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Observed and predicted silicosis risks in heavy 
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Background	 There is increasing pressure to tighten the regulation of workers’ exposures to airborne silica, which 

can lead to severe and in some cases rapid development of disease. However, estimated risks from 

respirable silica vary greatly across industries. 
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Aim	 To clarify differences in risks between workers in the heavy clay and coal industries with documented 

exposures to respirable silica, in order to assist decisions on whether further investigation of possible 

differences might be justified. 
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Methods	 We applied a published equation for radiological risks from exposure to respirable silica, from a study 

of Scottish coalworkers (with unusually high exposures) to exposure estimates from an epidemio­

logical study of heavy clay workers, by the same research team and using similar methods. 
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Results	 The equation based on coalworkers’ risks predicted in the heavy clay workers 31 cases of abnor­

malities at grade 2/11 on the International Labour Organization scale, greatly in excess of the eight 

cases observed. Statistical variation is an implausible explanation (P , 0.0001). 
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Conclusions	 While there were some methodological differences between the studies, the disparity in risks provides 

some support for the case for further investigation of possible differences. 
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Introduction 

Health hazards of exposure to respirable crystalline silica 

(quartz) in certain industries have been well documented 

for centuries. However, there has been much debate 

about the transferability of epidemiological results be­

tween industries, concerning the risks of silicosis [1,2] 

and of lung cancer [3–5]. The risks presented by respira­

ble silica vary greatly, probably with the age and condi­

tion of the quartz particles and their contact with other 

minerals such as clays. 

The current debate over occupational exposure limits 

for respirable quartz in the UK and elsewhere is driven 

by worst-case scenarios such as that experienced in 

a Scottish colliery. In a recent series of studies, 

Buchanan et al. [6,7] demonstrated a strong exposure– 

response relationship between cumulative exposure to 

respirable quartz and subsequent development of radio­

graphic abnormalities. The regression equations sum-
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marizing these relationships became prominent in the 

regulatory debate. 

Workers in the heavy clay industry are also exposed to 

respirable dust containing quartz. In a study at 18 sites 

[8,9], radiographic abnormalities were present but rela­

tively infrequent compared to other quartz-exposed 

workers. These studies showed evidence of a relationship 

with estimates of individual exposure to respirable dust 

and quartz. 

The results seemed to suggest that the risks in the 

heavy clay industry were lower than those in the Scottish 

colliery. However, a more studied comparison was 

needed, to take into account any differences between 

the exposures experienced. The present limited study 

was therefore undertaken to examine whether the pub­

lished risk equations from the Scottish colliery study cor­

rectly predicted the frequencies of pneumoconiosis 

observed in the study by Love et al. [8,9]. The results 

from this approach may be easier to interpret than com­

paring coefficients from logistic regression analyses from 

the two studies. 

The aim of this study was to compare observed fre­

quencies of radiographic abnormalities in heavy clay 

workers [8] with those predicted from an exposure– 

response relationship in Scottish coalworkers [7]. 
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Methods 

Love et al. [8] employed a job-based approach to estimat­

ing individual exposures to respirable dust and to respi­

rable silica in the heavy clay industry. Estimates of mean 

respirable quartz concentrations were based on a cross-

sectional programme of intensive personal sampling and 

characterization of respirable dust. There was variation in 

the concentrations between the 18 sites visited and within 

the 12 occupational groups at each site. Mean concen­

trations were calculated for combinations of site and 

occupational group, and were considered appropriate 

for jobs at these sites over at least the previous 20 years, 

except on the eight sites where tunnel kilns had replaced 

Hoffmann kilns. At these sites, adjustment factors were 

applied from the date of change. For heavy clay jobs at 

sites other than that where the employees were surveyed, 

job-specific average concentrations were applied [8]. No 

estimates were made of exposures in jobs outside the 

heavy clay industry. To calculate an individual’s cumula­

tive exposure to respirable quartz, the duration in years of 

each job in the heavy clay industry was multiplied by the 

appropriate mean respirable quartz concentration in mil­

ligram per cubic metre. Exposures were then summed 

over all an individual’s jobs, to give a total cumulative 

quartz exposure. 

