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Risk of Silicosis in
a Colorado Mining Community

Kathleen Kreiss, vp, and Boguang Zhen, PhD

We investigated exposure~response relations for silicosis among 134 men over age 40 who
had been identified in a previous community-based random sample study in a mining town.
Thirty-two percent of the 100 dust-exposed subjects had radiologic profusions of small
opacities of 1/0 or greater at a mean time since first silica exposure of 36.1 years. Of miners
with cumulative silica exposures of 2 mg/m’>-years or less, 20% had silicosis; of miners
accumulating >2 mg/m’-years, 63% had silicosis. Average silica exposure was also strongly
associated with silicosis prevalence rates, with 13% silicotics among those with average
exposure of 0.025-0.05 mg/m’, 34% among those with exposures of >0.05-0.1 mg/m>, and
75% among those with average exposures >0.1 mg/m’. Logistic regression models demon-
strated that time since last silica exposure and either cumulative silica exposure or a
combination of average silica exposure and duration of exposure predicted silicosis risk.
Exposure—response relations were substantially higher using measured silica exposures than
using estimated silica exposures based on measured dust exposures assuming a constant
silica proportion of dust, consistent with less exposure misclassification. The risk of silicosis
found in this study is higher than has been found in workforce studies having no follow-up
of those leaving the mining industry and in studies without job title—specific silica measure-
ments, but comparable to several recent studies of dust exposure—response relationships
which suggest that a permissible exposure limit of 0.1 mg/m’ for silica does not protect
against radiologic silicosis.  © 1996 Wiley-Liss, Inc.
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INTRODUCTION

Controversy continues about the quantitative relation-
ship between respirable silica exposure and silicosis. Dust
control in several silica industries has lowered silicosis rates
[Graham et al., 1991; Hnizdo and Sluis-Cremer, 1993].
However, the quantitative basis of the present standards for
silica exposure was derived almost entirely from dust mea-
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surements using impinger methods. Gravimetric methods of
respirable dust measurement were introduced to common
industrial usage in the 1970s, and the conversion of im-
pinger or konimeter measurements to gravimetric equiva-
lents in both standard setting and historical dose reconstruc-
tion is problematic. Recent evidence suggests that such
conversion may require industry-specific data [Verma et al.,
19891, which are rarely available.

In addition to the difficulties posed by exposure assess-
ment, estimation of exposure—response relations is influ-
enced by study design and silicosis assessment. The studies
used for standard setting have identified silicosis cases in
cross-sectional radiologic surveys of workforces [Thériault
et al., 1974a,b]. Systematic data on development of silicosis
after leaving employment or after long latency are not usu-
ally available in such studies.

We had a unique opportunity to evaluate silicosis
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among residents of a hardrock mining town, many of whom
had left mining employment and some of whom had never
worked in mining. The latter group served as an internal
comparison group to assess potential overdiagnosis of ra-
diologic silicosis. The major employer was a molybdenum
mine, and small companies had previously operated lead,
zinc, and gold mines in the area. Our community popula-
tion-based design allowed us to evaluate the relationships
of cumulative dust and silica exposures to silicosis, without
the constraints of employment status and age found in cross-
sectional workplace studies.

The major mining company supplied historical respira-
ble dust and silica measurements by job title, location, and
year from 1941 through 1982, shortly before underground
mining operations ceased. Midget impingers were used to
collect 447 respirable dust samples from 1941 through
1976, and gravimetric measurements began in 1974. Dust
samples from the 1940s were sparse, collected in uncertain
circumstances, and were higher than samples collected later
(Fig. 1). The opening of new mining levels in 1954, 1965,
and 1972, which were worked concurrently, was likely ac-
companied by improvement in mine ventilation in compar-
ison to the older level worked from the 1930s until 1974.
However, no secular trend was evident for impinger data by
job category or mining level. No correlation existed be-
tween average midget impinger and gravimetric dust mea-
surements for the 32 job titles for which data were available
using both methods, albeit in different time periods (r =
—0.06). No side-by-side comparison measurements existed
using midget impinger and gravimetric methods. Accord-
ingly, we used the 649 gravimetric dust and 484 silica mea-
surements taken from 1974 through 1982 for estimating
historical job-specific exposures.

METHODS
Subjects

We invited 149 male Leadville residents, aged 40 years
or more, to participate in 1986 after they had been studied
in a community-based random sample survey of respiratofy
disease 3 years earlier [Kreiss et al., 1989]. Of the original
participants in 1983, 31 men had moved away and four had
died. Outmigrants no longer available for study did not
differ significantly from 1986 participants in shortness of
breath, FEV, and FVC percent predicted, years of mining,
or dust exposures. Of those invited, 134 (89.9%) partici-
pated. This population-based sample included subjects with
silicosis, dust-exposed but nonsilicotic subjects, and com-
munity residents with no occupational history of silica dust
exposure. We chose the 40 year age criterion because we
did not expect to find silicosis among younger men.

