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SIGNIFICANT FINDINGS

This project was an update of a cohort mortality study of workers exposed to crystalline
silica, mainly in the form of cristobalite, in the mining and processing of diatomaceous
earth (DE) in two California facilities. Previously, we had found excessive mortality rates
from non-malignant respiratory diseases (NMRD) and lung cancer that were related to
intense prolonged dust exposures. This update extended follow-up by 7 years, and
included an evaluation of radiographically-determined silicosis among the cohort. We were
also able to re-construct historical exposures to crystalline silica in gravimetric units
(milligrams per cubic meters) that are used for standard-setting. The majority of analysis
was performed for the larger of the two plants because exposure data were more complete
in this facility. The most noteworthy findings were:

* As expected, radiographically-determined silicosis was strongly related to cumulative
exposure to crystalline silica

» Compared to national rates, mortality rates from both NMRD and lung cancer were
elevated among DE workers.

* A strong dose-response association was found for cuamulative exposure to crystalline
silica and NMRD mortality

* Lung cancer mortality was also associated with cumulative exposure to crystalline silica,
but the association was not as strong as for NMRD

+ Confounding by either smoking or occupational asbestos exposure was unlikely to
account for the observed exposure-response relations with NMRD and lung cancer
mortality

USEFULNESS OF FINDINGS

The results of this study clearly indicate that prolonged, intense exposures to crystalline
silica are causally related to silicosis and mortality from non-malignant respiratory diseases.
This study adds further support to a suspected etiologic association between crystalline
silica and risk of lung cancer. On balance, the study indicates the necessity for minimizing
crystalline silica exposures in the workplace. The study results have certain limitations,

-1-



largely related to the absence of complete information on dust exposures. Insofar as risks
potentially associated with exposures to crystalline silica continue to be important
occupational health concerns, industries where silica exposures are likely to occur should
be advised to collect and archive exposure monitoring data in as complete and systematic
manner as possible. These efforts will permit more thorough, valid assessments of
relations between exposure and disease risks in future epidemiological studies, and will be
necessary for devising strategies for protecting worker health.



ABSTRACT

Background: This project was an update of an historical cohort mortality study among
workers exposed to crystalline silica in the diatomaceous earth (DE) industry. A previous
study of this cohort, demonstrated increased mortality risks for non-malignant respiratory
diseases (NMRD) and lung cancer, as well as increasing risks gradients with cumulative
exposure to crystalline silica.

Objectives: The objectives of this project were: 1) to extend mortality follow-up by 7
years, through 1994, and to estimate cause-specific mortality excesses and deficits in the
cohort; 2) to derive quantitative historical exposure estimates for respirable dust and
respirable crystalline silica in gravimetric units (milligrams per cubic meter [mg/m3]); 3) to
estimate dose-response relations of cumulative exposures with NMRD and lung cancer; 4)
to determine the past prevalence of radiographically defined silicosis in the cohort, and to
estimate dose-response relations for silicosis.

Methods: The cohort was comprised of 2,961 workers employed for at least 12 months
cumulative service at either of two DE plants in Lompoc, California. Mortality follow-up
was conducted for the years 1942-94, which extended the original follow-up by 7 years.
Quantitative exposures to crystalline silica were reconstructed for workers from historical
data from the larger of two plants, spanning the years 1948-88. Data at the smaller plant
were not considered adequate for quantitative reconstruction. Cause-specific mortality
comparisons against national and local county rates were performed to identify disease
excesses and deficits. Dose-response analyses for NMRD and lung cancer were conducted
with respect to cumulative exposure to respirable crystalline silica. In addition, we
obtained readable chest radiographs for 2,520 (85%) of the cohort. Median International
Labour Office (1O, 1980) profusion scores of final available films were determined from
readings performed by three independent readers. Dates of first positive film ("onset")
were estimated from readings of earlier films for workers whose final films were ILO
category 1/0 and higher. These data were combined with historical exposure estimates to
estimate dose-response relations for radiographically-determined silicosis.

Results: The majority of the mortality analysis was performed on the subset of 2,342 white
males from the larger plant (the former Manville Corporation), for whom exposure data
were most complete. During the years 1942-1994, mortality excesses were detected for
non-malignant respiratory diseases (NMRD) (standardized mortality ratio (SMR) = 2.01,
95% confidence interval (CI) 1.56-2.55) and lung cancer (SMR = 1.29,95% CI 1.01-
1.61). NMRD mortality rose sharply with cumulative exposure to respirable crystalline
silica; allowing for a 15-year latency, the rate ratio (RR) for the highest exposure stratum
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(>5.0 mg/m3-years) was 5.35 (95% CI2.23-12.8). The RR for lung cancer reached 2.15
(95% CI 1.08-4.28) in the highest exposure category. Lung cancer and NMRD mortality
excesses were also found among white males from the smaller plant (Grefco, Inc.), and
among white females and black males from both plants. No deaths were found among a
small group of black female workers. The observed exposure-response associations for
lung cancer and NMRD were uniikely to have been confounded by smoking or asbestos
exposure. As expected, the risk of silicosis (IO category 1/0 and greater for small
opacities, or large opacities) increased sharply with cumulative exposure to respirable
crystalline silica. The prevalence of positive radiographs was approximately 24 percent
among workers with cumulative respirable crystalline silica exposures of 6.0 mg/m3-yrs;
the cumulative probability of silicosis reached 55 percent among workers who attained
cumulative exposures of 18 mg/m3-yrs.

Conclusions: The findings indicate a strong dose-response relation for crystalline silica and
NMRD mortality. Parallel findings for radiographically-determined silicosis are consistent
with an NMRD hazard at the highest exposure levels. The lung cancer results, although
less pronounced, add further support to an etiologic role for crystalline silica.



BACKGROUND

Pulmonary fibrosis and associated restrictive lung disease are well established
consequences of prolonged intense occupational exposures to crystalline silica [Silicosis
and Silicate Disease Committee, 1988]. In spite of the long history of recognition of
silicosis as an occupational hazard, there is surprisingly scant literature on the quantitative
dose-response relation. Recent studies of Canadian hard rock miners [Muir et al., 1989],
South African Gold miners [Hnizdo and Sluis-Cremer, 1993], and Chinese tungsten
miners {Pang and Yang, 1992] provide dose-response estimates, although considerable
variability in risk per unit exposure estimates among these studies has hindered
establishment of scientifically-based occupational exposure standards.

Whether crystalline silica is a human lung carcinogen remains a controversial issue.
Consistently elevated lung cancer risks have been observed among cohorts composed of
silicosis cases from numerous industries {Smith et al., 1995], although questions have
been raised regarding confounding from cigarette smoking and selection biases in some of
these cohorts [McDonald, [989]. Potential confounding by co-occurring exposures to
other known and suspected lung carcinogens (e.g., radon in underground mines) has
clouded the interpretation of the epidemiologic literature [Weill and McDonald, 1996].
Nonetheless, excessive lung cancer risks have been reported from epidemiologic studies of
workers in settings where confounding exposures to known lung carcinogens are absent or
minimal, including the quarry and stone [Koskela et al., 1994; Costello et al., 1995],
refractory brick [Merlo et al., 1991; Dong et al., 1995}, and diatomaceous earth
[Checkoway et al., 1993; Rafnsson and Gunnarsdottir, 1996] industries. Overall cohort
relative risks in these studies have not been large (most less than 2.0), although some
provide indications of dose-response relations, evidenced by greatest excesses among
silicotics [Dong et al., 1995] or among workers with the largest cumulative exposures
[Merlo et al., 1991; Checkoway et al., 1993; Koskela et al., 1994]. Dose-response
estimation for cancers and other diseases, notably pneumoconiosis and other non-malignant
respiratory diseases, has been impeded by a lack of historical quantitative dust exposure
data in many studtes that have relied on employment duration as dose-surrogates.