Worldwide, most of the exposure–response relation­

ships for coal workers have been based on estimated 

cumulative exposures, usually up to the time of measure­

ment of the response. Because the response to respired 

silica may depend not only on the total exposure but also 

on its residence time and possibly on the intensity of peak 

exposures, the analyses of Buchanan et al. [6,7] used 

a more detailed approach. The exposure data for the coal 

workers were in two parts, individual airborne concentra­

tion measurements (representing a range of coalmine 

occupations) and the percentage of crystalline silica in 

the dust determined from pooled samples. Data on the 

time spent in these different occupations were available 

accumulated by quarter year and was matched to mean 

concentrations of respirable dust and silica for those 

quarters. This facilitated analyses using exposure metrics 

more complicated than simple cumulative exposure, 

investigating the influence of timing and intensity of 

exposure. 

Detailed analyses of the responses in the Scottish col­

liery [10] showed no effect of smoking on the risk of 

opacities 2/11, as expected showing that small opacities 

of this severity are not caused by smoking. The risks were 

concentrated in men who had worked in coalface jobs in 

one seam where unusually high quartz concentrations 

had been recorded between about 1970 and 1976, and 

among those men there was no evidence that risks varied 

with age. The subsequent analyses of Buchanan et al. [7] 

therefore resulted in models to predict risk that depended 

solely on the exposures to respirable silica. One well-

fitting model split exposures into two components, depend­

ing on whether the assigned mean quartz concentration 

was above or below 2 mg/m3. The results of this analysis 

have featured strongly in the UK Health and Safety 

Executive’s risk assessment for possible limits, and it 

was decided for the present study to follow this model. 

The exposure–response relationship of Buchanan et al. 
[7] was based on risks assessed by a radiographic follow-

up study �15 years after the exposures ceased. We 

therefore returned to the source data on times spent 

in occupational groups and mean concentrations, and 

calculated risks for heavy clay workers based on re­

calculated exposures that omitted all contributions from 

the 15 years immediately prior to the date on which the 

subject was surveyed. 

Exposures are calculated by multiplying time spent in 

a job by average concentration, so the units of an expo­

sure are mass 3 time/volume. In research for the coal 

industry, exposures were traditionally expressed as gram 

hours per cubic metre (gh/m3). However, Love et al. [8,9] 

expressed their concentrations in milligram years per 

cubic metre (mgy/m3). The coal research, including 

Buchanan et al. [7], assumed 1740 working hours in a 

year. On this assumption, exposures in mgy/m3 can 

be converted to gh/m3 simply by multiplying by 1.74. 

We have converted the heavy clay exposures in that 

way, since the risk equations of Buchanan et al. [7] were 

expressed in gh/m3. 

Results 

The principal results of Love et al. [8] were based on 1831 

men from the heavy clay industry who all had job histo­

ries, data on smoking habits and radiographs of sufficient 

quality. All the results presented here refer to that set of 

men. 

Figure 1 compares the distributions of cumulative 

quartz exposures in the heavy clay workers, omitting 

the 15 years prior to survey, and for comparison, the re­

spirable quartz exposures of 371 coalworkers aged 55–74, 

on which the exposure–response relationships [6,7] were 

based. In the box-plots, the interquartile range between 

the 25th and 75th percentile values is drawn as a box with 

a line indicating the median, whiskers outside the box 

extend to the 10th and 90th percentiles and the 10% 

smallest and 10% largest values are shown as individual 

points (here triangles). 

