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Combined effect of silica dust and tobacco smoking
on mortality from chronic obstructive lung disease in
gold miners

Eva Hnizdo

Abstract
A sample of 2209 white South African gold
miners aged 45-54 between 1968-71, who
started mining exposure during 1936-43, was
investigated from 1968-71 to 30 December 1986.
The effect of silica dust and tobacco smoking
on mortality from chronic obstructive lung
disease (COLD) was assessed. The relative risk
(RR) for dust exposure before 1950 was esti-
mated as 2 5 (95% confidence interval (CI) 1 5-
4 2), for 10 units of 1000 particle-years. The
combined effect of dust exposure before 1950
and years of cigarette smoking on mortality
from COLD was best estimated by the multi-
plicative model, indicating that the two ex-
posures act synergistically. All those that died
of the disease were smokers. According to the
estimates of attributable risk about 5% of the
deaths from COLD were from the effect of
dust, 34% were from smoking, and 59% were
from the combined effect of dust and smoking.
In conclusion, the results indicate that workers
exposed to silica dust who smoke are at higher
risk of dying from COLD than smokers not
exposed to silica dust, as the two exposures act
synergistically in causing COLD.

South African gold miners are exposed to dust with a
high concentration of crystalline silica. About 600o of
the virgin rock is silica and about 300o free silica is
present in the respirable dust.' The average concen-
trations of respirable silica representative of the gold
mining industry range from 0 05 to 0-84 mg/m3 for
underground air.2 Tobacco smoking is also highly
prevalent among the gold miners; about 70% of the
white miners were current smokers.34
The epidemiological and experimental evidence

supports the hypothesis that both exposures-
namely silica dust and tobacco smoking-increase

the prevalence of respiratory impairments.47 A ques-
tion then arises as to whether the impairment in lung
function associated with exposure to silica dust leads
to increased mortality from COLD, and what is the
relative contribution of dust and tobacco smoking
to it.

In a previous study of mortality in middle aged
South African gold miners a standardised mortality
ratio (SMR) of 166 (950o confidence interval (CI)
108-243) and a relative risk (RR) of 2-48 per 10 000
particle-years (p < 0 03) were reported for death
from COLD.8
The objective of this study was to examine the

individual and combined effects of exposure to gold
mining dust and tobacco smoking on mortality from
COLD. The questions asked were: (1) Is exposure to
silica dust related to mortality from COLD? (2) What
is the shape of the dose response curve? (3) Is the
combined effect of silica dust and smoking additive
or synergistic? (4) What is the relative contribution of
silica dust and tobacco smoking to the risk of death
from COLD?

Materials and methods
STUDY SUBJECTS
All the white gold miners who were included in a
1968-71 study of COLD4 were followed up to 30
December 1986 when their vital state was estab-
lished. The study subjects consisted of miners at-
tending the Medical Bureau for Occupational
Diseases (MBOD) during the four years 1968-71 for
a medical examination and who fulfilled the follow-
ing criteria: (1) MBOD number within the range
B9000 to C8999; (2) age 45-54; (3) minimal under-
ground service 10 years; (4) at least 20 years residence
in South Africa; (5) less than two years service in
mines other than gold mines. An annual medical
examination is compulsory for all miners working in
dusty occupations. Miners who retired but attended
the medical examination because they were seeking
compensation were also included in the selection
procedure.4
The vital state of the cohort was established from

the records of the Provident Fund (gold miners'
pension fund), from medical files, and from the

Epidemiology Research Unit, Medical Bureau for
Occupational Diseases, PO Box 4584, Johannesburg
2000, South Africa
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Department of Interior. A list of names and dates of
birth of all the 2209 miners was sent to the Provident
Fund and to the Department of Interior, where the
miners' vital state was established. The copies of the
death registration certificates were obtained from the
Department of Interior. Of the 945 miners who died
during the follow up period, 794 (84 00%) had had
necropsy examinations performed at the National
Center for Occupational Health (NCOH). Medical
files were available on all of the dead miners. The
cause ofdeath was established from the best available
information by an experienced specialist physician
who was not aware of the purpose of the study and
did not consider the exposure to dust or smoking
habits when making the diagnosis. The 9th revision
of the International Classification of Diseases (ICD)
code was used, and COLD was coded as present
when the person evidently died ofbronchitis (ICD =
491, n = 1), emphysema (ICD = 492, n = 15), or
chronic airways obstruction (ICD = 496, n.= 50).