We report here on an extended follow-up and quantitative dose-response analysis of
silicosis and mortality risks among a cohort of workers in the diatomaceous earth (DE)
mining and processing industry. DE is derived from the skeletal remains of diatoms that
are deposited on ocean and lake beds. After extraction of the mineral, which exists as
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amorphous (non-crystalline) silica, from open-pit mines, DE is crushed and calcined in
kilns to produce the final product consisting of 40-80 percent crystalline silica, principally
in the form of cristobalite. The respirable fraction of the final product contains 10-25
percent crystalline silica. The primary commercial uses of DE are as a filtration medium for
water, foods and beverages, and as a filler in paints and construction materials, and as a
carrier of agricultural chemicals. '

Concern about silicosis in the DE industry in California heightened in the early 1950s
following the appearance of articles in the lay press concerning silicosis in the industry and
a strike in 1952 in which adverse health effects was a major issue [Abrams, 1954; 1990].
In 1957, the U.S. Public Health Service conducted a radiographic survey of 869 workers
at five DE plants located in California, Nevada, and Oregon [Cooper and Cralley, 1958].
The survey revealed a 9 percent prevalence of "probable” silicosis and 9 percent "doubtful”
silicosis among all workers. However, there was a 25 percent prevalence of silicosis
among the 251 workers who had been employed for 5 or more years in the DE industry
and who had no prior occupational dust exposure. A nearly 50 percent prevalence of
silicosis was detected radiographically among 101 workers employed in processes where
the dust contained a high percent of cristobalite [Cooper and Cralley, 1958]. Subsequent
radiographic surveys conducted at these plants indicated marked reductions in silicosis
prevalence (e.g., 2.3 percentage by 1984), that appear to have paralleled reductions in dust
exposure levels [Cooper and Jacobson, 1977; Cooper and Sargent, 1984].

In 1988, following the IARC classification of crystalline silica as a probable human
carcinogen [IARC 1987], we initiated a cohort mortality study of workers from two DE
mining and milling plants in Lompoc, California [Checkoway et al., 1993]. The original
study was sponsored by the International Diatomite Producers Association located in San
Francisco. Mortality excesses and exposure-response gradients were detected for lung
cancer and non-malignant respiratory diseases (NMRD) from the original follow-up of
white males employed at either of the two DE plants. Among 2,570 white males,
standardized mortality ratios (SMR) of 1.43 and 2.59 were observed for lung cancer and
NMRD, respectively, when mortality comparisons were made against rates for U.S. white
males during 1942-87. Additionally, relatively strong exposure-response gradients, based
on internal cohort analyses, were found for both lung cancer and NMRD, with rate ratios
reaching roughly 2.7 among workers with the largest cumulative exposures to crystalline
silica. The exposure metric used in those analyses was a semi-quantitative index that
represented duration of dust exposure, weighted by exposure intensity differences between
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jobs and time periods, and the percentage of crystalline silica in the various DE product
types. Exposure intensity weights based on occupational hygienists' ratings were used to
derive the cumulative exposure index primarily because the dust monitoring data available
for the earlier years of plant operations were judged to be too sparse to support direct
quantitation. Since then, we have discovered additional historical exposure data extending
farther back in time for the larger of the two plants; these data permitted exposure
estimation in quantitative units (mg/m3).

Following publication of the earlier results, concerns were raised that the extent of asbestos
exposure, not evident from recorded job assignments in two DE and asbestos mixing areas,
may have been underestimated. Subsequently, Gibbs and Christensen [1994] performed
an independent exposure assessment to determine the extent of asbestos exposure in the
industry. Re-analysis of the lung cancer data indicated no confounding by asbestos
[Checkoway et al., 1996].

SPECIFIC AIMS

The specific aims of this project were:

1) To determine further the cohort's long-term temporal pattems of risk for NMRD, lung
cancer, and other diseases by adding 7 years of mortality and exposure information to the

previously conducted study;

2) To estimate quantitative historical exposures to crystalline silica in gravimetric units
(milligrams per cubic meter [mg/m3]) for use in dose-response analyses;

3) To determine the past frequency of radiographically-detectable pulmonary fibrosis
("silicosis") by reading the most recent and available previous chest radiographs;

4) To quantify the dose-response relations between occupational exposure to crystalline
silica and mortality from lung cancer, for other diseases of a priori interest (e.g., non-

malignant respiratory diseases, including pneumoconiosis);

5) To quantify the dose-response association between occupational exposure to crystalline
silica and radiographically-detected silicosis;
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6) To examine separately dose-response relations between silica exposure and lung cancer
risks among workers with and without radiographic evidence of silicosis; this analysis will
permit a test of the hypothesis that pulmonary fibrosis is a necessary condition for lung
carcinogenesis by permitting estimation of the unique (independent) and potentially
synergistic effects of cumulative exposure and fibrosis on lung cancer risk.

MATERIALS AND METHODS

Cohort enumeration and follow-up

The two DE plants are located in Lompoc, California, approximately 50 miles north of
Santa Barbara. The larger plant was operated by the Manville Corporation until 1992 when
it was bought by the Celite Corporation of Lompoc, CA. The smaller plant has been
operated by the Grefco, Co. since 1952. DE mining and milling operations at the larger
plant, on which the analyses reported here are based, began in 1902 and continue currently.
The study cohort and procedures have been described previously [Checkoway et al.,

1993]. Briefly, the original study cohort was defined as workers employed for at least 12
‘months cumulative service at either plant, and employed for at least 1 day between January
1, 1942 and December 31, 1987. We identified 2,961 workers who met these inclusion
criteria, including 2,674 white males, 37 black males, 242 white females, and 8 black
females. The main study cohort from the earlier analysis was composed of 2,037 non-
Hispanic and 533 Hispanic white males.

The cohort for whom the majority of analysis was conducted, and hence most data are
presented, differs in two respects from the previously defined main study cohort: 1) in this
analysis, workers employed at the smaller plant were excluded because their exposure data
were judged to be inadequate for quantitative estimation; and 2) 89 workers previously
excluded from the main study cohort because of job assignments in DE mixing operations
involving asbestos exposure were included in the present analysis because quantitation of
their asbestos exposures was possible. Eight workers known to have had asbestos
exposure in other industries prior to employment at the DE plant were excluded from this
analysis. Most of the analysis is therefore based on mortality and radiographic findings for
2,342 white males. Separate mortality findings are shown for Grefco white males, female
workers, and black male workers.



Vital status was determined previously for the years 1942-87 using several data sources,
including the National Death Index (NDI), state drivers' license bureaus, and a commercial
credit bureau [Checkoway et al., 1993]. Vital status information for the years 1988-94,
inclusive, was determined from an updated NDI search. Workers known to be alive in
1979 and who did not match the NDI files were assumed to be alive as of the end of
follow-up; this assumption is supported by the previously noted high sensitivity of the NDI
for death identification [Rich-Edwards et al., 1994]. Copies of death certificates for
identified deaths were obtained from state vital statistics offices, and were coded by a
trained nosologist according to the International Classification of Disease codes in effect at
the times of death (5th-9th Revisions).

Exposure Assessment

The facility where this study was conducted is located in Lompoc, California and is a major
producer of diatomaceous earth (DE) products in the US. Operations began at the plant in
1902. The company was bought by the Johns Manville Corporation in 1928 and it
remained with the company until 1992 when it was purchased by the Celite Co. which is
the current operator. Crude diatomite was quarried in both bulk and solid brick form,
transported to the mill areas, dried as crude DE products or crushed in mills and sent
through large rotary calcining kilns with or without a carbonate flux. Powdered DE could
be further processed by mixing with other materials before being bagged and shipped. A
large quantity of airborne dust was generated in each production step during early years and
efforts to reduce the amount of dust released to the atmosphere have been made since the
1930s. Significant dust suppression efforts at the plant included the change to paper bags
from burlap for shipping product around 1940, and the introduction of cyclone dust
collectors during the 1940s, and baghouses for air cleaning beginning around 1945. Of
particular importance was the extensive study of pneumoconiosis and dust exposure in the
DE industry, including this plant, by the California State Department of Public Health and - -
the US Public Heaith Service (USPHS) from 1952 to 1954 [Cooper and Cooper, 1958].
The study resulted in a recommended exposure limit for crude DE (with <5% crystalline
silica) of 20 million particles per cubic foot (mppcf), and for calcined DE containing
cristobalite of 5 mppcf. In addition, this study resulted in major new efforts to reduce
exposures at the source, and in an on-going program of quantitative exposure monitoring.



