbestos fibres was 1.44 fibres/
ml.years (maximum: 97.55 fibres/ml.years).2

DATA ANALYSIS

Poisson regression
Previously constructed demographic and work
history files were obtained for the diatoma-
ceous earth cohort. The work history file con-
tained a complete sequence of job assignments
with dates and estimated exposure concentra-
tions for total dust, crystalline silica (as cristo-
balite), and asbestos dusts. Smoking infor-
mation, available for only one half of the study

population, was not used in final analyses.
From the work history file, annual summary
cumulative exposures were calculated for total,
silica, and asbestos dusts during the period
1942–94. A computer software package, Epi-
cure DATAB, version 2.06,6 was used to gener-
ate files for Poisson regression analysis. Person-
years were counted from when a worker met
the study requirements until he was lost to fol-
low up, died, or reached the end of follow up.
The person-years and deaths were stratified by
cumulative exposure to silica, time since first
being observed, calendar time, age, and
Hispanic ethnicity. Fifty levels of cumulative
exposure to silica were formed, as well as a
non-exposed level, with stratum widths that
gradually increased, beginning with 0.33 mg/
m3.years at low cumulative exposures where
the population was dense, and ending with 2.2
mg/m3.years at maximum cumulative exposure
where there was very little observation time.
The choice of 50 levels was made after observ-
ing improving model fit with 5, 10, 20, and 50
levels, and noting a relatively small improve-
ment (the change in deviance resulting from
adding the exposure term) with the step from
20 to 50. Although 50 may seem like many lev-
els, their use provided more richly detailed
information for fitting the continuous models
than would much fewer levels. The conver-
gence found when 50 levels were used was
aYrmed by obtaining similar results from
analyses with the Cox’s proportional hazards
model. Mean cumulative exposures from the
50 levels were then modelled as a continuous
variable to evaluate exposure eVects. Time
since first observation was classified in three
levels (<10, 10–19, >20 years), calendar time
in nine levels (<1955, 1955–1959, . . .,
1990–1994), and age in 13 levels (15–24,
25–29, 30–34, . . ., 75–79, >80 years).
Hispanic ethnicity was included as a binary
variable in the models because of known lower
risks of lung cancer among Hispanic white men
than among non-Hispanic white men.7

Poisson regression models were fitted with the
AMFIT program of Epicure (version 2.06).
Alternative model forms were evaluated to
detect a wide range of possible exposure-
response patterns including linear, sublinear,
and supralinear.8 Both relative rate (ë = ë0×f(E))
and additive excess rate (ë = ë0 + f(E)) models
were fitted to the data. Where ë is the predicted
incidence rate, f(E) is a function of cumulative
silica dust exposure in mg/m3.years, and ë0 is the
background incidence rate. The following
model forms were evaluated:
Log linear: RR = exp(â1E) (1a)
Log square root: RR = exp(â1E

0.5) (1b)
Log quadratic: RR = exp(â1E + â2E

2) (1c)
Power: RR = (1+E)â

1 (1d)
Linear relative rate: RR = 1 + â1E (1e)
Shape(á): RR = 1 + â1E

á (1f)
Additive excess rate: AER = â1E (2)
where â1, â2, and á are parameters associated
with cumulative crystalline silica exposure E,
RR = relative rate, and AER = additive excess
rate.

The background incidences were modelled
with stratification on time since first being
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observed calendar time, age, and ethnicity
(Hispanic v non-Hispanic). Also, to improve
the estimation of precision, external standardi-
sation on calendar time and age was accom-
plished with United States rates for mortality
from lung cancer during 1940–949 as a
multiplier of observation time (person-years)
in the Poisson regression. This resulted in
models of standardised rate ratios, which,
stratified on ethnicity (2 levels) and time since
first being observed (3 levels), allowed for six
independent background rates and therefore
were partially adjusted for diVerences between
the study population and United States refer-
ence populations (ethnicity, healthy worker
survivor eVect).