After obtaining written informed consent, a trained in-
terviewer completed a standardized respiratory question-
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FIGURE 1. Mean midget impinger dust measurements by decade for the Lead-
ville molybdenum mine, with standard deviation {(unbroken line) and highest
recorded value (dashed line) expressed in miliion particles per cubic foot (MP-
PCF).

naire [Ferris, 1978] for each participant, supplemented by
questions regarding silicosis and occupational history in
mining and other dusty trades. Participants had a postero-
anterior chest radiograph unless one was available that had
been taken within the 2 years preceding the study.

Radiology

Three NIOSH-certified B readers independently classi-
fied chest radiographs for 124 of 134 subjects without per-
sonal identifiers and in random order. We defined silicosis
cases as those subjects with a median radiologic profusion
of small opacities of 21/0 using the 1980 International La-
bour Organization classification [ILO, 1980]. The remaining
10 films were classified by the first reader only, who clas-
sified one as abnormal with a profusion of 1/1; the clinical
radiology report for this film documented an interstitial
nedular pattern in the upper lobes consistent with silicosis.
We evaluated concordance between pairs of B readers with
the Kappa statistic for abnormality [Rosner, 1990] using a
1/0 profusion criterion, with values of 0.70 (p < 0.0001) for
the first and second readers, 0.66 (p < 0.0001) for the first
and third readers, and 0.58 (p < 0.0001) for the second and
third readers. The Kappa statistics for abnormality using a
1/1 criterion were 0.80, 0.75, and 0.75, respectively.

Exposure Indices

We assessed exposure—response relations for silicosis
using three exposure indices. From the occupational history
(which was more detailed than that available from company
personnel records), we calculated years of exposure to min-



ing dusts in underground and surface work. Using gravi-
metric dust exposure data, we created a cumulative dust
exposure index to partially address the substantial misclas-
sification of exposure in the mining years index due to
varying intensity of dust exposure in different job titles and
mine locations. Finally, using gravimetric silica exposure
data, we created a cumulative silica exposure index to ad-
dress misclassification of silica exposure in the cumulative
dust exposure index due to varying silica content in dust
samples from different job titles.

Using the occupational histories obtained in the inter-
view, we estimated cumulative dust and silica exposure by
summing the estimated exposure for each reported job title,
weighted by months in that job without regard to secular
trend in exposures, if any. We estimated exposures for job
titles by using the 649 job title—specific gravimetric dust
measurements and 484 silica measurements taken from
1974 through 1982. For job titles with five or more mea-
surements, we used the average of those measurements (Ta-
ble I). For job titles with fewer than five measurements, we
used the average of all measurements for jobs in the same
fivefold dustiness category. We formed the dustiness cate-
gories using the average of four independent ratings for
each job title on a 0-4 scale performed by the mining
company industrial hygienist, ventilation engineer, and di-
rector of health and safety, and by our staff industrial hy-
gienist who had previously worked for the mining company.
The average dustiness score had a correlation coefficient of
0.86 with the average dust measurements for the 26 job
titles with five or more dust measurements, and of 0.90 with
average silica measurements for the 19 jobs with five or
more silica measurements. For office-type jobs, which had
no personal dust measurements, we estimated exposure to
be zero. We assumed similar estimated exposures for sim-
ilar job titles at other mines, which accounted for 17.1% of
the personyears worked in mining among the dust-exposed
population. We excluded three silicotic subjects and three
nonsilicotic dust-exposed subjects from analyses of cumu-
lative dust and silica exposure because we could not esti-
mate their past exposures in work, such as contract assaying
of mineral content and highway tunnel construction. The
cumulative exposure indices for silica and for respirable
dust were converted to mg/m3—years, and we calculated av-
erage exposures by dividing the cumulative exposures by
years in dust-exposed jobs.

We converted the dust index to a silica estimate for
comparison with analyses based on the silica index. In the
Leadville molybdenum mine, the run of mine ore had a
silica concentration of approximately 35%. The average sil-
ica content of 80 dosimeter samples taken from a crusher
area was 19% with a standard deviation of 11%. The mean
silica content for the 483 paired silica and respirable dust
measurements used in our analyses was 12.3% (standard
deviation 12.0, range 0.2-100%). The correlation between
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paired dust and silica samples was 0.68. Accordingly, we
converted the dust index to a silica estimate by application
of the 12.3% average silica content of dust. This converted
dust index is comparable to those used in previous studies
examining exposure—response relations for silicosis without
the benefit of job title—specific silica measurements.