Quantitative air monitoring data available in computer files were provided by the Manville
Corporation for the original study [Checkoway, et al. 1993]. These data included 5714
records of samples taken over the period 1962-1988 and formed the basis for the initial
exposure characterization. These data were coded according to the year in which the
sample was obtained and the units in which it was measured: mppef (millions of particles
per cubic meter determined by light microscopy from an impinger sample), mg/m?3 Total
{(milligrams per cubic meter determined gravimetrically from open face filter cassette
sample), or mg/m3 Respirable (milligrams per cubic meter determined gravimetrically from
a filter cassette sample using a cyclone pre-selector to obtain the respirable fraction). The
location and type of sample was determined by sampling station codes which specified the
Department in which the station was located and whether the sample was an area or
personal sample. Two of the major Departments in which much of the exposure data were
derived (Baghouse and Powder Mill) were further classified according to Area within the
Department, reflecting the major process or type of material being handled. Maps provided
by the company were used to identify the location of the sampling station and assign the
Area codes. The Department and Area codes are described in Table 1.

Early in this study, it was reported to us that routine air monitoring had begun during the
late 1940s to early 1950s. The substantial monitoring effort conducted during the USPHS
study in the 1950s added support to this contention {Cooper and Cralley, 1958]. Because
these data could not be located through direct contacts, a search was conducted at the
Manville Archives which maintains all records concerning health and the workplace
environment from the Manville Corporation. We searched all of the boxes available at the
archives that were specifically related to the Lompoc facility, and about 150 boxes relating
to health and the environment for the Corporation. Although the original log books with
complete records of sampling were not located, numerous reports were found detailing a
wide variety of quantitative air sampling activities for the years 1948 through 1962 (no later
records were obtained, because data since 1962 had been computerized). The records
found in the archives vanied widely in their level of detail and the purpose for which the
report was generated. Despite their limitations, these data allowed our guantitation of
exposure to be extended back to important earlier periods.

Data obtained from 41 documents covering the period 1948 through 1962 were extracted,

coded and entered into a database and summarized as arithmetic mean vatues by year and
Department. Because these data were poorly described in many of the reports, it was not
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consistently possible to determine if they were personal or stationary samples; thus, they
were defined as unknown sample type. All of these results were reported in units of
mppcf. Some reports noted dust conditions such as 'heavy' or 'extremely heavy' were not
be used in the analysis. Reports concerning measurements of ambient releases to the
environment, or reporting tests of specific pieces of equipment such as tractor cab
enclosures were also not included. Thus, the reports utilized in this analysis include only
those specifically measuring dust concentrations in defined work areas. The sampling
station codes were inconsistently reported in these data and were coded by the Department
in which they occurred, without additional location or job specificity. Unweighted mean
concentrations were used in order to give equal weight to each report because the number
of samples used to generate the value was frequently missing from the reports. Duplicate
records including 25 records that were redundant with the company's dataset (in 1962)
were excluded.

Exposure data were assigned to a set of 135 job codes which had been defined previously
from the original company job titles. Matching of exposure data to individual jobs was
done in the previous study by interviewing knowledgeable plant personnel and by walk-
through of the facility [Checkoway et al, 1993]. Individual sampling stations were
assigned to jobs which were conducted in the same area. Any particular job code could
have several sampling stations assigned to it, and some sampling stations were not
assigned to any specific job.

The first step in the quantitative analysis was conversion of all data to a uniform measure.
Respirable dust in mg/m3 was selected as the measure to be used in the analyses because
the recent data were all measured in these units, respirable dust is the most biologically
relevant exposure fraction for silicosis or lung cancer, and any likely recommendations
derived from the study would most appropriately be expressed in these units. Therefore,
data collected as mppef or mg/m? Total were converted to mg/m3 Respirable. Data for
years in which samples were obtained using both mg/m3 Respirable and either mg/m3
Total or mppef were selected for calculation of conversion factors. Means (and mean of the
logs) were calculated by sampling station. If means were available in two units for the
same sampling station, the difference in the mean of the logs, and the ratio of the means
were calculated. These factors were then averaged across appropriate categories of year,
Area or Department. The relationship between the two units was thus expressed as:
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A; = ln(x)_‘.("sp) - ln(x)s(mppcf)
or Equation la and 1b
x
— “vslresp)
P, =——
X5 (mppof)

where A, is the conversion factor for sampling station s based on the log scale, P, is the

ratio factor based on the natural scale. *sx.y is the station-specific mean of the dust

concentration, expressed in the units specified within parentheses. The sampling station-
specific factors were then averaged across appropriate categories. A was selected as the
appropriate conversion factor because the data were generally lognormal and it helped
control the large influence of a few high samples in the calculation of sampling station-
specific means. Additionally, P, was calculated in order to provide a comparison to
previously cited conversion factors [Jacobsen and Tomb, 1967; Tomb and Haney, 1988
Montgomery, et al, 1991]. After selecting a final conversion factor, the data originally
measured in mppef or mg/m3 Total were converted to mg/m3 Respirable by the use of the
factor on each sample. For instance,

ii(Rg_yp) = exp(ln(x),'(mppq) + A) Equation 2

where X, .., is the estimated concentration expressed in mg/m3 Respirable dust and
100X (mppery 18 the actual sample result in mppef.

The company data from 1962-1988 and the Manville Archives data from 1948 to 1962
were combined into a single dataset, and analyzed using a linear regression model to
describe the location-specific exposures and changes over time (Model 1):

Ripegy =0+ D B L+Y BT+ BpS+e Equation 3

in which L represents indicator variables for location using Department or Department and
Area codes (See Table 1), T represents time periods and S represent indicators for sample
type (area, personal or unknown). The definition of the time periods was made examining
average dust concentration changes by year. Model selection was conducted by
considering its parsimony and fit using the model R-square. The change in concentration
over time from this model, 3, , was used to estimate concentrations for each earlier period
as described below.
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There was no simple method by which the jobs could be linked directly to the model-
derived exposure estimates because each specific job may have been associated with only a
portion of the process described by its Department, some jobs spanned muitiple area
assignments and samples from any particular station could be assigned to multiple jobs
working in a given area. In addition, the Archives data could not be matched completely to
specific jobs because the location frequently was inadequately described. An alternative
approach was therefore used to derive job-specific exposures.

Sampling stations were assigned to each job. All samples derived from those stations were
used to calculate the job-specific means (on the log scale). Because these data included
both area and personal data, and spanned the years 1962-1988, the means were calculated
stratified by sample type and time period. These means were then used in a linear model
(Model 2), to estimate exposure on the basis of personal samples for the most recent time
period.

nC)lgy =+ BsP+ BT+ B,J+¢ Equation 4

where [In(x)], is the mean of the log concentrations for a specific sample type, S, time
period, T and job, J. Because the data used in this analysis were not independent (the same
sample result was assigned to multiple jobs and the dependent variable represented the
means of multiple samples), this model violates the assumption of independent
observations. Regression with correlated (non-independent) observations can usually
result in inflated variances, but valid point estimates; thus, Model 2 was used to provide
estimates of job-specific mean personal exposures in the later time period using all of the
relevant data.

Final job and time specific dust exposure estimates were calculated by adjusting for
historical period and converting to the arithmetic mean:

‘%STJ = expl(In(x)g, + B,) + % &', Equation 5
where In(x);, is the mean of the logs for personal samples in the most recent time period

for job j in the most recent time period estimated from Model 2, and f;, is the factor

-13-



associated with historical time periods, and 6* is the variance of the logs of the exposure

data estimated from Model 1.

The final job- and time- specific dust estimates were compared to the qualitative ratings of
high, medium and low given each job and the factors associated with time used in the
previous analysis [Checkoway, et al. 1993], in visual plots and by analysis of variance.
These dust concentration estimates were further modified using an additional factor for the
percent crystalline silica to estimate personal exposure to crystalline silica. The percent
silica was estimated by the amounts of natural, calcined and flux calcined product produced
at the plant in each year and the average level of crystalline silica in each of those products.
These estimates of dust and crystalline silica exposure levels were then assigned to the
cohort's work histories to derive estimates of personal cumulative exposure to respirable
dust or respirable crystalline silica.