Cox’s proportional hazards model
The Cox’s proportional hazards model was
used as an alternative method for evaluating
exposure-response models (1a–1d already de-
scribed). Analytical files were constructed from
the original detailed work history file from a
FORTRAN program (created for this study).
Attained age was the time dimension for the
baseline hazard, which, together with stratifying
variables, was used to form matching risk sets.
Proportional hazards models were fitted with
the SAS procedure PHREG10 configured for a
matched logistic regression analysis and were
stratified on time since first being observed, cal-
endar time, and ethnicity in the same way as the
Poisson regression analyses. To improve estima-
tion precision, as in the Poisson regression
models, external standardisation was per-
formed on calendar time and age by including
United States rates for mortality from lung can-
cer as an oVset in the Cox’s models.

Final models
Unlagged and lagged (2, 5, 8, 10, 12, and 15
year periods) cumulative exposures were con-
sidered. A lag period of 10 years seemed to
provide the best fit to the data after conducting
Poisson and Cox modelling of data. Because
results were similar, only the Poisson regression
estimates are displayed in the tables. Informal
comparisons of goodness of fit were performed
by comparing the deviances (change in
–2ln(likelihood)) of these models. A formal
comparison was not possible because the mod-
els were not nested or the data structures were
distinct (Poisson versus Cox). The models with
the smallest deviance were considered to have
the best fit. Also, Poisson regression models 1a,
1b, and 1d were evaluated by comparing the fit
of these models with cubic smoothing spline
models. The cubic smoothing spline model is a
flexible basis for detecting smooth departures
of the exposure-response from a specified
form. These models were fitted with S-Plus
version 4.5 as generalised additive models with
about three degrees of freedom for the eVect of
exposure.11 12

For the categorical model (RR= ∑((âk I(ex-
posure category=k))) where: âk are the param-
eters and I( ) are indicator variables), five
exposure categories were obtained by parti-
tioning the continuous cumulative exposure.
Potential interactions between exposure and

other covariates, and higher order exposure
terms (quadratic and cubic) were evaluated.
From these statistical and graphical evalua-
tions, a final functional form was chosen for
modelling the relation between exposure to
crystalline silica and the response variables.

Prediction of risks over a working lifetime
Estimates of excess lifetime risk of death from
lung cancer were developed for exposures to
varying concentrations of crystalline silica dust
based on an actuarial method developed for a
risk analysis of exposures to radon.13 An
advantage of this method is that it accounts for
competing causes of death which act to remove
a fraction of the population each year from the
risk of death from lung cancer so that it is not
necessary to assume that all workers would
survive these competing causes to a given age.
Excess risks associated with given silica con-
centrations were estimated for workers exposed
during a 45 year occupational lifetime between
the ages 20 and 65. (Forty five years is the
occupational lifetime generally used by the
Occupational Safety and Health Administra-
tion (OSHA) for risk assessment.) The annual
risks were accumulated up to age 85. Age spe-
cific background rates for lung cancer and for
competing causes of death were derived from
United States vital statistics for 199214 (year of
the most recently published national mortality
data) for white men, white women, black men,
black women, and the total population.

Evaluation of confounding by cigarette smoking
Data on smoking habits (ever smoked v never
smoked) were collected since the 1960s for the
company’s radiographic screening programme
and were available for 1171 of the subjects
(50%). However, for the 77 workers who died
from lung cancer, most (50 deaths (64.9%))
had unknown smoking habits. Thus, there are
considerable gaps in these data that make
evaluation of smoking problematic. In their
exposure-response analysis, Checkoway et al2

