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Lung cancer in relation to exposure to silica
dust, silicosis and uranium production in South
African gold miners

Eva Hnizdo, Jill Murray, Sarah Klempman

Abstract conglomerates composed of a coarse fraction
of waterworn pebbles set in a finer grainedBackground – A nested case-control study

for lung cancer was performed on a cohort matrix. The rock is composed of quartz (70–
90%), silicates (10–30%), pyrite (1–4%), andof 2260 South African gold miners in whom

an association between exposure to silica heavy minerals (2–4%) which include grains of
gold and uranium-bearing minerals.1dust and risk of lung cancer was previously

reported. The objective was to investigate The levels of exposure to dust2 and a-
radiation3 4 and the risk of lung cancer in Southan expanded set of risk factors and also

cancer cell type. African gold miners has been investigated in
several epidemiological studies. A mortalityMethods – The 78 cases of lung cancer

found during the follow up period from study of 3971 white miners followed from 1970
for nine years5 reported a standardised mor-1970 to 1986 were matched with 386 con-

trols. Risk of lung cancer was related to tality ratio (SMR) for lung cancer of 161 (95%
CI 116 to 220) and a relative risk (RR) of 1.8smoking, exposure to silica dust, incidence

of silicosis, and uranium production and (95% CI 0.94 to 3.31), p=0.06, for one unit
of 10 000 particle years. A follow up periodthe uranium content of the mine ore.

Results – The risk of lung cancer was as- extended to 20 years resulted in an SMR of
139 (95% CI 118 to 165) and RR of 1.08sociated with tobacco smoking, cumu-

lative dust exposure, duration of (95% CI 0.94 to 1.20), p=0.13.6 Two case-
control studies of lung cancer, in which casesunderground mining, and with silicosis.

The best predictive model included pack and controls were ascertained from the Gold
Miners Provident Fund7 and from necropsyyears of cigarette consumption (adjusted

relative risk (RR)=1.0 for <6.5 pack years, records,8 respectively, found no association be-
tween exposure to silica dust or silicosis and3.5 (95% confidence interval (CI) 0.7 to

16.8) for 6.5–20 pack years, 5.7 (95% CI 1.3 lung cancer.
A second mortality study involved a cohortto 25.8) for 21–30 pack years, and 13.2 (95%

CI 3.1 to 56.2) for more than 30 pack years) of 2260 white gold miners followed from 1970
to 1986. In this study the association betweenand silicosis (RR=2.45 (95% CI 1.2 to 5.2)).

No association was found with uranium death from lung cancer and cumulative dust
exposure was statistically significant (RR=production. The lung tumour cell type dis-

tribution was 40.3% small cell carcinoma, 1.023, 95% CI 1.005 to 1.042).9

The objective of the present study was to38.8% squamous cell, 16.4% adeno-
carcinoma, and 4.5% large cell carcinoma. conduct a nested case-control study of lung

cancer in these 2260 miners and to examineSmall and large cell cancer combined were
associated with exposure to dust. an additional set of risk factors not previously

National Centre for Conclusions – The results cannot be in- studied, including radiological silicosis diag-Occupational Health,
terpreted definitively in terms of causal nosed using International Labour OrganisationJohannesburg, South

Africa association. Possible interpretations are: criteria and uranium mining. Occupational his-
E Hnizdo (1) subjects with high dust exposure who tories and dust exposure were re-coded in moreJ Murray

develop silicosis are at increased risk of detail. Cancer cell type was also examined.S Klempman
lung cancer; (2) high levels of exposure to

Department of silica dust on its own is important in the
Community Health, pathogenesis of lung cancer and silicosisUniversity of the Methods
Witwatersrand, is coincidental; and (3) high levels of silica

 Johannesburg, dust exposure may be a surrogate for the Details of the original mortality study haveSouth Africa exposure to radon daughters.E Hnizdo been reported previously.9 The cohort of 2260
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Occupational Health, 10 years working in gold mines with minimal
P O Box 4788, exposure to other types of mines. Subjects wereJohannesburg 2000, South
Africa. followed up to 31 December 1986.
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The cases were each matched to a set of five grade of uranium in the ore (kg/metric tonnes
treated) was obtained from a table producedcontrols, selected from the cohort of 2260

miners, and matched on the year of birth and by the Chamber of Mines.15 Several indices
were created using the same formula as forsurvival of the case.10