Employment history data, including assignment dates in various jobs, extracted from
personnel work history records [Checkoway et al., 1993], were updated through 1994 for
workers still employed as of the end of 1987. The respirable dust estimates were derived
from the procedures just described. The respirable crystalline silica estimates incorporated
data on the measured percentages of crystalline silica in the various product mixes and
estimated job-specific fractions of exposure times to these products [Checkoway et al.,
1993]. Cumulative exposures (mg/m3-yrs) were computed as the summed products of job-
specific exposure intensities and associated durations in days.

Chrysotile asbestos had been used in two small operations in the plant at various times
from the 1920s to 1977. Gibbs and Christensen [1994] derived quantitative estimates of
asbestos exposures (fibers/mL) for all cohort members. These estimates were based on
historical exposure monitoring data for jobs where asbestos was handled directly,
production records, and recorded quantities of asbestos included in various mixed
products. Additionally, asbestos exposure levels (of unknown fiber type) were estimated
for maintenance workers whose exposures were episodic, such as in kiln re-lining. The
assessment provided asbestos exposure estimates for the years since 1930 [Gibbs and
Christensen, 1994]. In order to complete the asbestos exposure characterization for ail
relevant periods of employment, we extrapolated the 1930 job-specific intensity estimates
to earlier years of plant operation. Cumulative exposures to asbestos (f/mL-yrs) were
derived in similar manner as for the silica exposure indices.
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Radiographic Readings

Readable quality chest radiographs were obtained from the company medical files for 2520
(85.1%) of 2961 DE cohort members. The most recent film was read independently by
three experienced readers according to the 1980 International Labour Office (ILO) system
[IL.O, 1980]. Median profusion scores, indicative of pulmonary fibrosis, were obtained by
median readings. It has been recognized that the radiographically detectable lung
parenchymal effects associated with dust exposure in the diatomite industry differ
somewhat from the silicotic appearance due to quartz exposure. In contrast to the
predominant discrete nodular pattern of small rounded opacities, the pneumoconiosis of
diatomite exposure is more likely to have poorly-defined opacities and small irregular or
linear densities. It has therefore been decided that a distinction between rounded and
irregular opacities is not appropriate for this cohort. Radiographically-determined silicosis
cases were defined as workers with median ILO profusion scores >1/0 and/or the presence
of large opacities. The dates of first positive radiographs were determined from serial
readings of earlier films for workers whose final acceptable quality radiograph was
classified by median reading as 1/0 or higher. Presence of pleural plaques or thickening,
generally related to asbestos exposure, was also recorded from the final acceptable quality
chest film. '

Data Analysis

Cause-specific mortality rate comparisons were made against rates for U.S. white males for
the years 1942-94. Standardized mortality ratios (SMR) and 95% confidence intervals (CI)
were calculated using the National Institute for Occupational Safety and Health life-table
program [Steenland et al., 1990] which provides 5-year age- and calendar year-specific
mortality rates. Lung cancer mortality rates for white male residents of local counties in
southern California (Kern, Santa Barbara, San Luis Obispo, Ventura), obtained from the
University of Pittsburgh, were used to compute a regionally-based SMR. Person-time
accumulation for each worker began at the later of January 1, 1942 or the date when one
year of cumulative service was attained.

Dose-response estimation for lung cancer and non-malignant respiratory diseases was
conducted using Poisson regression modeling [Breslow and Day, 1987]. These internal
analyses involved mortality rate comparisons among subcohorts classified according to

cumulative exposures to respirable dust and respirable crystalline silica. Five categories of
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cumulative exposure were defined such that there was an equal number of deaths from all
causes in each category. Rate ratios (RR) were estimated treating the lowest cumulative
exposure category as the referent. Covariates included: age (<40, 45-49, 50-54,...,>80),
calendar year (<1955, 1955-59, ..., 1985-89, 1990-94), duration of follow-up (<10, 10-
19, 220 years), and Hispanic ethnicity treated as a binary variable. Hispanic ethnicity was
included as a covariate because of well-documented lower lung cancer risks among
Hispanic compared to non-Hispanic white males [Wiggins et al., 1993]. Cumulative
exposure to asbestos (f/mL-yrs) was included as a covariate to assess potential
confounding. Asbestos categories were defined as non-exposed (0 cumulative exposure)
and two strata containing equal numbers of total deaths. Exposure-response analyses were
conducted with cumulative exposures of the silica and asbestos indices lagged by O and 15
years to accommodate disease latency effects. Exposure variables and covariates were
treated in a time-dependent manner. Poisson regression modeling was performed using the
AMFIT Version 2.0 program of the Epicure™ statistical package [Preston et al., 1995].

The radiographic data were analyzed with a loglogistic model which expresses cumulative
risk of silicosis in relation to cumulative exposure to dust. Separate analyses were
performed for cumulative exposures to respirable dust and respirable crystalline silica.
Several other models, including those based on Weibull, gamma, lognormal, and normal
distributions were fitted, but the loglogistic provided the best fit to the data. The SAS
procedures, LIFEREG and LIFETEST [SAS, 1990] were used in these analyses.

Evaluation of confounding by cigarette smoking

Data on smoking habits were collected since the early 1960s as part of the company's
radiographic screening program [Checkoway et al., 1993). These data permitted
distinctions of ever vs. never smoked for 1,171 (50%) cohort members. Smoking
prevalence was examined in relation to cumulative exposures, and the method described by
Axelson [1978] was applied to estimate confounding bias in observed rate ratios.

RESULTS

Estimation of guantitative exposures

Quantitation of exposures was possible for the Manville plant, but could not be
accomplished for the Grefco plant because the available industrial hygiene sampling data
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for the latter were not adequate for this purpose. The department and work areas at the
Manville plant are described in Table 1. There were 140 station-specific matched means
obtained during 1979 and from 1983 through 1988 with which measurements in mppcf
could be compared to measurements in mg/m3 Respirable units (Table 2). Likewise, there
were 160 matched means from 1980-1983 with which measurements in mg/m3 Total could
be compared to measurements in mg/m3 Respirable units. The average difference in mean
of logs (A) was -2.67 for mppef and -1.48 for mg/m3 Total. When calculated within major
Departments, there were no clear or substantial differences. The A's were not substantially
different between the Baghouse (-2.69) and all other Departments (-2.67), although the
ratio of arithmetic means (P) did appear to be different, especially comparing mppcf to
mg/m3 Respirable (0.18 vs. 0.09). This difference was due to a limited number of samples
within a single year and was not generally representative of the data. As a result of this
analysis, a single conversion factor for Total mg/m?3 (A= -1.48) and one for mppcf (A=-
2.67) was used to convert the data into consistent units of mg/m3 Respirable.

Of the 5714 samples in the company dataset, five samples were very high (maximum, 52
mg/m3) and appeared as outliers compared to the remaining data. These five samples were
removed from all subsequent analyses, leaving 5709 samples. These data were combined
with those derived from the Manville Archives (n=686) resuiting in a master dataset used
for analysis containing 6395 air concentrations over the years 1948 to 1988 (Table 3).
After conversion to mg/m3 Respirable units, these data were well described by the
lognormal mode! as determined by visual inspection of probability plots. The measured
concentrations were generally low, with mean values well under 1 mg/m3 and an overall
geometric mean of 0.18 mg/m>. About half the dataset (n=3268) were personal samples
and about 1000 samples, including 686 from the Archives data, were of unknown sample

type.

Time and location variables were grouped in order to provide stable estimates and a
parsimonious model. The crude average concentration by year was somewhat variable
from year to year, but three reasonably distinct periods could be identified. Prior to 1954,
the average concentration was clearly higher. Through the 1950s and 1960s, there were no
clear changes in concentrations, but after about 1974, average concentrations were
somewhat lower, but more variable. Thus, time was grouped into three categories (<1954,
1954-1973, >1974). These particular period boundaries were also chosen to be consistent
with the earlier analysis of these data [Checkoway et al., 1993]. A four-level grouping
was also considered, by dividing the middle period into 1954-1962 and 1963-1973,
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representing the change in the source of the exposure data. Grouping the data by sampling
station was rejected because of the very large number of stations (419), and because
sampling station was not consistently available for the pre-1962 years. Thus, location was
considered on the basis of Department (9 levels) or Department/Area (22 levels), as defined
in Table 1.