examined smoking prevalence and cumulative
exposure to silica by applying a method15 that
estimated confounding bias in their observed
rate ratios. The method15 is an indirect
approach for estimating the possible extent of
confounding when there are no or limited data
on the presumed confounder (cigarette smok-
ing). The method involves estimating the
prevalences of the confounder in the various
groups compared, and assuming a relative risk
for the association between the confounder and
the disease under study, to estimate the relative
risk that potentially could solely be due to con-
founding. The observed relative risk can then
be adjusted by dividing it by the relative risk
due to confounding. Application of the avail-
able estimates of ever smoked by cumulative
exposure (lagged 15 years) category to the for-
mula15 (83% ever smoked in the highest
exposed group and 63% in the reference
category) and assuming a conservative relative
risk of 20 for ever versus never smoked yielded
an adjusted lung cancer rate ratio of 1.67 in the
highest exposure stratum, which was lower
than the observed rate ratio of 2.15. Checko-
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way et al2 noted that the prevalences of ever
smoked in the highest two exposure strata were
nearly identical (0.86 and 0.83), but the rate
ratios were very diVerent (1.26 and 2.15). They
concluded that it was very unlikely that
cigarette smoking could account for much of
the observed association between mortality
from lung cancer and cumulative exposure to
silica. Therefore, confounding by cigarette
smoking was not evaluated further in our
analyses.

Evaluation of confounding by exposure to asbestos
fibres
Checkoway et al2 found no evidence that expo-
sure to asbestos accounted for the observed
association between mortality from lung cancer
and cumulative exposure to silica. Our analyses
of their data also found no evidence of
confounding by asbestos in the Poisson
regression or Cox’s proportional hazards mod-
els regardless of lag period; therefore, exposure
to asbestos was not included in the models
presented in this paper.

Results
POISSON REGRESSION ANALYSES AND COX’S
PROPORTIONAL HAZARDS MODEL

Table 1 and figure 1 show the results of fitting
the Poisson regression models described in the
methods section to the data. Table 1 presents
the log linear, log square root, log quadratic,
power, linear relative rate, and additive excess
rate forms of the Poisson regression models
with a 10 year lag period. Models that used
stratification to control calendar time and age
confounding are referred to as having internal
adjustment and models that used United States
reference rates are described as having external
adjustment (table 1). Relative risk estimates
(rate ratios) are presented for 1.0 mg/m3.year
compared with no exposure, as well as the

mean and maximum cumulative exposure to
silica for workers who died of lung cancer.
Results of fitting those models (minus the log
quadratic (1c) and additive excess rate (2)
models) plus the categorical model and spline
model are represented graphically in figure 1.
The shape (á) model (not presented) produced
an estimate for á close to 1.0 (0.997), which is
essentially equivalent to a linear relative rate
model. The tests for smooth departures from
the log linear, log square root, and power mod-
els with cubic smoothing splines were not
significant (0.11<p<0.36) providing direct
support for these parametric models providing
an adequate fit to the data. These results
suggest that the other parametric relative rate
models also provided adequate fits as their
deviances were similarly small.

Exposure to respirable crystalline silica dust
was a significant predictor (p<0.05) of mortality
from lung cancer in nearly all of the models

Table 1 Exposure-response estimates of mortality for lung cancer and silica by Poisson regression comparing several
specifications of exposure with lag of 10 years (77 lung cancer deaths)

Model* â1 Estimate

Change
(−2ln
likelihood) p Value†

RR at 1.0
mg/m3.y‡

RR at
mean§

RR at
maximum§

Log linear (1a):
Internal adjustment 0.0508 4.946 0.026 1.052 1.221 4.728
External adjustment 0.0402 5.530 0.019 1.041 1.172 3.422

Log square root (1b):
Internal adjustment 0.3182 6.973 0.008 1.375 1.880 5.809
External adjustment 0.3013 8.996 0.003 1.352 1.819 5.290

Log quadratic (1c):
Internal adjustment: â1 0.1377 — — — — —

â2 −0.00327 8.309 0.0157 1.144 1.634 3.169
External adjustment: â1 0.1168 — — — — —

â2 −0.00216 10.29 0.0058 1.121 1.531 4.721
Power (1d):

