








Silica exposure, silicosis, and lung cancer: a mortality study of South African gold miners

Table 3 Number of deaths (d) from lung cancer and person-years offollow up (P- Y) by dust particle-years and cigarette
equivalent pack-years

Cigarette equivalent pack-years
Dust RR§
(particle-years/IOOO) < 10 11-25 26-35 . 36 Total (95% CI)

< 15 d 0 0 2 2 4 100
P-Y 838 1043 727 614 3222
dust* 12 20 11 74 12 99 12-11
cigt 1-3 187 296 51 4
hl 0 0 0-0 2 75 3-26 1-24

16-30 d 0 11 9 10 30 154
P-Y 3182 4569 3133 3439 14323 (0 6-4 3)
dust 22 31 22-77 23-54 21 65
cig 2 6 17 9 30 3 47-1
h 00 241 287 291 2-10

31-40 d 2 3 3 12 20 2 07
P-Y 2118 2212 1482 1571 7383 (0-7-6-0)
dust 35-77 34 72 34 74 34-72
cig 26 177 302 477
h 0-94 1 36 2 02 7.64 2 71

41 d 3 5 4 11 23 292
P-Y 1708 1844 1333 1179 6064 (1-02-84)
dust 46 57 47-69 50 05 48-68
cig 3 2 17 5 29-7 50.0
h 1 76 2 71 3-00 9-33 3 79

Total d 5 19 18 35 77
P-Y 7846 9668 6675 6803 30992
h 0.64 1 97 270 5 15
RR§ 1 00 3-33 4 60 8-91
(95% CI) (1 3-8 9) (1 7-12 4) (3-5-22 7)

*Mean value for dust-particle years to start of follow up.
tMean values for cigarette equivalent pack-years.
tMortality per 1000.
§Adjusted RR estimated from the Poisson multiplicative model.

Table 4 Observed (Obs) and predicted death rates/lOOOfrom models with different values of)i

Obs Estimated death rates (h) for given A
death

CEPY Dust P-Y rates (h) 0.0 0-25 0 50 0-75 1 0

< 10 <15 838 0 036 023 035 044 050
16-30 3182 0 0 62 0-48 0-58 0-66 0 70
31-40 2118 0-94 0 84 0-87 0-92 0-96 0-98
>41 1708 1-76 1 15 1-53 1-53 1 53 1 52

11-25 <15 1043 0 1 66 083 085 089 092
16-30 4569 2 41 1.90 1-29 1-28 1-28 1-28
31-40 2212 1 36 2 12 1 90 1-84 1 80 1-77
>41 1844 271 244 287 2-78 2-71 322

26-35 <15 727 2 75 2 66 1-64 1-58 1-55 1-54
16-30 3133 2 87 2 92 2 31 2 22 2 15 2-11
31-40 1482 202 3 19 321 3 10 302 2-97
>41 1333 300 346 448 445 439 4-41

> 36 <15 614 3-26 4 30 3-75 3 63 3-55 3-52
16-30 3439 2 91 4 30 4-33 4-27 4 22 4 16
31-40 1571 764 481 589 597 600 603
41 1179 933 497 760 805 837 874

Total 30992
2 * 14194 13805 13859 13899 13970X LR

*Degrees of freedom = 267.
CEPY = Cigarette equivalent pack-years.

underestimated, indicating that the combined effect
of dust and smoking is more than additive. As the
goodness of fit statistic does not indicate a significant
difference between the models with i = 0-25 and A =
10, we can assume that the combined effect is
multiplicative and that the proportionality ofhazards
applies.

The five cases in the lowest smoking category
(table 3) were rechecked for their smoking habits as
recorded in the medical files. Three men were found
to be lifelong non-smokers and two were moderate
pipe smokers. Their actual duration of exposure in
the gold mines was high, though, ranging from 24 to
32 years.
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The adjusted RR for dust estimated by the multi-
plicative model (A = 1-0) was 1-028 (95% CI 1-009-
1-048) for a unit of 1000 particle-years, which is only
slightly higher than the estimate obtained from the
Cox's proportional hazards model.

ASSOCIATION BETWEEN LUNG CANCER AND SILICOSIS
The crude ORs and ORs adjusted for the effect ofage
at death (ORa), dust particle-years cumulated to the
start of the follow up and cigarette equivalent pack-
years were calculated for the association between
lung cancer and silicosis for all the 745 miners who
had had a necropsy examination. No association was
observed with the presence of silicosis of the lung
(ORa = 0 9, 95% CI 0-5-1-6), or silicosis of the
pleura (OR. = 1-2, 95% CI 0 7-2-0), but there was a

positive association with the presence of silicosis of
the hilar glands (ORa = 3 9, 95% CI 1-2-12-7) (see
table 5).
For the 794 miners on which necropsies were

carried out the correlation coefficients between
cigarette equivalent pack-years and the ordinal
categories of silicosis were - 0-076 for parenchyma,
- 0 133 for pleura, and - 0044 for hilar glands.
When adjusted for dust and age at death by means of
the multivariate linear regression analysis, only the
association between silicosis of the pleura and smok-
ing was statistically significant with the regression
coefficient (# = - 0-006, p < 0-001) suggesting a

negative association between tobacco smoking and
silicosis of the pleura.