Statistical Methods

We compared demographic data among nonminers, sil-
icotic miners, and nonsilicotic miners, and exposure indices
between the last two groups. For continuous variables, we
used ¢ tests to compare means and Wilcoxon rank sum tests
to compare distributions (ranks) when the variables were
not normally distributed. For categorical variables, we com-
pared rates using 2 and Fisher’s exact tests. The Spearman
method was applied to correlate variables. We used logistic
regression to investigate silicosis among the dust-exposed
as a function of age, cumulative dust or silica exposure, time
since last exposure, packyears of cigarette smoking, and
their interactions. We also modeled silicosis risk as a func-
tion of average dust or silica exposure, age, years of expo-
sure, years since last exposure, packyears of smoking, and
their interactions. A stepwise procedure allowed us to select
significant independent variables. For continuous indepen-
dent variables, we checked the assumption of linearity in the
logit [Hosmer and Lemeshow, 1989]. The rate of silicosis
given by an independent vector x in the logistic regression
model was estimated by [1 + exp(—6& — B’x)] ™!, where 6
is the estimated intercept, B is the 1 x s estimated coeffi-
cient vector, and s is the number of independent variables in
the model. We used PC-SAS to conduct all data analyses
[SAS Institute, 1988] and chose a probability value of 0.05
as the criterion for statistical significance.

RESULTS
Subject Characteristics

The 100 miners and 34 community controls differed
significantly in mean age, packyears of cigarette smoking,
and percent of current smokers, but did not differ in percent
of ever smokers (Table II). None of the 34 men without dust
exposure had an abnormal chest radiograph. Of the 100
dust-exposed participants, 32% were classified as silicotic;
of these, seven had category II profusions, two had category
III profusions, and five had predominantly irregular opaci-
ties. Men with low cumulative silica exposures tended to be
somewhat older, to smoke more, and to have lower dura-
tions of dust exposure than those with moderate and high
cumulative exposures (Table III). All X-ray readers classi-
fied increasing proportions of X-rays as abnormal as cumu-
lative exposure increased.

Among the dust-exposed group, the silicotic miners



532 Kreiss and Zhen

TABLE 1. Mean Respirable Silica and Dust Gravimetric (mg/m®) and Impinger (Million Particles per Cubic Foot) Measurements by Grouped Dustiness

Categories and Job Titles With >Five Gravimetric Measurements, Leadville

Gravimetric silica Gravimetric dust Impinger®
Dustiness categories
and job titles No. Mean S.D. No. Mean S.D. No. Mean §.D.
Mean dustiness score: >2.5-4.0 92 0.195 0.184 98 1.91 1.54 49 17.9 19.6
Loader 65 0.193 0.154 67 1.87 1.32 27 271 220
General labarer (crusher) 24 0.218 0.254 27 2.21 2.01 6 46 1.5
Mean dustiness score: >1.5-2.5 228 0.086 0.096 287 1.04 1.20 139 6.2 57
Cave miner® 5 0.045 0.028 5 0.51 0.09
General laborer {mine) 102 0.104 0.118 102 1.10 1.20 40 4.3 4.6
Miner 48 0.071 0.069 55 1.01 1.09 40 54 341
First class miner 28 0.071 0.076 70 0.85 0.93 6 5.4 05
Smalt motor motorman 7 0.066 0.042 8 1.01 0.82 3 4.7 1.2
Timberman 15 0.036 0.047 15 0.40 0.42 11 36 1.1
Mechanic B (crusher) 5 0.110 0.062 7 1.09 0.58 12 10.0 73
Welder A 8 0.170 0.058 8 2.70 2.12
Mean dustiness score: >0.5-1.5 92 0.042 0.042 177 0.47 0.39 223 6.7 71
Laser motor motorman 10 0.72 0.48 16 55 31
First class trackman 6 0.63 0.23 3 3.5 04
Second class trackman? 7 0.62 029 1 3.9
Dozer operator 5 0.048 0.042 5 0.40 0.25
Shovel operator 5 0.019 0.012 8 0.44 0.58
Utility man?® 5 0.048 0.033 5 0.25 0.10
First class electrician 15 0.049 0.028 23 0.51 0.33 7 31 1.3
Helper B2 8 0.060 0.029 8 0.47 0.15
Apprentice A 5 0.44 0.38 17 5.9 3.0
Apprentice D 8 0.44 0.17
Apprentice E 15 0.22 0.10 1 43.0
Apprentice F 10 0.71 0.20 3 3.3 0.0
Mean dustiness score: >0-0.5 72 0.026 0.027 87 0.26 0.20 34 6.9 6.3
Floor walker 7 0.015 0.008 7 0.21 0.05
Mechanic B {open pit) 14 0.017 0.013 14 0.27 0.17
Mechanic, trainee? 6 0.008 0.003 6 0.31 0.38
Truck driver 23 0.033 0.027 28 0.19 0.11
Total 484 0.090 0.120 649 0.91 1.14 445 7.8 9.6