YEARS and CDE, but adding the total ur-
anium production of the mine or the uranium
grade of the ore in the mine as weighting 

In total, 85% of the cohort members who factors.
died had a necropsy at the NCOH where the
presence and degree of silicosis are determined
for compensation purposes.11 Two pathologists  

While employed, the miners have annual radio-(JM and SK) performed the cell typing in-
dependently and blindly on 67 cases with prim- logical examinations and after retirement ex-

aminations continue, but less frequently. Theary lung tumours using the 1982 World Health
Organisation guidelines. radiographs of the 2260 miners were read by

two experienced readers in chronological order,
starting with the most recent, to determine
the presence of silicosis (ILO category 1/1 or   

The occupational histories were coded from the higher) and the year of onset of silicosis (when
category 1/1 was first visible radiologically).11original Chamber of Mines personal exposure

records which show the number of shifts The findings of the reader whose reading cor-
related most highly with the pathological find-worked in a particular mine and the occupation

during a given period for the entire career of ings were used.11

The year of death of the case lagged by threeeach miner. Occupations were grouped into
nine categories and assigned average dust levels years determined the cut-off year for onset

of silicosis (yes/no) (SILICOSIS) within eachand the average time spent underground as
estimated in the late 1960s.2 The dust levels matched case-control risk set. The lagging by

three years was done to prevent a bias due towere calculated in terms of mg/m3.12

Two measures of dust exposure were cal- changes on the radiographs associated with
lung cancer. In addition, all miners (cases andculated: (1) cumulative dust exposure (CDE)

in mg/m3-years, calculated as R (number of controls) whose last radiograph was taken more
than five years before the lagged three yearsdusty shifts×mean mass respirable dust con-

centration (table 113)×average number of were considered lost to the radiological follow
up with the exception of miners who had nohours spent underground (table 113))/(270×8);

and (2) the net number of years spent in dusty silicosis diagnosed at necropsy. This was jus-
tified as the specificity of the reader was 0.99.occupations underground (YEARS), calcu-

lated as R (number of dusty shifts×average The exclusion was done because silicosis is a
progressive disease and could have developednumbers of hours spent underground by the

occupational category)/(270×8). The sum- during the five year interval. Exclusion of the
subjects lost to radiological follow up did notmation is for all jobs in which a miner worked,

and 270 is the average number of shifts per significantly change the results.
year multiplied by eight to obtain eight hour
standardised years. This method of calculation
was first used by Beadle14 to estimate the risk  

The smoking habits of the 2260 miners wereof silicosis and displayed a strong dose-response
relationship with silicosis in this cohort also.13 ascertained by a questionnaire in the 1968–72

CDE and YEARS were lagged by 0, 5, 10,
and 20 years from the death of the case and

Table 2 Characteristics of the subjects with lung cancerrelated to the risk of lung cancer. and controls

Characteristic Cases Controls
(n=78) (n=386)

 
CDE20 (mg/m3-years)Only sporadic measurements of radon daugh- quartiles

<2.7 12 (15.4) 100 (25.9)ters have been made on the gold mines and
2.7–4.3 19 (24.4) 98 (25.4)these were not available to us. The yearly ur- 4.4–6.3 21 (26.9) 99 (25.7)
>6.3 26 (33.3) 89 (23.1)anium production in each mine was obtained

YEARS20from published tabulated data.1 The average <10 9 (11.5) 68 (17.6)
10–14 25 (32.1) 133 (34.5)
15–20 23 (29.5) 113 (29.3)
>20 21 (26.9) 72 (18.7)

Table 1 Mean (SD) characteristics of the cases and controls in relation to mortality and Cigarette consumption
(pack years in 1970)radiological follow up

<6.5 3 (3.9) 85 (22.0)
6.5–20 10 (12.8) 85 (22.0)Follow up events Lung cancer (n=78) Controls (n=386)
21–30 19 (24.4) 97 (25.1)
>30 46 (59.0) 119 (30.8)Year Age Year Age

SILICOSIS present 15 (21.1)a 34 (9.9)b

Birth 1918.8 (2.6) 1918.6 (2.5)
Silicosis onset (SILICOSIS)∗ 1972.2 (4.5) 54.1 (5.8) 1971.0 (5.6) 52.9 (5.9) CDE20=cumulative dust exposure lagged by 20 years from

death; YEARS20=net number of years spent in dustyLast exposure to dust 1973.6 (6.3) 55.1 (6.1) 1976.1 (5.9) 57.6 (5.5)
Most recent radiograph in occupations underground lagged by 20 years from death;