MINING EXPOSURE
The occupations were classified on the basis of
measured dust counts into 11 groups for which the
average respirable dust count was calculated.9 For
every miner the number of shifts worked in each
occupation was weighted by the mean dust count
(expressed in respirable dust) for that occupational
group. The cumulative dust counts were calculated
to the end of the follow up period and converted into
particle-years. Also, the original coding of the dust
exposures was done in such a way that exposure for
each decade-namely, the 1940s, 50s, 60s, and 70s-
could be calculated.

SMOKING HABITS
Full details of smoking habits were obtained during
the 1968-71 examination by means ofa questionnaire
on smoking, and the reliability of the answers was
checked against smoking histories recorded on the
medical files kept at the MBOD. Tobacco consump-
tion was evaluated in terms of number of cigarettes
smoked each day, years of smoking (cigarettes),
cigarette equivalent pack-years, and as a categorised
smoking variable SMOKEC with categories 0 to 4
for non-smoker, ex-smoker, and current smoker
( < 20, 20-39 and > 40 pack-years).

LUNG FUNCTION TESTS AND RESPIRATORY SYMPTOMS
AND SIGNS
The information collected during the 1968-71
examination relating to respiration included forced
vital capacity (FVC), forced expiratory volume
(FEVI), and forced mid-expiratory flow (FEF,,.75),
assessment of the presence of simple chronic bron-
chitis by means of a questionnaire and measured
mucus, and the presence of rhonchi.

METHOD OF ANALYSIS
The dose response relation between age specific
mortality risks and rates for COLD and the indi-
vidual exposures, dust and smoking, and the com-
bined effect of the two exposures were evaluated by
means of the general RR model using firstly, a nested
case-referent study design and conditional maximum
likelihood method of analysis; secondly, the cohort
data and Poisson model.
A nested age matched case-referent study design

was used so as to select the exposure variables most
strongly associated with the outcome. For each case
of a miner who died of COLD, a set of six referents
was selected at random from those miners who were
born closest to the date ofbirth ofthe case (within one
year), and had survived the case in age.'"1' The
general RR model proposed by Breslow and Storer,'2
namely

(1)log(RR) = {[1 +f,(dust) +
f2 (smoking)]- 1}/A, A *±O

log(RR) = log{ 1+ ,B,(dust) +
P2 (smoking)} A= 0

was applied to evaluate the shape ofthe dose response
curve,'3 and to evaluate the combined effect of dust
and smoking. The goodness of fit of the model was
evaluated by the log likelihood ratio (- 2logL) or the
deviance statistic.'4 The mixture parameter, A,
established from the best fitting model was used to
determine whether the combined effect of two ex-
posure variables is additive (1= 0) or multiplicative
(2= 1) or somewhere in between.

In the analysis of cohort data the effect measure is
the mortality and the Poisson model can be used for
making statistical inferences about rates.'4 In this
study the method of analysis of cohort data for the
assessment of the individual and combined effects as
described by Lubin and Gaffey'5 and Breslow and
Day'4 was used.
The data were cross classified by five age cate-

gories (45-49, 50-54, 55-59, 60-64, and 65-69), five
calendar year at risk categories (<1970, 1970-4,
1975-9, 1980-4, and 1984 onwards), four years of
smoking categories (CYSMC) (< 10, 10-19, 20-29,
, 30), and four categories for particle-years/1000
cumulated to the end of 1949 (CD40C) ( < 5, 5-9, 10-
14, ) 15). Thus using the notation of Breslow and
Day'4 there are I categories for dust, J for smoking,
and K categories for the nuisance effect of age and
year at risk combined together. For dust i, smoking j,
and age and year k, the data in the (i,j,k)th cell consist
of the observed number of deaths dipk from COLD,
person-years Ni,k, the mortality rates hijk = dijk/Nijk,
and the mean values for the exposure variables
denoted as Xijk = (Xlik, X2ijk) where Xlijk represents
the dust variable and X2ik represents the smoking
variable. The expected mortality within each ijk cell,
fiipk, can be estimated with a following function
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hijk = hok R(Xik; f), (2)
where hok denotes the age and year specific disease
rate at R(0) = 1, and R(Xik) is the relative risk given
by a specific risk function. The relative risk function
used was as specified in equation (1). The equation
(2) was estimated by the maximum log likelihood
function given in Breslow and Day"4 (page 133). The
computer program GLIM and the general minimi-
sation program MINUIT'6 were used to fit the
models.
The person-years in each (i,j,k)th cell and the age

and year at risk adjusted SMRs given in table 3 have
been calculated according to a method described by
Frome and Checkoway."7