2No study participant had this job.
*Two measurements exciuded because of no dustiness scores for their job titles.

significantly exceeded the nonsilicotic miners in mean age,
time since first dust exposure, and all exposure indices (Ta-
ble IV}. Smoking status and packyears of cigarette smoking
did not differ between the silicotic and nonsilicotic miners.
For the 17 participants reporting a physician diagnosis of
silicosis prior to the study, no statistically significant cor-
relation existed between latency to diagnosis and cumula-
tive or average exposure indices. Silicotic and nonsilicotic
miners did not differ in average or cumulative dust or silica
exposure accumulated at the minor mines around Leadville.

Exposure-Response Relationship Using
Mining Years Index

All dust-exposed subjects in the study were 13 or more
years since first dust exposure, and 97% were 20 or more
years since first exposure. Prevalence rates of silicosis
among the 100 dust-exposed subjects increased by years of
dust exposure, with silicotics constituting 15.4% of miners
with less than 20 years of mining; 30.0% of miners with
20-29 years of mining; and 47.1% of miners with 30 or



TABLE Il. Characteristics of Leadville Community Controls and Miners,
Leadville 1986

Community Miners

Characteristic controls (n = 34) (n = 100)
Age (years)*®

Mean 55.9 60.1

S.D. 12.1 10.2

Range 41-79 41-84
Packyears smoking®

Mean 17.9 29.1

S.D. 31.2 345

Range 0-142 0-216
Current smokers (%)* 59 29.0
Ever smokers (%) 64.7 78.0
X-ray profusion categories (%)

01 8.8 12.0

1/07 0.0 11.0

>1/12 0.0 210

>1/1, Rounded opacities® 0.0 18.0

Large opacities 0.0 5.0

2Significant difference between the two groups in means or proportions.
bSignificant difference between the two groups in ranks.

more years of exposure. The rates of silicosis also increased
with time since first exposure, with no cases among the
three subjects less than 20 years from first exposure; 17.9%
of subjects 20-29 years from first exposure; 30.6% of sub-
jects 30—39 years from first exposure; and 51.6% of sub-
jects 40 or more years from first exposure.

Exposure-Response Using Dust
Exposure Indices

Prevalence rates of silicosis among the 94 dust-exposed
subjects for whom we estimated cumulative and average
exposure increased with increasing average dust exposure
(Fig. 2). Those with average dust exposure <0.4 mg/m>
(corresponding to <0.05 mg/m’ silica assuming a 12.3%
silica content of dust) had a silicosis rate of 10% in com-
parison to a rate of 22.5% for the group with >0.4-0.8
mg/m> and 48.6% for the group with higher average expo-
sures (p = 0.01). Cumulative dust exposure was also signif-
icantly related to silicosis prevalence rates. Of the group
with cumulative dust exposure of >0—16 mg/m>-years (cor-
responding to <2 mg/m>-years of silica), 15.1% had silico-
sis. With exposure of >16—32 mg/m>-years, the rate of sil-
icosis increased to 43.3%. Men with cumulative exposures
>32 mg/m>-years had a silicosis rate of 72.7%.

Logistic regression analyses showed that cumulative
dust exposure and time since last exposure predicted silico-
sis (Model 1 in Table V). Alternatively, the average dust
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exposure, years of exposure, and time since last exposure
predicted silicosis risk (Model 2 in Table V). Age, time
since first exposure, packyears of smoking, and interaction
terms were not significant predictors of the presence of
silicosis.