SILICOSIS=silicosis diagnosed up to three years before deathnon-silicotics 1975.6 (6.0) 56.9 (5.9) 1981.7 (6.4) 63.0 (6.1)
Death/end of follow up 1980.0 (4.7) 61.6 (4.9) 1985.1 (2.6) 66.5 (3.1) of a matched case.

a21.1% out of 71; seven subjects were lost to radiological follow
up.∗ Silicosis onset applies to 15 of the lung cancer cases and 34 of the controls who had silicosis.

Seven (9.0%) of the cases and 41 (10.6%) of the controls were lost to radiological follow up. b9.9% out of 345; 41 subjects were lost to radiological follow up.
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Table 3 Relative risk (95% confidence interval) for lung cancer estimated from the conditional logistic regression models and the goodness of fit statistic
(–2 log likelihood)

Risk factor Logistic regression models

Model 1 (n=464) Model 2 (n=416)a Model 3 (n=464) Model 4 (n=416)a Model 5 (n=416)a

Cigarette consumption (pack years)
6.5–20 2.9 (0.8 to 11.0) 3.2 (0.7 to 15.6) 3.1 (0.8 to 11.7) 3.3 (0.7 to 16.2) 3.5 (0.7 to 16.8)
21–30 4.9 (1.4 to 17.0) 5.6 (1.2 to 25.0) 4.9 (1.4 to 17.0) 5.4 (1.2 to 24.2) 5.7 (1.3 to 25.8)
>30 10.1 (3.1 to 33.6) 13.3 (3.1 to 56.6) 10.1 (3.0 to 33.5) 12.7 (3.0 to 54.1) 13.2 (3.1 to 56.2)

CDE20 (mg/m3-years)
2.7–4.3 1.83 (0.8 to 4.1) 1.78 (0.8 to 4.1)
4.4–6.3 1.85 (0.8 to 4.3) 1.29 (0.5 to 3.2)
>6.3 3.19 (1.3 to 7.6) 1.93 (0.8 to 5.0)

YEARS20
10–15 1.63 (0.6 to 4.6) 1.61 (0.6 to 4.5)
16–20 2.07 (0.7 to 6.3) 1.53 (0.5 to 4.8)
>20 3.36 (1.02 to 10.7) 1.59 (0.5 to 5.5)

SILICOSIS 2.10 (1.0 to 4.6) 2.35 (1.1 to 5.1) 2.45 (1.2 to 5.2)
–2 log likelihood 240.5 (df=6) 179.9 (df=7) 242.8 (df=6) 180.8 (df=7) 182.2 (df=4)

CDE20=cummulative dust exposure lagged by 20 years from death; YEARS20=net number of years spent in dusty occupations underground lagged by 20 years
from death; SILICOSIS=silicosis diagnosed up to three years before death of a matched case.
aForty eight subjects lost to radiological follow up were not included in models 2, 4, and 5.

medical examination and checked against log likelihood). Of the exposure variables, CDE
and YEARS lagged by 20 years were mosttobacco consumption recorded during annual

examinations in the medical files. Cigarette strongly associated with risk of lung cancer
(models 1 and 3). When SILICOSIS was in-equivalent pack years for total tobacco and for

cigarettes only were calculated.9 cluded in the model neither CDE nor YEARS
showed a significant trend (models 2 and 4).
The likelihood ratio statistic, v2, comparing
models 2 and 5 (v2=2.3, df=3) and 

SAS16 program PHREG for matched case-con- models 3 and 5 (v2=1.4, df=3), were not
statistically significant, indicating that whentrol analysis was applied to perform the con-

ditional logistic regression and to estimate the SILICOSIS was included in the model, CDE
and YEARS did not contribute significantly torelative risk. Dummy (0/1) variables were used

to estimate the trend in odds ratios. predicting the risk of lung cancer. Variables
representing uranium mining were not sig-
nificantly related to the risk of lung cancer and
are thus not included in the table.Results

Table 1 shows the year and age at various Table 4 shows the mean CDE and YEARS
lagged by 0, 10, and 20 years, and pack yearsfollow up events for the cases and controls,

and table 2 shows the exposure characteristics of cigarette consumption according to the pres-
ence of silicosis and lung cancer. Subjects withof the cases and controls.