Discussion
The results from this study show a significant dose
response relation between death from lung cancer

and silica dust particle-years and cigarette equivalent
pack-years. The RR for lung cancer associated with
the exposure to 1000 particle-years of silica dust
standardised for smoking, year of birth, and age,

estimated by the proportional hazard model was as

exp(0 023) = 1-023 (95% CI 1-006-1-041). Thus the
expected RR for the men in the highest exposure

category with an average exposure of about 50 000

particle-years, relative to those with less than 15 000
but with more than 10 years of gold mining, was 3-18
(95% CI 1 34-7 45). The range ofdust particle-years
cumulated to the start of the follow up was 7000-
80 000.
The adjusted ORa for lung cancer estimated from

the previous mortality study of 3971 miners was 1-77
(95% CI 0-94-331) per 10 000 particle-years
(p = 0 06), and no association between deaths from
lung cancer and the duration of underground
exposure was observed.9 The results obtained from
the two follow up studies are in disagreement with
the two year of birth matched case-control studies on
deceased white South African gold miners, in which
no association between lung cancer and dust
exposure was found.' 26 Dust was a significant
predictor of mortality from all causes combined. It is
possible that by selecting dead controls of the same

age at death the two case-control studies were

overmatched for dust exposure, and thus did not
detect the association, which is not very strong.
The combined effect of dust and smoking appears

to be higher than would be expected under the
assumption of additivity of the two individual
exposures. The power model fitted best at A = 0-25,
and the discrepancies between the expected number
of deaths as estimated by the additive model and the
observed number of deaths (table 4) indicate some

synergism for the highest dust exposure and smoking
categories. The goodness of fit statistic indicates that
the hypothesis of multiplicativity of the combined
effects fits better to the data than additivity. It
appears that a synergistic effect between dust and
smoking exists for those with more than 35 pack-
years ofsmoking and more than 30 000 particle-years
of dust (table 3). These findings are consistent with
the other studies in which the combined effect of
exposure to gold mining dust and smoking was

evaluated.22
No association between silicosis ofthe parenchyma

or pleura and death from lung cancer was seen. The
cases with lung cancer had more findings of silicosis
in the hilar glands in comparison with those who did
not die from lung cancer (table 5). The possibility
that this was due to the fact that the cases were

Table 5 Association between deathfrom lung cancer and silicosis of hilarglands

Silicosis of the hilar glands

Death from lung cancer None Slight Moderate Marked Total

Yes 3 10 39 17 69
No 109 132 309 174 724
Total 112 142 348 191 793*
X2 for trend = 4-5, p = 0.035
OR 1-0 2-8 4-6 3-6
Adjusted OR 1-0 2-9 4-2 3-1
95% CI (08-10-7) (13-14-0) (0-9-11-2)

*One subject had a missing value for the hilar gland variable.
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heavier smokers and also had heavier exposure to to the presence of positive associations have been
dust, but had no causal association with the develop- examined: asbestos exposure of the cases, positive
ment of lung cancer, was also considered. The misclassification of the cases (the cases were
correlation coefficients for the association of lung rechecked for positive necropsy and biopsy findings
cancer with smoking, with dust, and with degree of by three medical practitioners) and positive mis-
silicosis of the hilar gland were positive and statisti- classification of the dust exposures.
cally significant. The correlation between silicosis of In conclusion, the relative risk of lung cancer
hilar glands and smoking was not significant, associated with 1000 particle-years was estimated as
whereas with dust the correlation was highly sig- 1023 (95% CI 1005-1-042); the particle-years
nificant. The ORs for lung cancer and silicosis of the ranged from 7000 to 80 000 for the whole cohort. The
hilar glands adjusted for dust remained significant, combined effect of dust and smoking was adequately
and so did the effect of dust. As exposure to dust and fitted by the multiplicative model, indicating the
silicosis of the hilar glands are intercorrelated, presence of synergism. The OR for the association
however, it is difficult to draw a conclusion about between lung cancer and silicosis of the hilar gland
their association with lung cancer. was 3-9 (95% CI 1 2-12 7). No association was found

Several possible mechanisms for the effect of silica between lung cancer and silicosis of the parenchyma
dust on lung cancer have been suggested. Goldsmith or pleura.
and Guidotti22 proposed three interrelated hypo-
theses to explain the excess of lung cancer in silica We thank Dr F J Wiles for initiating the collection of
exposed workers: (1) silica directly induces lung the mortality data, Michal Smolka for his help with
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cancer, and (3) silica combined with polycyclic
aromatic hydrocarbons from cigarette smoke impairs Requests for reprints to: Mrs Eva Hnizdo.
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