Exposure-Response Using Silica
Exposure Indices

Of the 94 dust-exposed participants, those accumulat-
ing <2 mg/m>-years silica dust had a silicosis prevalence
rate of 20.0%, in comparison to a rate of 62.5% for those
accumulating >2 mg/m3-years (p = 0.004) (Fig. 3). Average
silica exposure was also significantly associated with sili-
cosis rates, which were higher than those found when we
classified dust-exposed participants into subgroups of com-
parable cumulative dust exposure (Fig. 2). The logistic re-
gression models showed that cumulative silica exposure and
time since last exposure predicted silicosis risk (Model 3 in
Table V). Alternatively, silicosis risk increased with aver-
age respirable silica exposure, years of exposure, and time
since last exposure (Model 4 in Table V), while the other
independent variables did not significantly contribute to sil-
icosis risk. Figure 4 demonstrates the silicosis risk associ-
ated with increasing years of exposure at different levels of
average silica exposure, holding postemployment follow-up
at 10 years.

At the extremes of postexposure follow-up, one silico-
tic subject (with a 1/2 profusion of small opacities) reported
only 1 year of mining at an average silica exposure of 0.104
mg/m> and follow-up 56 years later. Another subject who
was not silicotic had similar cumulative exposure from 2.1
years of mining at an average exposure of 0.042 mg/m’ and
follow-up 66 years later.

Using the logistic regression model for silicosis risk
based on average silica exposure, we compared the risks of
a typical 25 year mining career and a 45 year mining career
(Fig. 5). At an average exposure of 0.05 mg/m>, the risks of
silicosis at the end of employment were 50% for miners
working 45 years and 9% for miners working 25 years in the
industry. At approximate retirement age following 20 years
of postexposure follow-up, the 25 year miners had a 36%
risk of silicosis. At the end of life with an additional 15
years of follow-up, the silicosis risk for 25 year miners at an
average silica exposure of 0.05 mg/m’ was 67%, compared
to a risk of 78% for 45 year miners followed 15 years.

Comparison of Silica and Dust
Risk Estimates

Using the logistic regression models, we compared risk
estimates for silicosis in relation to cumulative silica and
dust exposures, assuming a 12.3% silica content of respira-
ble dust (Fig. 6). Risk estimates using the camulative silica



534 Kreiss and Zhen

TABLE Ill. Prevalence (%) of Radiologic Opacities of Profusion >1/0 by Cumulative Silica Exposure and Reader,

Leadville 1986

Cumulative silica exposure (mg/m3-years)

0 >0-1 >1-2 >2-3 >3 Total exposed®
Number of subjects? 34 (2) 32 (4) 38 (1) 18 (2) 6(1) 94 (8)
Mean cumuiative silica exposure 0.0 0.6 1.4 25 3.6 1.5
Mean years exposure 0.0 16.0 28.2 30.6 28.2 245
Mean age 55.9 62.2 58.9 57.7 58.2 59.7
% ever smokers 64.7 84.4 76.3 77.8 66.7 78.7
Prevalence (%)
Reader 1 2.9 15.6 31.6 61.1 83.3 351
Reader 2 3.1 17.9 24.3 68.8 80.0 337
Reader 3 6.3 25.0 21.6 56.3 60.0 314
Median reading 0.0 125 26.3 55.6 83.3 309
2Numbers in parentheses are subjects whose X-rays were unavailable for Readers 2 and 3.
5No silica exposure data were available for six of 100 miners studied.
TABLE V. Characteristics of Leadville Silicotic vs. Nonsilicotic Miners, Leadville 1986
Silicotic miner (n = 32) Nonsilicotic miner (n = 68)
Characteristic Mean S.D. Range Mean S.D. Range
Age (years)? 64.3 10.7 46-83 58.2 9.4 41-84
Packyears smoking 33.7 47.3 0-216 26.9 26.5 0-116
Years in hardrock mining? 27.6 11.2 1-58 229 10.6 0.5-46
Years since first exposure? 41.6 124 20-66 335 11.0 13-68
Years since last exposure 10.0 13.9 0-56 71 11.6 0-66
Cumulative dust exposure (mg/m3-years)®® 24.2 1.7 1.1-54.0 14.2 9.0 0.1-475
Average dust exposure (mg/m®)*® 0.97 0.38 0.37-1.77 0.64 0.29 0.25-1.64
Cumulative silica exposure (mg/m®-years)*® 2.03 0.96 0.10-3.88 1.24 0.80 0.01-4.70
Average silica exposure (mg/m®)*® 0.08 0.03 0.04-0.16 0.06 0.02 0.03-0.16

2Gignificant difference between the two groups in means and ranks.

bSix subjects excluded due to lack of a cumulative dust or silica exposure estimate—three in each group.

exposure index were considerably higher than those derived
from the cumulative dust index. For example, at a cumula-
tive exposure of 2.0 mg/m>-years and no postexposure fol-
low-up, the two models predicted silicosis risks of 31% and
14%, respectively. At 4.0 mg/m>-years and no postexposure
follow-up, the models predicted silicosis risks of 92% and
62%, respectively. Figure 6 also shows that silicosis risk
increased markedly with follow-up after employment. For
example, at a cumulative silica exposure of 2.0 mg/m’-
years, the model based on the silica index predicts that
silicosis risk jumps from 31% at the end of exposure to 67%
with 20 years of postexposure follow-up. At higher cumu-
lative silica exposures, such as 4.0 mg/m>-years, silicosis
risks are above 90% even with no follow-up. The additional
follow-up effect is then less marked but still evident.