Table 3 shows the adjusted RR and 95% silicosis and lung cancer had the highest CDE
and YEARS lagged by different years comparedconfidence intervals for lung cancer estimated

from models using different sets of risk factors, with the other groups. Those with cancer who
were lost to radiological follow up had higherand the associated goodness of fit statistic (−2
levels of dust exposure than the comparable
controls, suggesting that the exclusion did not

Table 4 Mean (SD) for cumulative dust exposure (CDE), years of exposure (years), bias the result positively.and smoking pack-years, according to the presence of silicosis and lung cancer
Table 5 shows the distribution of cases and

Variable Silicosis present Silicosis absent controls according to the presence of silicosis
Cancer Controls Cancer Controls and cigarette smoking, and the relative risks

estimated from the matched analysis.No. of miners∗ 15 (19.2%) 34 (8.8%) 56 (71.8%) 311 (80.6%)
CDE (mg/m3-years) The lung tumour cell type was established

lagged 0 years 12.0 (3.3)† 9.8 (3.0) 7.4 (3.2) 7.5 (3.2) for 67 of the 78 cases. The distribution oflagged 10 years 10.7 (3.0)† 8.7 (2.4) 6.3 (2.7) 6.4 (2.9)
lagged 20 years 7.4 (2.1)† 6.2 (2.0) 4.3 (2.1) 4.4 (2.2) cell types was 40.3% for small cell carcinoma,

YEARS 38.8% for squamous cell carcinoma, 16.4%lagged 0 years 31.5 (6.6) 28.5 (6.1) 25.1 (6.8) 25.1 (6.7)
lagged 10 years 27.4 (5.8) 25.5 (5.2) 21.3 (6.0) 21.3 (6.3) for adenocarcinoma, and 4.5% for large cell
lagged 20 years 19.4 (4.7) 18.0 (4.5) 14.7 (5.1) 14.6 (5.2) carcinoma.Cigarette consumption
(pack years) 36.1 (18.7) 21.8 (14.6) 37.7 (18.3) 23.0 (17.8) The smoking adjusted odds ratios for quart-

iles of CDE for small and large cell carcinoma∗ Seven cases of lung cancer and 41 controls were lost to radiological follow up.
† p<0.05 cases versus controls with silicosis present. combined were, respectively, 1.0, 2.8 (95% CI

0.59 to 13.1), 4.9 (95% CI 1.01 to 23.8), 6.0
(95% CI 1.11 to 33.5) for CDE lagged by 20

Table 5 Distribution of cases and controls according to the presence of silicosis and years, and 1.0, 1.6 (95% CI 0.32 to 7.72), 3.7categories of smoking, and the relative risks (RR)
(95% CI 0.87 to 15.6), and 3.5 (95% CI 0.77

Silicosis Cigarette consumption No. (%) No. (%) RR(95% CI) to 15.9) for CDE lagged by 0 years.(pack years) of cases of controls

Absent <10 2 (2.8) 83 (24.1) 1.0
10–29 20 (28.2) 130 (37.7) 5.1 (1.2 to 22.4)
30+ 34 (47.9) 98 (28.4) 11.7 (2.7 to 49.8) Discussion

Present <10 1 (1.4) 8 (2.3) 4.1 (0.3 to 52.3) Tobacco smoking was the most significant pre-10–29 4 (5.6) 18 (5.2) 7.9 (1.4 to 46.4)
30+ 10 (14.1) 8 (2.3) 48.9 (8.5 to 281.4) dictor of lung cancer (table 3). Of the oc-

Total 71 345 cupational exposure variables, CDE and
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YEARS – both lagged by 20 years from the posure to respirable silica dust (mg/m3-years)
than the matched controls.death of the case – were the most significant