Internal adjustment 0.4268 6.957 0.008 1.344 1.976 4.364
External adjustment 0.4301 9.193 0.002 1.347 1.987 4.414

Linear relative rate (1e):
Internal adjustment 0.1629 7.589 0.006 1.163 1.641 5.980
External adjustment 0.1441 9.127 0.003 1.144 1.567 5.405

Additive excess rate (2):
External adjustment 0.000088 2.943 0.09 —¶ —¶ —¶

*Internal adjustment models: stratifying on time since first observed (3 levels), calendar time (9 levels), age (13 levels), and ethnic-
ity (Hispanics v other). External adjustment models: stratifying on ethnicity (Hispanics v other) and time since first observed (3 lev-
els) with external adjustment for age and calendar time using person-y (US rate). Cumulative exposure was classified in 50 levels in
addition to the unexposed level.
†Likelihood ratio test for an exposure eVect. (The log quadratic model test is based on two degrees of freedom.)
‡Estimate for cumulative exposure of 1.0 mg/m3.y.
§Evaluated at mean and maximum estimated cumulative exposures of deaths from lung cancer.
¶Not a relative rate model.

Figure 1 Rate ratio of mortality from lung cancer by
cumulative exposure to silica. Poisson regression models with
external adjustment for United States rates of death from
lung cancer, 10 year lag.
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evaluated. The linear relative rate model (1e)
seemed to give the best fit in the Poisson
regression analysis. The log linear model (1a)
and additive excess rate models (2) seemed to
provide the poorest fits. Results from the Cox’s
proportional hazards models were similar to the
results of Poisson regression models. For exam-
ple, the silica exposure-response estimates (â1)
with the power model were 0.43 (p=0.002) and
0.48 (p=0.0009), respectively, for the Poisson
and Cox’s proportional hazards externally ad-
justed models. External adjustment substan-
tially improved precision in both Poisson and
Cox’s proportional hazards models, and yielded
estimates of the slopes similar to estimates from
the internal adjustment models.

The linear relative rate model (1e) predicted
mortality rate ratios of about 1.6 for the mean
cumulative exposure to respirable silica of the
workers who died from lung cancer and 5.4
and 6.0 at the maximum exposure with
external and internal adjustments, respectively.
The log square root and power models
predicted rate ratios ranging from 1.8 to 2.0 at
the mean cumulative exposures to respirable
silica and from 4.4 to 5.8 at the maximum
exposure (table 1).

PREDICTION OF LIFETIME RISKS

Lifetime excess risks were calculated for log lin-
ear, log square root, power, and linear relative
rate forms of Poisson regression and Cox’s pro-

portional hazards models. Table 2 presents pre-
dicted lifetime excess risks of lung cancer from
the best fitting model (linear relative rate
Poisson regression model with external adjust-
ment) for white men, white women, black
women, black men, and the total population at
various concentrations of crystalline silica dust.
The estimates assume 45 years of exposure and
incorporate a 10 year exposure lag. Because the
cohort did not include women or non-white
men, the lifetime risk estimates assume that
those groups have the same response to silica
exposure as white men. Point estimates of
lifetime excess risk and two sided 95% CIs are
illustrated in figure 2. Other models, such as the
power model, generally gave slightly higher risk
estimates. At the National Institute for Occupa-
tional Safety and Health (NIOSH) recom-
mended exposure limit (REL) of 0.05 mg/m3 for
all forms of crystalline silica,16 the predicted life-
time excess risk for mortality from lung cancer
in white men and black men is about 2/100 (19/
1000;18/1000), and about 1/100 (11/1000) in
white women. The risks vary by sex and race
because of diVerences in background rates for
these groups.

Discussion
The results of our analyses are consistent with
the significant exposure-response relation be-
tween exposure to crystalline silica and mor-
tality from lung cancer previously reported by
Checkoway et al.2 The exposure-response rela-
tion seemed to be linear on a relative risk scale.