The restricted exposures in clayworkers omitting the 

last 15 years before the surveys were considerably lower, 

on average, than those of the coalworkers. In particular, 

the median of the restricted exposures was indistinguish­

able from zero, because 1025 of the heavy clay workers 

had no exposure before the 15-year cut-off. Nevertheless, 

the exposures from both industries covered broadly the 

same range. 
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In the context of silicosis, category 2/1 or greater small 

opacities represents well-established disease. The analy­

ses of Buchanan et al. [7] fitted logistic regression equa­

tions for the risk of showing radiographic small opacities 

at a profusion category 2/1 or greater (2/11). The equa­

tion can be used to calculate a predicted risk in two steps 

as follows: 

l 5 -4:826 þ 0:4434 3 CE,2 þ 1:323 3 CE.2; 

lriskð2=1þÞ 5 e =ð1 þ e lÞ 3 100%; 

where CE,2 and CE.2 represent the cumulative exposures 

to respirable quartz contributed by concentrations above 

and below 2 mg/m3. In the heavy clay workers, there was 

Figure 1. Box-plots summarizing distributions of estimated 

cumulative exposures to respirable quartz in heavy clay industry (with 

the most recent 15 years’ exposure omitted for latency) and for Scottish 

coalworkers. 

no contribution from concentrations .2 mg/m3, so the first 

part of the formula simplified to 

l 5 -4:826 þ 0:4434 3 CE,2: 

These equations were based on 371 coalworkers aged 50–74 

years when surveyed between 1990 and 1991 and on expo­

sures accrued from 1964, with some men exposed to partic­

ularly high peak concentrations of quartz in the early 1970s. 

The gap between the last significant quartz exposure and the 

surveys varied by individual, but for many men it was around 

15 years [11]. 

If we substitute zero for the exposures in these formu­

lae, we predict the risk of showing abnormalities in the 

absence of any quartz exposure (although such predic­

tions may be less secure, implying an extrapolation out­

side the range of the data). Here, this leads to a prediction 

of 0.8% risk of 2/11 in unexposed individuals, which 

is ignorable. A lifetime cumulative quartz exposure of 

20 gh/m3 predicts a 98% risk of 2/11 opacities. 

Risk predictions for each of the 1831 heavy clay work­

ers were calculated and are summarized in Table 1, which 

shows, for each of five exposure groups, the smallest and 

largest exposure, and the median and mean cumulative 

exposures calculated with 15 years omitted for latency. 

There were 1025 men with zero contributing time in 

heavy clay occupations, and therefore zero quartz con­

centrations. The other four groups contain equal num­

bers of men; in these, the mean and median exposures 

were very similar except in the group with the highest 

exposures, which was heavily skewed to the right. Within 

each group are tabulated the observed frequency (%) of 

opacities 2/11, and for comparison the mean of the pre­

dicted risks. Approximate 95% confidence intervals on 

the observed and predicted risks are based on assump­

tions of binomial variation. The predictions are clearly 

much greater than the corresponding observed frequen­

cies in all the groups. 

Figure 2 summarizes the comparison in numbers of 

observed and predicted cases, cumulated over the or­

dered distribution of cumulative exposure estimates. 

Each heavy clay worker is represented by a small triangle, 

Table 1. Predicted risks and observed frequencies of radiographic abnormalities (with 95% confidence intervals), grouped by cumulative 

quartz exposure (with last 15 years omitted for latency) 

No. of men Quartz exposure (gh/m3) Risk of opacities profusion 2/11 (%) 

Minimum Median Mean Maximum Observed (95% CI) Predicted (95% CI) 

1025 0.00 0.00 0.00 0.00 0.20 (0.00, 0.47) 0.80 (0.25, 1.35) 

201 0.003 0.25 0.26 0.56 0.00 (0.00, 1.03) 0.90 (0.00, 2.20) 

202 0.56 0.93 0.94 1.39 0.99 (0.00, 2.36) 1.21 (0.00, 2.68) 

201 1.40 2.00 2.02 2.74 0.50 (0.00, 1.47) 1.95 (0.03, 3.85) 

202 2.74 4.05 4.55 13.88 1.49 (0.00, 3.15) 7.28 (3.69, 10.86) 

1831 Total 0.44 (0.13, 0.74) 1.64 (1.10, 2.28) 
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Figure 2. Predicted risks and observed abnormalities, against 

cumulative quartz exposure. 

and the line rises at each exposure point at which a subject 

had a radiograph scored 2/11. 