Linear models (Model 1, Equation 3) were developed to compare alternative levels of
grouping for time and location, while also considering the difference between area and
personal samples. The dependent variable was the log of the converted dust concentration
(In(mg/m3) Respirable). The difference between area and personal samples was
significantly different and explained about 10% of the total variability. Year explained 20%
of the variability; however, grouping year into the three distinct periods explained 13%.
There was no substantial improvement in the model (R2=0.14) when the years were
divided into four periods representing the change in source of data in 1962, suggesting that
the data were consistent across this time period. Department, surprisingly, explained only
4% of the variability, and this was somewhat improved by sub-dividing the major dusty
Departments, Baghouse and Powder Mill, into distinct Areas. With the combination of
sample type, time in three groups and Department/Area, the model explained almost 22% of
the variability and this model was selected to provide estimates of time-related changes in
dust concentration.

The available exposure data from the company (1962-1988), in which the sampling station
information was complete, were matched by station to 135 distinct jobs and means (of log
concentrations) were calculated for each job by sample type and time period. Estimates of
the mean personal exposure in the post 1973 time period were calculated using Model 2
(Equation 4) with the means (of logs) as the dependent variable. The model-derived job-
specific exposures (on the log scale for personal samples in the post-1973 period) were
then extrapolated to the earlier time periods using Equation 5. The estimates of the change
in dust concentrations over time, ( 3;) derived from Model 1, were 0.48 for the 1954-1973
and 1.54 for prior to 1954 periods. No data were available prior to 1948; however,
evidence from the company's history suggested that substantially higher concentrations
were present in the 1930s and early 1940s. In about 1944 the conversion from paper to
burlap bags was completed and other substantial dust control efforts were reported during
this period. To be consistent with the previous analysis, we chose 1944 for the boundary
and assigned a factor of 2.5 (log scale) to extrapolate the dust concentrations to jobs prior
to this time.
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In order to convert to arithmetic means, an estimate of the variance was required. Because
the variance was highly unstable, and is even more sensitive to biases in the data than the
mean, we chose to use the average variance observed in the later time period derived from
the Model 1. The estimated variability represented by o was 0.909 which represents as
geometric standard deviation of 2.48. This variance estimate was applied using Equation 5
to estimate arithmetic mean concentrations for all jobs and time periods. The final estimated
mean dust concentrations are presented in Table 4.

In the earlier analyses [Checkoway, et al. 1993], each job was assigned a concentration
represented on a qualitative scale of High, Medium or Low dustiness. Analysis of variance
of the estimates between the three levels indicated a statistically significant difference
(p=0.02), although the average estimate in the "High" category (0.29 mg/m3) was slightly
lower than that for the "Medium" category (0.31 mg/m?3).

Mortality findings for 2,342 white males from the former Manville plant

Descriptive characteristics and vital status follow-up data for the cohort are summarized in
Table 5. Vital status was determined for 91 percent of the cohort, and death certificates
were obtained for 716 (96%) of 749 deaths that occurred during 1942-1994. The cohort
contributed 66,060 person-years of observation. Distributions of cumulative exposures to
respirable dust, respirable crystalline silica, and asbestos are presented in Table 6.

Mortality comparisons with rates for U.S. white males for causes of death with expected
numbers greater than 2.0 are presented in Table 7. Observed mortality from all causes
combined was nearly identical to expectation (SMR=1.02), and only a small excess was
detected for all cancers (SMR=1.06). Relative mortality deficits were observed for
ischemic heart disease (SMR=0.82), cerebrovascular disease (SMR=0.86), diabetes
mellitus (SMR=0.71), and digestive system diseases (SMR=0.61); this pattern is
consistent with a healthy worker effect typically seen in industrial cohorts [Choi, 1992].

As in the earlier analysis [Checkoway et al., 1993], we excluded pneumonia and infectious
diseases from the non-malignant respiratory disease (NMRD) category in order to focus on
the chronic conditions most plausibly associated with occupational dust exposure. The
NMRD category included 27 deaths from silicosis, pulmonary fibrosis, or pneumoconiosis
not otherwise specified, including one due to “silicosis and asbestosis.” There was a
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prominent mortality excess of NMRD (SMR=2.01), whereas a smaller excess was found
for lung cancer (SMR=1.29). The lung cancer SMR increased to 1.44 (95% CI 1.14-1.80)
on comparison with local county rates. Mortality from other cancers was largely
unremarkable, although excesses based on small numbers were detected for cancers of the
larynx (SMR=1.73, 4 Observed) and brain and central nervous system (SMR=1.38, 7
Observed).

The largest NMRD mortality excesses occurred among workers hired between 1920-1939
(Table 8). The NMRD elevations among workers hired since 1960 suggest a persistent
risk, although the corresponding SMRs are based on very small observed numbers. In
contrast, the excesses of lung cancer were apparently limited to workers hired before 1960.
Age at death was generally unrelated to an excess of either NMRD or lung cancer.

As shown in Table 9, there were consistently strong mortality gradients for NMRD with
respect to the dust exposure indices. The association of NMRD mortality with cumulative
exposure to respirable crystalline silica was stronger than with the less specific respirable
dust index, irrespective of latency interval. The most pronounced trend was seen for
respirable crystalline silica, allowing for a 15-year latency; RR for the highest exposure
stratum (>5.0 mg/m3-yr), compared to the lowest exposure category (<0.5 mg/m3-yr),
reached 5.35 (95% CI 2.23-12.8). It is noteworthy that the trend slopes were unchanged
when adjustments were made for cumulative exposure to asbestos.

Dose-response trends for lung cancer (Table 10) were considerably weaker than those
detected for NMRD. Despite the absence of consistent monotonically increasing gradients,
there is evidence for a positive dose-response relation for lung cancer, particularly with
cumulative exposure to respirable crystalline silica. The RR for the >5.0 mg/m3-yr stratum
was 2.15 (95% CI 1.08-4.28). As with the NMRD findings, control for asbestos
exposure did not alter the dose-response slopes. The results for pleural and peritoneal
mesothelioma, often regarded as sentinels for asbestos exposure, did not suggest an
asbestos hazard. We observed one death due to pleural cancer, probably a mesothelioma,
compared to 0.68 expected, and there were no deaths from peritoneal mesothelioma.

A possible synergistic effect of crystalline silica and asbestos exposure on lung cancer risk
was of interest, particularly in view of some suggestive findings from a previous analysis
of this cohort [Checkoway et al., 1996]. Rate ratios for joint strata of crystalline silica and
asbestos cumulative exposures, each lagged 15 years, are presented in Table 11. Ateach
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level of cumulative asbestos exposure, lung cancer risk was only elevated in the highest
crystailine silica stratum. In comparison, lung cancer mortality was inversely associated
with asbestos exposure among the lowest crystalline silica stratum. The similarity of rate
ratios in the highest crystalline silica stratum, across levels of asbestos exposure (rightmost
column), does not indicate a synergistic effect.

The distribution of cigarette smoking prevalence, based on data for 50 percent of the
cohort, across increasing categories of cumulative exposure to respirable dust lagged 15
years, was: 0.64, 0.81, 0.84, 0.84. A similar distribution was detected with respect to
cumulative exposure to crystalline silica lagged 15 years: 0.63, 0.82, 0.80, 0.86, 0.83.
We applied the Axelson [1978] method to estimate smoking-adjusted effect estimates.
Based on the observed smoking distributions, and assuming a 20 fold increase risk for
lung cancer among smokers compared to non-smokers, the rate ratios for lung cancer in the
highest exposure strata of respirable dust and crystalline silica, each lagged 15 years,
would be decreased to 1.59 and 1.67, respectively. Assuming a 20-fold increased risk for
NMRD related to smoking, the corresponding revised rate ratios for NMRD mortality
would be 2.62 and 4.15.