Our risk estimates predict that 19 of every
1000 white male workers (95%CI 5 to 46)

Table 2 Predicted excess lifetime risks*† of mortality from
lung cancer assuming 45 years of respirable crystalline silica
dust exposure (lagged 10 years) based on Poisson regression
linear relative rate model with external adjustment‡

Concentration
(mg/m3)

White
men

White
women

Black
men

Black
women

Total
population

0.001 0.4 0.2 0.4 0.2 0.3
0.005 1.9 1.1 1.9 0.9 1.5
0.01 3.8 2.2 3.7 1.7 2.9
0.02 7.6 4.4 7.4 3.4 5.9
0.03 11 6.7 11 5.2 8.8
0.04 15 8.9 15 6.9 12
0.05 19 11 18 8.6 15
0.06 23 13 22 10 18
0.07 26 15 25 12 20
0.08 30 18 29 14 23
0.09 34 20 33 15 26
0.10 37 22 36 17 29

*Excess risk estimates are for 1000 workers. For example, the
excess lifetime risk of lung cancer for white men at 0.05 mg/m3

of silica is 19 deaths per 1000 workers.
†Assuming that workers were exposed to a constant silica con-
centration for 45 years between the ages of 20 and 65, and
accumulating annual risks up to age 85.
‡US 1992 lung cancer mortalities.

Table 3 Summary of data, methods, and lung cancer unit risk estimates for lifetime exposure to 1 µg/m3 of crystalline silica derived from risk analyses of
toxicological or epidemiological data

Reference Data source Exposure metric Statistical model Risk estimate

Collins and Marty19 Geometric mean of risk estimates
from rat inhalation studies24–26

Respirable silica (quartz) particles Linearised multistage
(GLOBAL 86)

2.9 × 10−4 (95% upper
confidence limit) (with surface
area correction factor)

Goldsmith et al18 Mortality study of diatomaceous
earth workers4

Cumulative exposure to respirable
silica (exposure intensity × years)
(mainly cristobalite) with 15 year lag

Linearised multistage
(GLOBAL 86)

1.83 × 10−7

Cohort mortality study of South
African gold miners21

Gold mining dust containing quartz Linearised multistage
(GLOBAL 86)

6.75 × 10−5

Goldsmith et al18 Risk estimates from rat
inhalation studies24–26

Respirable silica (quartz) particles Linearised multistage
(GLOBAL 86)

6 × 10−3 (95% upper confidence
limit) (highest of 5 estimates)
(with surface area correction
factor)

Rice et al (this study) Mortality study of diatomaceous
earth workers2

Cumulative exposure to respirable silica
with 10 year lag (mainly cristobalite) in
mg/m3.years

Poisson regression:
linear relative rate

3.8 × 10−4 (white men)

Figure 2 Estimated excess risk of lung cancer associated
with up to 45 years of occupational exposure to respirable
crystalline silica dust based on the linear relative rate model
with a 10 year lag and United States total population
mortality. (Two sided 95% CIs are also shown.)
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exposed to respirable crystalline silica at the
current NIOSH REL or OSHA standard17 for
cristobalite (about 0.05 mg/m3) for their work-
ing lifetime (up to 45 years) would die from
lung cancer related to silica. The estimate is
essentially the same or increased with various
exposure-response models. Risks were slightly
lower for women.