Since predicted risks are independent, they can be 

summed over the workers, and we may therefore calcu­

late in the same way a cumulative distribution for the 

predicted risks, shown by the upper line. Here the trian­

gles have the same exposure distribution horizontally, but 

the increments correspond to the individual predicted 

risks. 

The upper line shows that the coalworkers’ equation 

would predict 31 cases of opacities 2/11 for this distri­

bution of silica exposures. The lower line terminates at 

eight, being the number of 2/11 cases among the heavy 

clay workers. The predicted risks are hugely in excess of 

the cases actually recorded, across the whole exposure 

distribution. 

Discussion 

We have found that the prediction equations based on 

observed silicosis risks in coalworkers predict much 

higher risks than were observed in the heavy clay workers 

studied, after we ignored the last 15 years of exposure for 

latency. Predictions of the risk of showing abnormalities 

of profusion grade 2/1 or higher (2/11), usually consid­

ered a prerequisite for compensation, suggested an 

expected number of 31 cases, whereas only eight were 

observed [8]. 

This discrepancy cannot be explained by mere statis­

tical variation: assuming a Poisson distribution, P(X # 8 f 
m 5 31) , 0.0001. It is clear that the observed frequency 

of abnormalities in the heavy clay workers was much 

lower than the equation of Buchanan et al. [7] predicts, 

suggesting that such a prediction is based on formulations 

of risk that may not be relevant for the heavy clay 

industry. 

The present prediction relies on an equation from the 

analysis of silica-related risks in a Scottish colliery, which 

was part of the Pneumoconiosis Field Research (PFR) 

programme in selected British collieries between the 

1950s and the 1980s. The characterization of individual 

exposures to respirable quartz and dust in the PFR was 

based on a detailed and sustained programme of sam­

pling in the vicinity of a wide range of different under­

ground jobs, and the resulting exposures were considered 

to be of a detail, range and quality unmatched in any 

occupational study except those involving the use of in­

dividual radiation badges. The analysis leading to the pre­

diction equations was unusually detailed [6]. 

The survey of the Scottish coalworkers that under­

pinned the risk estimates took place around 10 years after 

the colliery closed, and it proved much harder to contact 

the men and to recruit them for study as leavers from the 

industry than had been the case while they were still 

employed. It is therefore not known to what extent non-

response may have affected the results, but .50% of the 

survivors were surveyed, and we have no reason to believe 

that they were seriously atypical. Even a radiographic 

profusion grade of 2/1 is usually without noticeable symp­

toms, so we do not expect that the responders will have 

been seriously biased with respect to radiographic abnor­

malities. In any case, if we had believed that response was 

biased away from the most seriously affected, this could 

not plausibly have led to an overestimation of risk in those 

responding. The focus on 2/11 as a response precludes 

confounding of the outcome with the low-grade opacities 

(usually at profusions 0/1, 1/0 or even 1/1, and of 

predominantly irregular shape) that can be observed in 

long-term heavy smokers. 

The study of heavy clay workers [8,9] was based on 

workers employed in the industry at the time of the sur­

veys. Pilot work had suggested that response rates in leav­

ers would be so low as to be unsatisfactory, and leavers 

were not studied. In another study of coal miners [12], 

leavers showed slightly higher prevalences of radiographic 

abnormalities than current employees (7% in current 

men, 9% in a slightly older group of leavers under the 

age of 65), but the exposure–response relationships were 

the same. If a similar pattern existed in the clay workers, 

the true prevalence of radiographic abnormalities might 

have been slightly underestimated by this study, but this 

seems unlikely to have been sufficient to account for the 

very low observed prevalence. 

Individual radiographs were taken by the same mobile 

units that had been used for the studies of coal workers, 

and the radiographs were read to the International La­

bour Organization standards, by three readers with ex­

tensive experience of reading coal and other workers’ 

chest radiographs. It is well recognized that reader differ­

ences in interpretation occur, but the reading panels in 

the two studies had two of their three readers in common. 