Mortality findings for other groups of workers

SMR results for all causes, all cancer, lung cancer, and NMRD for 359 Grefco white males
(including 26 workers also employed at Manville), 242 white females from both
companies, and 37 black males from both companies are given in Tables 12-14,
respectively. There were only 8 black females in the study, and no deaths among them.
Among Grefco white males, the lung cancer (SMR=1.23, 5 observed) and NMRD
(SMR=1.49, 3 observed) mortality findings were similar to findings for the Manville
workers (Table 7). Excessive mortality from both disease categories were also found for
white females (Table 13) and black males (Table 14). Although based on small numbers,
the mortality experience among these smaller worker groups indicates consistent mortality
excesses for lung cancer and NMRD throughout the workforce of the two plants.

Radiographic evidence of silicosis
As mentioned earlier, a case of silicosis was defined as the presence of ILO profusion

category 1/0 or higher for small opacities or the presence of large opacities. Acceptable
quality final films were available for 2520 (85%) of the total cohort of 2961 workers.
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Findings are presented for Manville and Grefco white males, with most emphasis on the
former for whom exposure-response analyses were possible.

Prevalences of radiographically-defined silicosis among white males are sumnmarized by
year of hire and company in Tables 15 and 16. Also shown are prevalences of pleural
thickening and/or calcification. The overall prevalence of radiographically-defined silicosis
was 3.9% at Manville and 4.0% at Grefco. There were 99 cases, 86 from Manville, 12
from Grefco, and | who worked at both companies (this last case does not appear in either
Table 15 or 16). Of the combined total of 99 silicosis cases, 65 (65.7%) had small
opacities only, 4 (4.0%) had large opacities only, and 30 (30.3%) had both small and large
opacities. Silicosis prevalence was clearly greatest among workers hired before 1940 at
Manville (Table 15). A similar trend of silicosis reduction by year of hire is also evident
among Grefco workers, although based on small numbers (Table 16). These findings are
consistent with earlier radiographic surveys demonstrating diminishing secular trends of
silicosis prevalence among DE workers [Cooper and Jacobson, 1977; Cooper and Sargent,
1984].

The crude prevalence of silicosis according to cumulative exposure categories of respirable
dust and respirable crystalline silica suggest positive gradients (Table 17), with the highest
prevalences found among workers with >20 mg/m3-yrs of cumulative respirable dust
(23.5%) or >6.0 mg/m3-yrs respirable crystalline silica (24.3%).

Under the loglogistic model, the cumulative risk [R(x)] of having a positive radiograph,
following cumulative respirable crystalline silica exposure level x, was observed to be:

R(x) =1-[1+0.067x!.8047-1,

The results of the modeling of cumulative risk in relation to cumulative respirable
crystalline silica modeling are presented in Table 18. The data fit well with a log-logistic
model, as indicated by the close correspondence of the observed and fitted (predicted)
models. There was a strong, monotonically increasing trend of increasing silicosis
prevalence with cumulative exposure to respirable crystalline silica. The cumulative
probability of silicosis reached nearly 57% at 18.0 mg/m3-yrs. The cumulative probability
of 40 working years at 0.1mg/m3 is estimated at 5.8% from the observed data and 7.6%
from the fitted data.
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Analyses examining mortality risks, especially for lung cancer and NMRD, in relation to
ILO profusion category and the presence of pleural disease are currently underway and will
be reported in subsequent publications. The most important goal of these analyses will be
to determine whether radiographic evidence of pulmonary fibrosis is a risk factor for lung
cancer, apart from the contribution to risk conferred by cumulative exposure to crystalline
silica.

DISCUSSION

Extended follow-up of this cohort and the discovery of additional exposure data permitted
more precise quantitation of dose-response relations than was possible previously. There
are, however, certain limitations of our study that deserve comment. Vital status could not
be ascertained for 9 percent of the cohort. This may have caused inflated SMRs for the
cohort as a whole because person-year accumulation was truncated for unknowns at dates
last known alive. However, the internal analyses of dose-response trends for NMRD and
lung cancer may have been biased slightly downward by incomplete vital status tracing
because vital status was more complete for workers hired since 1960 (98%) than for
workers hired in earlier years (87%) when exposures and disease risks were highest.

The validity of our dose-response estimates is largely dependent on the quality and
completeness of exposure data. Available dust monitoring data spanned the years 1948-88,
with the majority of measurements made since the early 1960s. Consequently,
extrapolation models were necessitated to estimate exposure concentrations for earlier
years. Uncertainties in the conversion factors for dust particle counts to gravimetric units,
the respirable fractions of dust concentrations, and the relative amounts of crystalline silica
in the dust are other potential sources of measurement error. The percentages of crystalline
silica in respirable dust were estimated from measurements made on product samples rather
than from assays of airborne respirable dust, because data on the latter were not available.
Nonetheless, exposure assessment was performed in a blinded manner with regard to
health outcome, thus virtually ensuring that there was non-differential misclassification,
which ordinarily, although not always, will result in attenuated dose-response relations
[Brenner and Loomis, 1994]. Exposures to asbestos could be documented from personnel
records for workers assigned to two small dust mixing operations during 1952-77;
however, asbestos exposures may also have been experienced by workers who had
temporary, yet unrecorded assignments in those departments, as well as episodically by
maintenance workers involved in lagging and kiln re-lining [(Gibbs and Christensen, 1994].
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Therefore, misclassification of asbestos exposure may have hindered our ability to control
for asbestos as a potential confounder [Ahlbom and Steineck, 1992).

Silicosis has been documented as a hazard in this DE facility since the 1930s [Legge and
Rosencrantz, 1932], with declining prevalence noted subsequent to dust exposure
reductions [Cooper and Sargent, 1984]. Our analysis also demonstrates decreasing
temporal trends with year of hire, which agrees generally with earlier cross-sectional
evaluations [Cooper and Cralley, 1958; Cooper and Jacobsen, 1977; Cooper and Sargent,
1984]. Predictably, we observed unambiguous evidence for a dose-response association
of cumulative crystalline silica and radiographically-determined silicosis. Our findings fall
between those from studies of Ontario, Canada hard rock miners [Muir et al., 1989] and
South Africa gold miners [Hnizdo and Sluis-Cremer, 1993]. For example, Muir et al.
{1989] estimated a cumulative risk of 1.2% following 40 years of exposure at 0.1 mg/m3,
whereas Hnizdo and Sluis Cremer [1993] report an approximately 60% risk at that level.
Our corresponding observed and fitted estimates were 5.8% and 7.6%, respectively.
Direct comparisons between findings may not be fully appropriate because of differences in
exposure units, percentages of crystalline silica, and even in the radiographic definition of
silicosis.

Mortality from NMRD bore a strong relation with cumulative dust exposure. The dose-
response trends observed for NMRD mortality undoubtedly reflect the association with
silicosis and its sequelae. The parallel exposure-response trend for radiographically-
detected silicosis prevalence with cumulative exposure to crystalline silica supports this
assertion. Further analyses will address specific mortality risks, from NMRD and lung
cancer, among workers with radiographic evidence of pulmonary fibrosis. Obstructive
diseases included in the NMRD grouping, notably emphysema, have been associated with
silica exposures among metal miners [Hnizdo, 1990; Carta et al., 1994], particularly
among smokers {Becklake et al., [987; Reid and Sluis-Cremer, 1996}, and among pottery
workers [Neukirch et al., 1994].  Thus, our findings for NMRD indicate strong
associations with crystalline silica from DE operations, and are consistent with other
studies of silica-exposed cohorts.

The lung cancer findings suggest a dose-response association with dust exposure, but are
less convincing than the NMRD results. For the main cohort of Manville white males, the
overall lung cancer excess relative to national (SMR=1.29) or local mortality rates
(SMR=1.44) is similar to those reported for other silica-exposed cohorts [McDonald,
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1995], but slightly reduced from the SMRs (1.43 and 1.59 compared to national and local
rates, respectively) that we observed previously for 1942-87 [Checkoway et al., 1993].
Consistent excesses of lung cancer mortality were also found among the other worker
groups: Grefco white males, white females, and black males. The decreased SMRs found
compared to the first analysis [Checkoway et al., 1993] may be partly due to more
complete vital status tracing for the extended follow-up interval. Alternatively, a
diminishing temporal pattern of risk subsequent to exposure reduction might be inferred
from the observation that lung cancer was not excessive among workers hired since 1960
(SMR=0.72).