COMPARISON WITH OTHER RISK ASSESSMENTS

There are several other quantitative assessments
of the exposure-response relation between expo-
sure to crystalline silica dust and lung cancer
where risk estimates could be calculated per µg
of exposure to silica. Two assessments extrapo-
lated to humans the risks from rat inhalation
studies24–26 to predict a “cancer potency slope” or
inhalation unit risk for lifetime exposure to 1
µg/m3 silica.18–20 Risk estimates from those
assessments are within an order of magnitude of
our risk estimate (table 3). Another assessment
of cancer risk used exposure-response infor-
mation reported in a cohort study of South Afri-
can gold miners21 to derive cancer potency
slopes with a linearised multistage (GLOBAL
86 program) model (table 3).18 The linearised
multistage estimates were several orders of mag-
nitude lower than our estimate, which might be
explained by the fact that this method does not
account for the less than lifetime follow up of the
entire cohort of South African gold miners. The
GLOBAL 86 model also tends to artificially
shrink the variances when person-years are used
in the denominator, resulting in an upper 95%
CI that is too low.22 Our estimates may also be
higher because of diVerences in (1) the cohorts,
(2) surface properties, composition, and particle
sizes of the dusts, (3) methods for estimating
exposure, and (4) methods for estimating risk.23

COMPARISON WITH OTHER EPIDEMIOLOGICAL

STUDIES

Although our study found a significant
exposure-response relation between mortality
from lung cancer and cumulative exposure to
silica, some studies that examined cumulative
exposure or surrogate measures of exposure,
such as duration of employment, did not find a
similar association. Steenland and Brown27

found no evidence of an exposure-response
relation with mortality from lung cancer and
cumulative exposure to dust or year of hire in a
cohort of 3328 United States underground
gold miners. A nested case-control analysis of
138 deaths from lung cancer among 2297 sur-
face and underground gold miners in western
Australia found that mortality from lung
cancer was related to log total cumulative
exposure to silica dust after adjustment for
smoking (cigarette, pipe, or cigar) and for the
presence of bronchitis at survey (relative rate of
mortality from lung cancer: 1.31; 95% CI 1.01
to 1.70). After further adjustment for receipt of
compensation awards for silicosis, the relative
rate was not significant (relative rate of
mortality from lung cancer: 1.20; 95% CI 0.92
to 1.56).28 However, controlling for silicosis
compensation and bronchitis may have masked
an eVect of silica because both are markers of
exposure to silica.

A nested case-control study of 78 deaths
from lung cancer in a cohort of 2260 white
South African underground gold miners also
controlled for silicosis (International Labour
Organisation (ILO) category >1/1 diagnosed
up to 3 years before death of a matched case) in
a model that included cumulative exposure to
gold mine dust.29 Seventy eight deaths from
lung cancer that occurred during 1970–86
were matched by year of birth with 386 control
subjects from the same cohort of miners. Risk
of mortality from lung cancer and a relation
with cigarette smoking (pack-years), cumula-
tive exposure to dust (mg/m3.years), years of
underground mining, incidence of radio-
graphic silicosis, and uranium production or
uranium grade of the ore in the gold mine were
analyzed with conditional logistic regression
models. Measurements of radon daughters in
the gold mines were not available. Cumulative
exposure to dust and years of mining were
strongly associated with risk of lung cancer
until silicosis was included in the model, which
resulted in disappearance of the exposure
eVects (relative risks of 1.0, 3.5 (95% CI 0.7 to
16.8), 5.7 (95% CI 1.3 to 25.8), and 13.2
(95% CI 3.1 to 56.2) for < 6.5, 6.5–20, 21–30,
and > 30 pack-years of smoking, respectively
and 2.45 (95% CI 1.2 to 5.2) for silicosis.29 The
absence of a significant relation with exposure
when silicosis was also controlled for is not
surprising because of the high correlation of
exposure to gold mine dust (containing about
30% crystalline silica) with silicosis. An earlier
mortality study of the same cohort found a sig-
nificant relation between cumulative exposure
to dust (measured in particle-years) and lung
cancer (RR=1.023; 95% CI 1.005 to 1.042).21