Comparison of Different X-Ray Criteria

To facilitate comparison with previous studies which
have used an X-ray profusion of 21/1 rounded opacities, we
have included the logistic regression models for cumulative
dust and silica exposure indices using these more stringent
criteria for radiologic classification of silicosis (Models 5
and 6 Table V). The rates of silicosis are lower using the
21/1 criterion for radiologic silicosis, particularly at inter-
mediate cumulative silica exposures (Fig. 7). The model
derived from cumulative dust, converted to silica exposure
by assuming a 12.3% silica content of dust, lowers the risk
estimates for radiologic silicosis to a greater degree than the
change in radiologic criteria for silicosis.
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FIGURE 2. Prevalence rates of silicosis among dust-exposed subjects by aver-
age silica exposure category, Leadville 1986. Stippled bars represent rates de-
rived from average dust exposure categories, converted to silica exposure by
assuming a 12.3% silica content of dust. Solid bars represent rates based on
silica measurement categories.

DiISCUSSION

The most striking finding of this community-based
study is the high prevalence rate of silicosis (32%) among
men 40 years and older who had been exposed to hardrock
mining dusts at an estimated average silica level of 0.064
mg/m>, which is below the current permissible exposure
limit. Our data support the need for following silica-ex-
posed workers after they leave employment to assess the
full burden of radiologic disease in relation to average and
cumulative silica exposures.

Since nearly half of the silicotic miners were unaware
of their radiologic abnormality, we concluded that their ra-
diologic silicosis developed after they had left regular med-
ical surveillance in mining industry employment. In longi-
tudinal follow-up of South African gold miners, a majority
of silicosis cases developed in ex-miners who had left the
industry [Hnizdo and Sluis-Cremer, 1993]. Cross-sectional
workforce studies never achieve the mean follow-up periods
from first exposure necessary for long-latency disease; in
our study, the mean time from first exposure was 36.1 years
for the dust-exposed population, and 97% were 20 or more
years since first exposure. The shorter time since first ex-
posure among nonsilicotics compared to silicotics (33.5 vs.
41.6 years) suggests that additional silicosis cases may oc-
cur in the nonsilicotics with longer follow-up.

Our estimates of cumulative dust and silica exposure
are subject to error, since pre-1974 exposure estimates were
based on job-specific gravimetric data collected since 1974,
a period which accounted for 30.4% of the personyears
worked by study participants. The more recent exposure
data have the advantages of greater numbers of measure-
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ments, job title—specific silica measurements, and gravimet-
ric units, obviating assumptions regarding a conversion fac-
tor applied to midget impinger data. On the other hand,
these data do not allow adjustment for possible secular
changes in dust exposure due to ventilation and production
changes. We suspect that historical exposures may have
been higher than those used in our calculation of the cumu-
lative dust and silica exposure indices, particularly in the
1940s, but personyears of mining in that decade account for
only 5.7% of the total (and 1.6% of the major mine person-
years). We were unable to confirm our suspicion of higher
earlier exposures using the impinger data from the subse-
quent three decades (Fig. 1), even with job title—specific
data. If our cumulative respirable dust and silica exposure
indices underestimated exposure, models using these indi-
ces would overestimate quantitative risk of silicosis associ-
ated with the estimated exposure. It is also possible that our
exposure indices overestimated exposure if, for example,
measurements were taken in circumstances suspected to
generate higher than average dust and silica levels.

Our study has two potential biases, in addition to pos-
sible misestimation of historical silica exposures. First, out-
migration from the highest town in North America might
have an effect in either direction: symptomatic ex-miners
may have left for lower altitudes, resulting in an underesti-
mation of silicosis rates; alternatively, miners without ra-
diologic silicosis may have been able to obtain employment
elsewhere while silicotics remained, resulting in an overes-
timate of silicosis rates. Qutmigrants between 1983 and
1986, during which time the underground operations closed,
provided no evidence for a bias in either direction, since
they did not differ in chest complaints or spirometry from
those miners who remained resident in Leadville. Second,
exposure—response relations derived from this mining com-
munity at 3,100 meters may have overestimated the expo-
sure-related risk of silicosis because of the increased minute
ventilation required to compensate for altitude-associated
hypoxemia. Long-term Leadville residents have been
shown to have a depressed ventilatory response to hypoxia
compared to lowlander sojoumers at this altitude; the in-
creases in minute ventilation for Leadviile residents at 3,100
meters associated with moderate to heavy workloads requir-
ing the same oxygen consumption at sea level among sea
level residents are in the range of 14-27% [Dempsey et al.,
1972]. However, the resulting increased risk for a particular
exposure level among Leadville miners compared to sea
level silica-exposed workers is small in comparison to other
uncertainties in historical dose reconstruction in this and all
published studies.