Results
NESTED CASE-REFERENT STUDY
Table 1 shows the case-referent comparison for
personal characteristics, exposure to dust, smoking
habits, lung function tests, and respiratory signs and
symptoms as measured during the 1970 examination.
The cases had significantly lower body weight than

the referents. The body weights of the two groups
were found to be the same at the initial medical

examination at around 20 years of age, and sub-

sequently the referents increased their weight at a

higher rate than did the cases. The cases had

significantly lower lung function tests (FEV,, FVC,
FEF2 ,75 ) and higher prevalences of respiratory
symptoms and signs (simple chronic bronchitis,

measured mucus >2 ml, and rhonchi) than the

referents at the time of the 1970 examination.

The cases had higher exposure to dust up to the

end of the 1960s and thereafter the exposure to dust

for the referents became higher. The case-referent

differences in particle-years for the 1940s reached

significance (p = 0 024). The actual years of ex-

posure did not differ. In order to establish the

particle-years that were most strongly associated

with the mortality from COLD, the cumulative

particle-years from the start of the gold mining

exposure to 1949 (CD40), to 1959 (CD50), to 1969

(CD60), and the total to the start of follow up (1969-

71) (CDTS) were examined individually in a con-

ditional logistic regression model, in which the effect

of smoking was adjusted. The best predictor of dust

Table 1 Comparison of COLD cases and age matched referents

Characteristic Cases mean (SD) (n = 66) Referents mean (SD) (n = 396) p Value

Year of birth 1918-32 (2-34) 1918-31 (2 34) 0.99
Start of follow up 1969-21 (1-12) 1969-28 (1-07) 0 99
Body weight (kg) 74-3 (11-3) 81-4 (11-7) 0 0001
Body height (cm) 176-7 (6-1) 176-8 (5 7) 0-97
Age at death (y) 61-8 (5 0)

Gold mining exposure:
Particle-years to 1949 11250 (4983) 9735 (5043) 0-024
1950-9 11611 (4134) 10545 (4542) 0-075
1960-9 9566 (4192) 8891 (5165) 0-315
1969-start* 259 (543) 280 (562) 0-770
Start-1986 2630 (4043) 4015 (6637) 0-022
Years to 1949 8-1 (3-1) 7-6 (3 0) 0-21
1950-9 8-7 (1 9) 8-6 (1 9) 0-84
1960-9 7-5 (2 4) 7-4 (2 7) 0-80
1969-start 0-2 (0 5) 0-2 (0 4) 0 97
Start-1986 2-2 (3 0) 3-2 (2-9) 0-012

Smoking habits:
Cigarettes (No/day) 18 2 (9 5) 15-2 (10-8) 0-02
Years smoked 28-5 (6-7) 21-6 (11-7) 0 0001
Cigarettes (pack-years) 26-5 (15-4) 19-8 (17-3) 0-0004
Cigarette equivalents (pack-years) 31-3 (16-3) 23-6 (18-2) 0-002
Never smoked (No (0°)) 0 (0 0%) 53 (13-4%)
Ex-smoker (No (O)) 11 (16-70) 89 (22-5%)
Current smoker (No (%O)) 55 (83-3%o) 254 (64-1%) 0-000 t

Lung function tests:
FEV, 1-98 (0 83) 3-10 (0-72) 0 0001
FVC 3-98 (0-85) 4-40 (0-72) 0,0001
FEF25-75.. 1-09 (0-77) 2-75 (1-30) 0 0001

Respiratory symptoms and signs:
Rhonchi (No (0°)) 31 (47 0%) 89 (22-5%) 0 0001
Bronchitis (No (%)) 38 (57-6%) 147 (31-8%) 0 01
Mucus > 2 ml (No (%)) 34 (51-5%) 152 (38-6%)$ 0-04

*Start of the follow up study.
tX 2test for trend.
tTwo subjects did not have sputum tested.
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Table 2 Distribution of cases and referents according to dust particle-years (CD40C) and cigarette-years smoked
(CYSMC)

Cigarette-years smoked (CYSMC)
Dust* Death ORt
(CD40 C) from COLD 2 16 26 34 Total No (95% CI)