Therefore while, in theory, between- and within-reader 
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differences could have had some influence, it is quite 

improbable that reader variation could account for the 

large difference between predicted and observed inci­

dence. 

While exposure characterization in the coalworkers 

was based largely on a detailed and prospective pro­

gramme of measurements and job records, charac­

terization in the clay workers was based on an extensive 

cross-sectional programme of personal sampling and 

occupational histories. An important difference was 

identified between kiln types, with conditions in jobs 

in Hoffman kilns 50% dustier than the same jobs 

in tunnel kilns. Reconstruction of past exposures by 

experienced exposure assessors took this into account. 

The intentional selection of plants where conditions had 

not changed significantly for several decades should have 

minimized any bias in the exposure estimates, but the 

extent and direction of any residual bias is uncertain. 

The personal sampling employed in the heavy clay 

study contrasts with the procedures used in the PFR 

studies of coalworkers, where the samples were taken by 

static samplers, carried by nominated workers portal to 

portal and placed in positions that represented their per­

sonal exposures. However, for respirable dust particles 

within the coalmining environment, the static samplers 

were expected to return appropriate concentrations, and 

direct comparisons in coalface occupations showed that 

personal sampling returned average concentrations only 

8% higher than static samplers [13]. Again, this small 

difference cannot explain the differences in prevalence 

of opacities. 

In the coalworkers’ study, most of the men seen had 

had little or no exposure to dust, and negligible exposure 

to quartz, in an approximately 15-year period from the 

mid-1970s to the follow-up surveys in 1990–01, but 

many of them showed at follow-up considerable progres­

sion of abnormalities over that period: this is typical of 

silica exposures, but not of coal mine dust. Some workers 

were exposed to particularly high quartz concentrations 

in one seam in the early 1970s [10], and opacities were 

observed in a few men as early as 1978, in a colliery with 

very little history of dust-related pneumoconiosis [14]. 

In some other industries, exposure to airborne quartz 

particles with freshly fractured surfaces can lead to ab­

normalities appearing rapidly, and developing for consid­

erable periods after exposure ceases. 

The exposures for the heavy clay workers had origi­

nally been calculated from job histories right up to their 

surveys [9], but this made no allowance for latency, how­

ever defined. We have attempted to allow for potential 

latency of effects by calculating an alternative exposure 

that omitted the 15-year period up to survey. The quartz 

exposures driving the coalworkers’ responses had all been 

experienced within around 20 years of the analysed 

responses, while some of those in the heavy clay workers 

predated this; had a suitable model been available to 

allow for this, it is likely that the risks predicted for the 

heavy clay would have been increased, and this would 

have accentuated the gap between prediction and obser­

vation. We believe that the discrepancy between the 

results of the heavy clay and coalworkers’ studies cannot 

be explained by potential latency. 

The Scottish coalworkers were part of a longitudinal 

study of respiratory health in the industry, and the follow-

up survey from which the prediction equations were de­

rived took place when they were no longer employed in 

coal mining. The study of heavy clay workers, on the 

other hand, was a single cross-sectional survey of current 

workers. Many of the heavy clay sites surveyed are still in 

production. This provides a number of options for fur­

ther study of the industry, tailored to the specific scientific 

questions of interest. Possibilities include: 

•	 a second longitudinal study of current workers, and 

•	 a follow-up study of the workers seen in the first study. 

A study of current workers would have the advantage of 

relatively high response rates, but would enable the study 

of progression in only that proportion of the workers still 

employed, which may be small. Experience has shown 

that response rates can be very poor when attempting 

to recruit leavers. 

Key points 

•	 Risks of silicosis in heavy clay workers were much 

lower than predicted from an influential study of 

coalworkers. 

•	 Silica risks may not be well characterized by mass 

exposures alone. 

•	 Regulators may need to consider context when 

setting exposure limits for respirable silica. 
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