A nested case-control study of 52 deaths
from lung cancer in a cohort of 5115 pottery
workers found a positive exposure-response
relation of mortality from lung cancer with
mean concentration of silica (estimated daily 8
hour time weighted airborne concentrations in
µg/m3) (smoking adjusted OR=1.60, 95% CI
1.11 to 2.31; and OR=1.67, 95% CI 1.13 to
2.47, for 20 year and 0 year lag periods, respec-
tively; p<0.008 for each lag period), but not
with cumulative exposure to silica dust.30 How-
ever, mortality from lung cancer strongly
declined with duration of employment (smok-
ing adjusted OR=0.79 for each 10 years dura-
tion; 95% CI 0.56 to 1.13) possibly indicating
a large healthy worker survivor eVect31 which, if
not controlled for, would cause underestima-
tion of eVects of cumulative exposure.32 In our
cohort, mean concentration of exposure to
silica (cumulative silica exposure divided by
duration) was not a significant predictor of
mortality from lung cancer (Cox’s proportional
hazards model with external adjustment: rate
ratio=1.32 predicted for a mean exposure con-
centration of 1.0 mg/m3; p=0.318).

A nested case-control study of 62 deaths
from lung cancer among male pottery workers
in China found that the risk of lung cancer was
related to cumulative exposure to respirable
silica, but testing for an exposure-response
trend of the odds ratios adjusted for age and
cigarette smoking over four exposure catego-
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ries was not significant (p for trend >0.05).33

The researchers also investigated lung cancer
and cumulative exposure to silica among male
workers in Chinese iron-copper (74 cases),
tungsten (93 cases), and tin mines (87 cases).
The odds ratios increased significantly with
increasing cumulative exposure to respirable
silica for tin miners only (p for trend=0.004).
However, tin miners also had concurrent and
highly correlated exposures to other carcino-
gens (arsenic: r=0.80, and polycyclic aromatic
hydrocarbons: r=0.80).33

STUDY LIMITATIONS

Most existing epidemiological studies of expo-
sure to silica and lung cancer have been
hampered by inadequate data on confounding
factors—such as smoking—and lack of ad-
equate information on exposure for determin-
ing permissible worker exposure limits.34 This
risk assessment was enhanced by the availabil-
ity of good quality information about exposure
to crystalline silica and dust containing silica
and the absence of confounding by exposures
to carcinogens that may be present in other
industries with exposure to silica (radon prog-
eny, arsenic, diesel exhaust, polycyclic aromatic
hydrocarbons).

An evaluation of eVects of confounding or
interactions between exposure to silica dust
and smoking was not performed because of
considerable gaps in information about the
cohort’s smoking habits. Confounding would
be possible if cigarette smoking was associated
with potential exposure to silica dust in this
cohort. Prevalence of cigarette smoking was
unrelated to cumulative exposure in this
cohort.2 Also, internal adjustment models that
compare exposed workers to workers with no
exposure (table 1) are unlikely to be seriously
confounded by diVerences in smoking habits.35

Moreover, smoking in exposure-response esti-
mates is probably a negative confounder due to
early removal of smokers from the population
at risk.36 Our analyses compared rates within
the cohort (table 1: internal comparisons), thus
reducing the possibility of this bias. It is also
possible that cigarette smoking and exposure to
silica interact with each other to produce an
eVect that could not be assessed in our analysis.

The possibility of uncontrolled confounding
of exposure to asbestos in this cohort2 has been
debated in the scientific literature.37 38 The
debate focused on 66 workers (including eight
deaths from lung cancer) employed before
1930 who had excess mortality from lung can-
cer. The exposures to asbestos experienced by
that group and their eVects on the findings
were uncertain, so analyses that excluded the
workers first employed before 1930 were
conducted.38 After exclusion of those workers,
the results were nearly the same in the highest
exposure stratum of cumulative exposure to
crystalline silica (>5.0 mg/m3.years: rate ra-
tio=1.74) relative to the reference category
(<0.5 mg/m3.years) as after adjustment for
exposure to asbestos (rate ratio=1.73). Analy-
ses of standardised mortality ratio (SMR) con-
ducted on the reduced cohort showed no
evidence of confounding by asbestos. Checko-