In contrast to other investigators who estimated silica
exposures from the average silica content of ore or dust
samples [Verma et al.,, 1989; Hnizdo and Sluis-Cremer,
1993; Thériault et al., 1974a; Steenland and Brown, 1995],
we had the advantage of having job title-specific silica ex-
posure measurements which should have resulted in less
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TABLE V. Logistic Regression Models Using Two X-Ray Profusion Criteria and Alternative Dust and Silica Exposure Indices, Leadville 1986

Estimated Odds 95% C.1. of Log

Independent variables coefficients S.E. p value ratios? odds ratios likelihood
Profusion >1/0

Model 1 —43.69

Constant —4.0613 0.8281 0.0001

Years since last exposure 0.0749 0.0232 0.0013 2.1 1.3-3.3

Cumulative dust exposure (mg/me-years) 0.1401 0.0326 0.0001 3.1 19-53

Model 2 —42.61

Constant —7.3550 1.6797 0.0001

Years since last exposure 0.0823 0.0277 0.0030 23 1.3-3.9

Years of dust exposure 0.1136 0.0390 0.0035 341 1.5-6.7

Average dust exposure (mg/m®) 3.7210 0.8982 0.0001 45 2.2-93

Model 3 —44.76

Constant —4.0038 0.8316 0.0001

Years since last exposure 0.0765 0.0238 0.0013 2.1 1.3-34

Cumutative silica exposure (mg/m3-years) 1.5992 0.3855 0.0001 49 2.3-10.5

Model 4 -43.95

Constant —7.1575 1.6637 0.0001

Years since last expostre 0.0859 0.0284 0.0024 2.4 1.4-41

Years of silica exposure 0.1143 0.0388 0.0032 3.1 1.5-6.7

Average silica exposure (mg/m?) 40.1495 10.2630 0.0001 7.4 2.7-204
Profusion 21/1 rounded

Model 5 -32.05

Constant —5.0745 1.0982 0.0001

Years since last exposure 0.0618 0.0288 0.0316 1.9 1.1-3.3

Cumulative dust exposure (mg/m®-years) 0.1430 0.0377 0.0002 3.2 1.8-58

Mode! 6 -34.18

Constant —4.5926 0.9965 0.0001

Years since last exposure 0.0557 0.0276 0.0436 1.7 1.0-3.0

Cumulative silica exposure (mg/m>-years) 1.4601 0.4076 0.0003 43 1.9-9.6

2For years since last exposure and years of exposure, the odds ratio is for an increase of 10 years. For the average and cumulative sifica exposures, the odds ratios are for an
increase of 0.05 mg/m® and 1 mg/m3-years, respectively. The comparable adds ratios for dust exposure are calculated assuming a silica content of 12.3%.

misclassification of silica exposure. The estimates of sili-
cosis risk using cumulative and average silica exposure
were higher than those derived from cumulative and aver-
age dust exposure, for which we assumed a 12.3% silica
content of dust. The logistic regression—modeled odds ratio
for silicosis associated with a 2 mg/m’-years increase in
cumulative silica exposure was 24.5 in comparison to 9.8
from a comparable increase in silica exposure derived from
the cumulative dust exposure model, assuming a silica con-
tent of dust of 12.3%.

Our risk estimates are markedly higher than those re-
ported for Ontario hardrock miners {Muir et al., 1989a, b;
Verma et al., 1989]. However, the mean length of follow-up
from first exposure was less than 18 years in the Ontario

study. The difference in risk estimates between the two
studies substantiates our concern that study designs based
on radiographs taken at the time miners leave an industry
may underestimate risk for silicosis occurring at longer la-
tency and among ex-miners.