We detected reasonably strong, but not monotonically increasing, dose-response trends for
lung cancer. Excess risk was predominantly concentrated in the highest cumulative
exposure stratum of either respirable dust or respirable crystalline silica. The choice of
exposure category boundaries, made somewhat arbitrarily, was not the sole explanation for
the shape of the dose-response trends; similar relative risk gradients were found when we
varied the number and location of exposure boundaries. The trends for the two dust
exposure metrics were not appreciably different, although the rate ratio per mg/m3-yr of
crystalline silica (1.05-1.06) was slightly greater than the corresponding trend for
respirable dust ignoring the crystalline component (1.01). In contrast, the association with
NMRD risk was considerably stronger with the crystalline silica metric than with respirable
dust. One possible interpretation is that components of dust other than crystalline silica
(e.g., amorphous silica, trace metals) may contribute to lung cancer risk. It was not
possible to determine the unique effects of amorphous silica or trace metals, even among
workers not exposed to calcined dust, because there are small quantities (1-2 percent) of
quartz in the mined ore and we have no information on metal concentrations.

We found no evidence that asbestos exposure in the DE industry confounded the observed
associations for NMRD and lung cancer. Statistical adjustment for asbestos exposure had
no influence on the dose-response trends for NMRD and lung cancer. Moreover, there
was no evidence for an independent association of asbestos on lung cancer risk; among
workers with the lowest crystalline silica exposures, there was a downward mortality
gradient with asbestos (Table 11). The occurrence of only one death from pleural
mesothelioma, and one death attributed jointly to silicosis and asbestosis, further indicates
the absence of an important asbestos hazard in this plant. The prevalence of pleural plaques
or thickening, often regarded as a marker of asbestos exposure, was low (roughly 2%) and
in the range found in populations without occupational asbestos exposure [Anderson et al.,
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1979]. The amount of asbestos used in filtration products was quantitatively very small
compared to calcined DE. Therefore, even when considering exposures to maintenance
workers, asbestos levels were probably too low to have posed a substantial lung cancer
risk in this cohort.

It is very unlikely that confounding by cigarette smoking was the sole or predominant
explanation for the observed associations with NMRD and lung cancer. Our ability to
assess potential confounding by smoking was limited by incomplete, crude data. The
slightly lower prevalence of smoking in the subset of workers with the lowest cumulative
dust exposures suggests the possibility of confounded internal comparisons. However,
the patterns of smoking prevalence and rate ratios for lung cancer (and NMRD) mortality
with respect to dust exposure were dissimilar. In particular, smoking prevalence was very
similar in the highest two exposure strata of respirable crystalline silica lagged 15 years
(0.86 vs. 0.83), as contrasted with a marked difference in lung cancer rate ratios (1.26 vs.
2.15) (Table 6).

The lung cancer results for our cohort are generally consistent with those from a
considerably smaller cohort of Icelandic workers [Rafnsson and Gunnarsdottir, 1996].
Compared to national incidence rates, the Icelandic cohort experienced a 14 percent overall
excess, whereas a standardized incidence ratio of 2.34 was noted for workers employed for
5 years or longer. The epidemiologic evidence from other studies concerning silica and
lung cancer has been mixed, as exemplified by quantitative dose-response estimation from
two studies of gold miners. Hnizdo and Sluis-Cremer [1991] detected a positive dose-
response association of respirable dust (particle counts) with lung cancer among South
African gold miners, although confounding by radon exposure could not be discounted. In
contrast, lung cancer was apparently not dose-related in a cohort of South Dakota gold
miners [Steeniand and Brown, 1995], despite a past history of very intense silica
exposures revealed by pronounced NMRD risks {McDonald et al., 1978].

CONCLUSIONS

Our findings for NMRD are clearly supportive of an etiologic role of crystalline silica. The
exposure-response analyses for radiographic silicosis indicate a strong gradient, that is
consistent with previous literature of silica-exposed populations. Our dose-response
analyses also add support to the hypothesis that crystalline silica is a human lung
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carcinogen, albeit not an overwhelmingly potent carcinogen. Comparisons of the lung
cancer results in this cohort with findings from most other studies may not be fully
appropriate because cristobalite is the principal source of crystalline silica in the DE
industry, whereas quartz is the main silica polymorph in most other settings. There may be
differences in carcinogenic potential among the various silica polymorphs that complicate
interpretations of the epidemiologic literature. Inasmuch as occupational exposures to
crystalline silica are widespread throughout the world, a clear resolution of carcinogenic
potential(s) will have significant implications for worker protection policies.
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TABLE 1. Definitions of locations within the DE mine and mill

Department Area

Description

Powder Mill

Packing Station
Dry End

Wet End

Natural #11

Mill #11 Unspecified

Dry End #7
Wet End #7
Other
Unspecified

Bag House -
Dry End
Natural #11
Dry End #7
Natural #7
Other
Unspecified

Specialty Products

Quarry

Brick Plant

Maintenance

Quality Control

Shipping/Warehouse

Other

Main powder processing areas including
crude crushers, drying and calcining
kilns and bag packing stations.

Bag packing stations.
Processing after drying on mills 3,4,5,6.

Crushing and feeding crude materials
prior to drying, mills 3,4,5,6..

Mill 11 in which no calcined material
was processed.

Processing or Baghouse for Mill 11
Mill 7, prior to drying.

Mill 7 after drying.

Any other areas in Powder Mill.
Unknown.

Dust control and maintenance operations

Baghouse operations located at the
dry end of the powder mills 3,4,5,6.

Dedicated to natural product in mill 11.

Baghouse for mill 7, near dry end of
mills.

Baghouse used only for natural DE.
All other bag house areas.
Unknown.

Mixing and packing various mineral
and chemical powdered products
with lesser amounts of DE.

Quarrying and transport of
natural product to mill.

Production and drying of DE bricks.

Building and maintenance operations
and shops.

Quality control jobs thronghout plant.
Shipping and warehouse operations.
All other departments.
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TABLE 4. Estimated arithmetic mean exposures (mg/m3) by time period for 135 jobs

Period Mean SD Minimum Maximum
<1948 3.55 1.25 0.97 7.14
1949-1953 1.37 0.48 0.38 2.75
1954-1973 0.47 0.16 0.13 0.95

1974-1988 0.29 0.10 0.08 0.59
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TABLE 5. Descriptive characteristics and vital status ascertainment, 1942-1994, for the

cohort of 2,342 white males

Variable Median Range
Year of birth 1927 1881-1966
Age at hire 24.5 15.0-60.5
Year of hire 1952 1908-1986
Duration of employment (yrs) 5.54 1.00-49.3
Duration of follow-up (yrs) 29.9 <1-53.0
Vital Status as of December 31, 1994 Number Percent
Alive 1379 58.9
Dead 749 32.0
-with certificate 716 95.6*
-without certificate 33 4.4%
Unknown 214 9.1

*Percent of deaths

-35-



(sreaf - Tug) sreak x rprw 1od s1aqy i
(14 - cur/3ur) sreak X 11w o1qno Jad suredimu,

SG°L6 89t 9¢°1 SO0 0 0 0 (22N A 1501534y

*BOI[IS aul[eIsAIo

(A4 1489 8v'C 90’1 LEO e1’0 0 (1s'¢)  91°C sqendsay
¥8°891 6991 €€'8 86°¢ 9’1 ¥S0 0 (00T1)  1€L «Isnpdjqemndsay
001 06 SL 0S Y4 o1 0 (@s) veay

9[nuadIdg

S0)SaqSe PUE ‘BJI[IS QUI[[BISAID J[qeNIdsal “Isnp 9[qeridsal 03 saIsodxd sAne[nWND JO sUONNGMSI(] ‘9 HIGV.L

-36-



TABLE 7. Standardized mortality ratios (SMR) for selected causes of death, 1942-1994