way et al also conducted a reanalysis3 of
mortality from lung cancer among the dia-
tomaceous earth workers who had worked for
at least 1 day during the period 1942–874 to
focus on potential confounding from exposure
to asbestos. The reanalysis was limited to men
from the larger of two diatomite plants and for
whom quantitative estimates of exposure to
asbestos could be determined (n=2266). The
internal exposure-response analysis of mor-
tality from lung cancer (52 deaths) showed an
increasing trend with exposure to crystalline
silica dust (as in the full cohort) and adjust-
ment for exposure to asbestos made only minor
diVerences in the relative risk estimates.
Historical radiographic data were reviewed for
pleural abnormalities (a marker of exposure to
asbestos). The prevalence of pleural abnor-
malities among workers employed before 1930
(4.2%) was similar to the prevalence in workers
hired during 1930–9 (4.9%),38 when asbestos
was presumably not used in diatomaceous
earth production. Checkoway et al38 concluded
that confounding by exposure to asbestos
remained a “very unlikely explanation” for the
exposure response-relation of mortality from
lung cancer with crystalline silica.

There are several other issues that could have
aVected our risk estimates.

Firstly, selection of an appropriate model is
always a source of uncertainty for a risk analy-
sis. We evaluated many models and based our
choice of models on goodness of fit and not on
any underlying mechanism for silica carcino-
genicity, which has yet to be determined. It is
worth noting that alternative models assessed
in this analysis provided similar but higher risk
estimates than the linear relative rate model.
Another uncertainty is the validity of the
estimates of cumulative exposure to silica,
although the quality of the available data was
high compared with data used in most
retrospective cohort mortality studies.

A crucial issue is the applicability of these
risk estimates to all work sites with exposure to
respirable crystalline silica. Although quartz is
the predominant form of crystalline silica in
most workplaces, cristobalite is the predomi-
nant polymorph in the diatomaceous earth
processing industry.2 However, it cannot be
assumed that exposures to quartz or amor-
phous silica were absent. Epidemiological
studies of workers in manufacturing environ-
ments that involve heating processes—such as
ceramics, pottery, or brick manufacturing, or
diatomaceous earth processing—where there
may be exposure to two or more polymorphs of
crystalline silica (mixed environments) have
not reported risk estimates for exposures
specifically to quartz or cristobalite. Our results
reflect risks for exposure to crystalline silica
dust that is mainly cristobalite. Early toxico-
logical studies reported that cristobalite was
more fibrogenic than quartz in experimental
animals,39 40 and supported lower exposure
limits for cristobalite and tridymite.41 Those
findings have not been confirmed by results of
epidemiological studies; however, there may be
some evidence of increased mortality from lung
cancer in industries with high temperature
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processes.30 42 Furthermore, diVerences in the
carcinogenic potential of various crystalline
polymorphs have not been established1 and
therefore cancer risks from workplace exposure
to silica cannot yet be attributed or limited to a
particular polymorph.

Conclusions
The results of our analyses suggest a positive,
linear, and significant increase in risk of lung
cancer with increasing estimated cumulative
exposure to respirable crystalline silica dust
(mainly cristobalite). A male worker exposed to
0.05 mg/m3 respirable silica dust containing
cristobalite over a 45 year working lifetime has
an increase in lifetime risk of lung cancer of
about 2% above the background risk. The
OSHA is currently considering the safety of its
regulatory limits for exposure to crystalline
silica. The OSHA generally seeks to control
occupational exposures to carcinogens to con-
centrations that correspond to lifetime risks of
less than 1/1000.43 Our results suggest that
workers exposed to respirable silica dust with
cristobalite at the NIOSH REL and OSHA
permissible exposure limit over a 45 year work-
ing lifetime have a risk of mortality from lung
cancer much higher than 1/1000 and therefore
current standards may not be adequately
protective. Also, workers exposed to respirable
crystalline silica dust may develop silicosis and
other diseases related to silica. The risk of non-
malignant respiratory disease in this cohort will
be assessed in a subsequent analysis.
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