The question remains as to why the twopredictors and showed a dose-response trend
previous case control studies7 8 did not detect(table 3, models 1 and 3).
an association with silicosis or dust exposure.When silicosis (SILICOSIS) was included
A critical assessment of potential biases in thesein the logistic model, together with CDE or
two studies is necessary. In the first study7 theYEARS, then only SILICOSIS and smoking
cases and controls were identified from deathsremained statistically significant (table 3, mod-
reported to the Gold Miners Provident Fundels 2, 4, and 5), suggesting that silicosis may
during 1979–83. Two controls were matchedbe more important than exposure to dust. How-
to each case by year of birth and cigaretteever, the relationship between CDE, SIL-
consumption 10 years prior to death. Radio-ICOSIS, and lung cancer is complex. Table 4
graphs taken at least three years before deathshows that cases of lung cancer with silicosis
were read for the presence of silicosis. Therehad significantly higher CDE and YEARS than
are two possible sources of bias: (1) becausecontrols with silicosis; this difference was not
of the way a miner’s death is reported to thepresent in those without silicosis, suggesting
Fund, deaths of miners with more than 15that CDE is not a risk factor for lung cancer
years of service were more likely to be reportedin these individuals. Tobacco smoking (pack
than those with shorter service so overmatchingyears) was not a significant predictor for the
for dust exposure may have occurred; (2) con-risk of silicosis (OR=1.00, p=0.40) or the age
trols were matched to cases of lung cancer forat onset of silicosis in the 351 cases of silicosis
smoking and effectively for death also. Casesidentified from the 2260 miners when adjusted
of lung cancer have high levels of cigarettefor exposure to dust and year of birth.
consumption and die prematurely, but it is veryThe lack of association with variables rep-
likely that the controls also died prematurelyresenting uranium production and the uranium
due to smoking related diseases such as chronicgrade of the ore may be due to the fact that
obstructive pulmonary disease, cardiovascularthe ventilation rate, the most important de-
diseases, and others. CDE and smoking areterminant of a-radiation in the mines, could
risk factors for early death from all causes innot be taken into account. However, since most
gold miners18 so matching for smoking andof the deep mines had low radiation levels, more
death may have led to overmatching for dustprecise measurements of a-radiation would be
exposure and silicosis.required to detect an effect.

Participants in the second study8 were se-The data show a strong multiplicative com-
lected from all miners who had a necropsy atbined effect of smoking and the presence of
the NCOH between 1974 and 1986. The casessilicosis on the risk of lung cancer (table 5). and controls were stratified by age at deathFor subjects in both the highest and lowest but, because the year of birth was not controlledcategories of daily cigarette consumption, the for, cases of the same age at death who were

estimated RR for lung cancer was ap- born at different time periods and hence also
proximately four times higher in those with worked at different times were compared.
silicosis than in those who did not have silicosis. Thus, miners whose exposure was prior to the
A similar combined effect was seen for smoking 1930s, when dust levels were very high, were
and cumulative silica dust exposure on the risk assigned the same weighting factor for the same
of lung cancer; this effect was described in occupational category as those whose exposure
detail in the mortality study.9

was after the 1930s when dust levels were
Interpretation of the results in terms of causal dramatically reduced, and were compared in

association is problematic, especially since the matched analysis. In addition, a sig-
CDE, YEARS, and SILICOSIS are highly cor- nificantly lower percentage of miners who are
related variables. Three possible causal re- awarded the highest degree of compensation
lations can be suggested on the basis of the in life have a necropsy (65% versus 85%). This
above results: (1) high silica dust exposure applies, in particular, to miners with silicosis
together with silicosis is required to increase who are heavy smokers, since miners with
the risk of lung cancer and subjects who are pneumoconiosis who have COPD in life are
susceptible to developing silicosis are also at awarded the highest compensation.
increased risk of developing lung cancer; (2) The findings from different studies on the
high silica dust exposure, mainly in heavy association between lung cancer, exposure to
smokers, increases the risk of lung cancer and silica dust, and silicosis in South African gold
silicosis is incidental in the process; and (3) miners differ, and therefore this study should
the risk is increased in miners who spend the not be considered conclusive. Nevertheless, the
longest hours underground in high levels of finding that a high level of exposure to silica
dust and the increased risk results from ex- dust early in life and a susceptibility to develop
posure to radon. silicosis are associated with increased risk of

The frequency distribution of the cell types lung cancer, and that exposure to silica dust/
in the 67 miners who had a necropsy was in silicosis acts synergistically with smoking on
agreement with that obtained for another set the risk of lung cancer, concurs with a recent
of gold miners who had a necropsy during review.19

1976–8 and were studied for cell type dis-
tribution.17 The cases in our study died between
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