Cause of death Observed  Expected* SMR 95% CIT
All deaths 749 737 1.02 0.94-1.09
All cancers 181 171 1.06 0.91-1.22
MNT buccal cavity, pharynx 4 4.62 0.87 0.24-2.22
MN esophagus 1 4.22 0.24 0.01-1.32
MN stomach 7 6.83 1.03 0.41-2.11
MN intestines, except rectum 14 15.5 0.90 0.49-1.52
MN rectum 3 3.97 0.76 0.16-2.21
MN liver 4 3.97 1.01 0.27-2.58
MN pancreas 10 8.66 1.15 0.55-2.12
MN larynx 4 2.32 1.73 0.47-4.42
MN trachea, lung, bronchus 77 59.9 1.29 1.01-1.61
MN prostate 11 12.6 0.88 0.44-1.57
MN kidney 3 431 0.70 0.14-2.04
MN bladder 2 4.46 0.45 0.05-1.62
MN skin 2 3.53 0.57 0.07-2.05
MN brain and nervous system 7 5.06 1.38 0.56-2.85
Leukemia and aleukemia 5 6.47 0.77 0.25-1.81
Other hematologic malignancies 5 5.88 - 0.85 0.28-1.99
Diabetes mellitus 8 11.3 0.71 0.31-1.40
Ischemic heart disease 191 232 0.82 0.71-0.95
Cerebrovascular disease 34 39.5 0.86 0.60-1.20
Digestive diseases 21 34.6 0.61 0.38-1.93
Genitourinary diseases 10 9.47 1.06 0.51-1.94
Non-malignant respiratory discases 91 50.9 1.79 1.44-2.20 -
Pneumonia 22 16.5 1.33 0.83-2.01
Emphysema 14 8.56 1.64 0.89-2.75
Respiratory diseases except 67 334 2.01 1.56-2.55
pneumonia, infections
Nervous system diseases 7 8.63 0.81 0.33-1.67
Accidents 50 45.7 1.10 0.81-1.44

*Based on rates for U.S. white males, 1942-94

TMalignant neoplasms
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TABLE 8. Non-malignant respiratory disease (NMRD) and lung cancer mortality
comparisons with U.S. white males, 1942-94, by year of hire, year of death, and age at

death
NMRD Lung Cancer
No. deaths SMR* 95% CI  No. deaths SMR* 95% CI
Year of hire
<1920 0 0 -- 3 20.8 4.29-60.8
1920-192% 9 3.01 1.37-5.71 5 1.52 0.49-3.55
1930-1939 17 3.97 2.31-6.35 8 1.29  0.56-2.55
1940-1949 29 1.73 1.16-2.49 37 1.28 0.90-1.76
1950-1959 7 0.93 0.37-1.92 21 1.27  0.79-1.95
1960-1969 3 1.98 0.41-5.82 3 0.72  0.14-2.11
21970 2 8.14 0.99-29.4 0 0 -
Year of death
<1950 0 0 -- 0 0 --
1950-1959 4 3.29 0.90-8.42 6 2.54  0.93-5.54
1960-1969 7 2.01 0.81-4.14 9 1.37  0.62-2.60
1970-1979 19 2.69 1.62-4.20 24 1.68 1.07-2.50
1980-1989 31 2.41 1.63-3.41 26 1.14  0.74-1.66
1990-1993 6 0.69 0.25-1.50 12 0.87 0.45-1.53
Age at death
<40 0 0 - 0 0 --
40-49 4 2.31 0.63-5.90 4 0.80 0.22-2.06
50-59 14 2.90 1.58-4.87 24 1.59  1.02-2.37
60-69 13 1.12 0.60-1.92 26 1.09 0.71-1.60
70-79 30 2.69 1.82-3.84 22 1.64  1.03-2.48
280 6 1.47 0.54-3.20 1 0.39 0.01-2.19

*Standardized mortality ratio, based on rates for U.S. white males, 1942-94
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TABLE 12. Standardized mortality ratios (SMR) for selected causes of death, 1942-1994:
359 Grefco white malest

Cause of death Observed Expected* SMR 95% CI

All causes 56 52.4 1.07 0.81-1.39

All cancers 12 12.0 1.00 0.52-1.74

Lung cancer 5 4.05 1.23 0.40-2.88

Non-malignant respiratory 3 2.02 1.49 0.31-4.34
diseases '

*Based on rates for U.S. white males, 1942-94
TExcludes pneumonié, infectious diseases
FIncludes 26 workers also employed at Manville
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TABLE 13. Standardized mortality ratios (SMR) for selected causes of death, 1942-1994:
242 white females (both companies)

Cause of death Observed Expected* SMR 95% CI

All causes 43 33.8 1.27 0.92-1.71

All cancers 18 11.1 1.62 0.96-2.56

Lung cancer 8 2.05 3.90 1.67-7.68

Non-malignant respiratory 5 1.39 3.61 1.17-8.43
diseases

*Based on rates for U.S. white females, 1942-94
TExcludes pneumonia, infectious diseases
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TABLE 14. Standardized mortality ratios (SMR) for selected causes of death, 1942-1994:
27 Black males

Cause of death Observed Expected* SMR 95% C1
All causes 2 5.01 0.40 0.05-1.44
All cancers 1 1.03 0.97 0.02-5.42
Lung cancer 1 0.38 2.63 0.07-14.6
- Non-malignant respiratory 1 0.13 1.75 0.19-43.2

diseases T

*Based on rates for U.S. non-white males, 1942-94
TExcludes pneumonia, infectious diseases
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TABLE 15. Results of radiographic readings by year of hire: Manville white male
workers

Year of hire No. workers with  No. (%) positive for No. (%) positive for
film(s) opacities* pleural charges

1908-19 4 2 (50.0) 0 O
1920-29 44 9 (21.0) 2 (4.9
1930-39 113 24 (21.2) 5 (44)
1940-49 645 37 (5.7 18 (2.8)
1950-59 545 4 (0.7 g8 (1.5
1960-69 388 8 (2.1) 3 (0.8)
1970-87 453 2 (0.4) 3 (0.7)

All years 2192 86 (3.9 39 (1.8)

*Small opacities 2 1/0 ILO category or large opacities
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TABLE 16. Results of radiographic readings by year of hire: Grefco white male

workers

Year of hire No. workers with  No. (%) positive for No. (%) positive for
film(s) opacities* pleural charges

1940-49 5 I (20.0) 0 (0

1950-59 52 3 (5.8) 0 (O

1960-69 138 7 (5.1 6 (4.4)

1970-87 107 1 (0.9) 0 (0)

All years 302 12 (4.0) 6 (2.0)

*Small opacities = 1/0 ILO category or large opacities
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TABLE 17. Presence of radiographic opacities* by cumulative exposure to respirable dust
and cumulative exposure to respirable crystalline silica: Manville white males

Respirable dust Respirable crystalline silica
Cumulative Cumulative
exposure exposure
(mg/m3—yrs) No. positive/total (%) (mg/m3-yrs) No. positive/total (%)
0 17249 (0.4) 0 11249 (0.4)
>0-<1.5 0/436 ) >0-0.4 2/412 (0.5)
1.5-<3.5 7/405 (1.7) 0.4-<1.0 3/395 (0.8)
3.5-<8.0 14/428 (3.3) 1.0-<2.0 11/349 (3.2)
8.0-<11.5 13/182 7.1 2.0-<4.0 17/312 (5.5)
11.5-<20 19/160 (11.9) 4.0-<6.0 19/143 (13.3)
>20 27/115 (23.5) 26.0 28/115 (24.3)

*[1.O 2 1/0 or large opacities
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TABLE 18. Life-table analysis of observed and fitted cumulative risk of radiographic
opacities* by cumulative exposure to crystalline silica: Manville white males

Cumulative Number Number  Observed cumulative Fittedt cumulative
exposure entering becoming risk of opacity atend  risk of opacity at

(mg/m3-yrs)  exposure level  positive of interval end of interval
0-<1.0 1975 6 0.004 0.007
1.0-<2.0 919 11 0.019 0.023
2.0-<4.0 570 17 0.058 0.076
4.0-<6.0 258 19 0.150 0.146
6.0-<8.0 115 10 0.237 0.222
8.0-<12.0 69 10 ' 0.372 0.373
12.0-18.0 34 8 0.569 0.553

*small opacities 21/0 or large opacities
TFitted value from log-logistic model
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