In contrast, our quantitative risk estimates from the
cumulative dust models using a profusion criterion of 21/1
are strikingly similar to those found for South African gold
miners [Hnizdo and Stuis-Cremer, 1993], Hong Kong gran-
ite quarries [Ng and Chan, 1994], and South Dakota gold
miners [Steenland and Brown, 1995]. Each of these groups
was followed, at least in part, for radiologic changes or
silicosis diagnosis after employment ended. The consis-
tency of risk estimates from these studies is quite surprising
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as determined by Model 4 in Table V, with 10 years of postexposure foliow-up.
Average levels of silica exposure are 0.1 (open circles), 0.05 (closed circles), and
0.025 mg/m® (open squares).

since study designs included longitudinal cohort follow-up,
cross-sectional radiologic surveys of current and ex-work-
ers, and death certificate ascertainment of cases. For exam-
ple, the South Africa study [Hnizdo and Sluis-Cremer,
1993] showed a cumulative silicosis risk of 77% for 4.5
mg/m>-years estimated silica exposure; in comparison, the
Leadville data showed a prevalence of 68-80% for the
same estimated cumulative exposure, the range being for
10-20 years of postemployment follow-up, respectively
(model 5 in Table V). Similarly, the South African study
reported that miners accumulating about 2.7 mg/m>-years of
respirable silica had a 25% risk of silicosis, in comparison
to our estimate of 22-34% prevalence with 10-20 years of
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postemployment follow-up, based on our dust model and
identical 1/1 profusion criterion.

Although our risk estimates using the dust exposure
estimates, mean silica content of dust, and the >1/1 radio-
logic criterion were comparable to those reported by others
with at least three decades of follow-up after first exposure,
our quantitative risk estimates based on the silica models
were higher, For example, our silica measurement—derived
model predicted the silicosis risk for miners accumulating
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FIGURE 7. Percent silicosis after 10 years of postexposure follow-up by cumuy-
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radiologic abnormality. Closed circles represent silicosis risk defined as a small
opacity profusion of >1/0. Squares represent silicosis risk defined as a small
rounded opacity profusion of >1/1. The closed squares represent the model
based on cumulative silica exposure. The open squares represent the model
based on cumuiative dust exposure, converted 1o comparable silica exposure by
assuming a 12.3% silica content of dust.

about 2.7 mg/m>-years of respirable silica, using the >1/1
radiologic criterion, to be 50% with 10 years of postexpo-
sure follow-up. Thus, having job-specific silica measure-
ments with which to model silicosis risk led to an approx-
imate doubling of our risk estimates at modest exposures
when compared to models based on respirable dust with an
assumed constant silica content.

Although we have presented comparisons of our data
using the 21/1 profusion of rounded opacities reported by
others, we advise using a less conservative definition of
radiologic pneumoconiosis in future studies. Our choice of
a 1/0 criterion is supported by the autopsy study of South
African gold miners [Hnizdo et al., 1993] which reported a
sensitivity of 0.39 or less for pathologic silicosis using a 1/1
profusion criterion. A 1/0 profusion criterion improved the
sensitivity, and the authors recommended a 0/1 profusion
criterion for those exposed to a high average concentration
of respirable silica dust. In addition to a less stringent pro-
fusion criterion, we chose to ignore categorization of pre-
dominant opacity as rounded or irregular, We had the ad-
vantage of a community control group which did not have
any abnormal X-rays, suggesting that the background rate
of small opacities is quite low. Smoking indices did not
enter our models of risk for radiologic abnormalities, a find-
ing similar to that of Ng and Chan who also ignored opacity
shape. Finally, Ng and Chan have shown in a much larger
group of silica-exposed workers that both rounded and ir-
regular opacities are related to cumulative silica exposure,

and that such classification varied considerably by X-ray
reader.

Although the clinical significance of low profusion sil-
icosis may be disputed, a public health approach to preven-
tion is aided by early disease detection, even in a preclinical
stage. Our models for silicosis risk suggest that the curve
representing the 1/0 profusion criterion is shifted to the left
compared to the curve representing the 1/1 radiologic cri-
terion, as would be expected for earlier diagnosis of silico-
sis. Exposure—response relations using a less conservative
criterion for radiologic classification of disease may be par-
ticularly useful in a disease that predisposes to clinical my-
cobacterial infection and appears and/or progresses after
employment has ended. Additional community-based cross-
sectional and prospective studies following silica-exposed
workers after they leave employment would be useful to
clarify exposure-response relationships using gravimetric
sampling and job-specific silica measurements. Regardless
of the uncertainty remaining about historical exposure esti-
mates in this and other studies, our study documents that
silicosis occurred at an unacceptably high rate among
hardrock miners in Leadville, at exposures averaging below
the current U.S. permissible exposure limit, and suggests
that lifetime follow-up is necessary to assess the full health
burden of silica dust exposures.
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