3 99 Yes 0 0 3 2 5 1.0
No 19 9 41 11 80
(OR)T (1-0) (2-1) (3 3) (8-5) (1-0)

7-44 Yes 1 2 9 8 20 2 5
No 21 15 58 37 131 (09-69)
(OR): (2-7) (6 3) (6 3) (8 8) (2-4)

12 35 Yes 0 2 12 9 23 3 3
No 30 18 47 26 121 (1 2-9-4)
(OR)+ (0 6) (5 3) (10-3) (14-0) (3-0)

1758 Yes 0 1 7 10 18 53
No 14 8 23 19 64 (18-159)
(OR)+ (1.3) (6-9) (12 5) (21-0) (4 5)

Total Yes 1 5 31 29 66
No 84 50 169 93 396
(OR)$ (1 0) (8 4) (15.4) (26-2)

ORt 1-0 8-0 15 8 32-3
(950 CI) (0-9-69 7) (2-1-118-0) (4-2-248-2)

*Mean dust particle-years/1000 before 1950.
tORs adjusted for age.
+Unadjusted OR.

was CD40 (XLR = 5 9; df = 1; p = 0-015) and this
variable was used to assess the combined effect of
dust and smoking. It was noted that the log likelihood
ratio for dust did not change by inclusion of smoking
into the model, and vice versa.
As expected, the cases had significantly higher

consumption of tobacco than the referents. In a
preliminary analysis of the case-referent data, all the
variables available on smoking were related to mor-
tality from COLD by means of the stepwise logistic
regression model. The smoking variables found to be
most strongly related to death from COLD were
years of cigarette smoking (CYSM), the categorised
smoking variable (SMOKEC), cigarette equivalent
pack-years (this includes pipe smoking), and
cigarette pack-years, in that order. The above smok-
ing variables were then included individually in a
logistic model in which the effect ofdust was adjusted
and the best predictor for smoking was selected
according to the goodness of fit criteria. As the model
with years of cigarette smoking had the highest log
likelihood ratio, this variable was used in the analysis
of the combined effect. The years of smoking and the
categorised smoking variable (SMOKEC) take into
account whether a person stopped smoking or not,
and this may be the reason why these variables were
more strongly related to death from COLD than
cigarette or cigarette equivalent pack-years.
Table 2 shows the two way frequency distribution

of the cases and referents for categorised particle-
years/1000 up to 1949 (CD40C) (<5, 5-9, 10-14,
) 15), and categorised years of cigarette smoking
(CYSMC) (<10, 10-19, 20-29, 30). The mean

values given in table 2 for each range were used to
estimate the shape of the dose response curve.'8 The
marginal observed odds ratios (ORs) displayed a
significant increasing trend for dust particle-years
(Zx' = 8-9, p = 0 003) and for cigarette years of
smoking (Z(l = 22-2, p < 0-0001). The age adjusted
marginal ORs, estimated from the conditional ligistic
regression by means of (0,1) indicator variables, also
confirmed a significant dose response relation be-
tween death from COLD and the individual
exposure variables.
The estimated ORs have a large error attached, and

consequently the models applied in order to assess
the shape of the dose response curve (equation (1)
with only one exposure variable) fitted equally well.
For CD40C the maximum log likelihood displayed
an insignificant change when ;. changed from 0 to 1 -0;
nevertheless, the model with i =0 fitted the data
better than the model with . = 1, suggesting a linear
relation. For the continuous particle-years (CD40),
the multiplicative model gave a better fit, but again
the change in the log likelihood was insignificant,
suggesting that for all practical purposes the linear
and exponential models fitted equally well. For the
categorised years ofcigarette smoking (CYSMC) and
the continuous variable (CYSM), the best fits were
obtained with i. = 0 50 and). = 0-51. For both variable
types, the model with A = 0 5 gave the best fit, but the
likelihood ratio test of ,=0 v = 1 was not statis-
tically significant.
Table 2 shows the risk of dying from COLD for

those exposed to various combinations of dust and
smoking relative to those exposed to the lowest dust
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Table 3 Numbers of deaths and person-years (P- Y) by dust particle-years (CD40C) and cigarette-years smoked
(CYSMC)

Cigarette-years smoked (CYSMC)
Dust RR§
(CD40C) <10 10-19 20-29 )30 Total (95% CI)

<5 Deaths 0 0 3 2 5 1.0
P-Y 1528 779 3515 1042 6864
SMR* 0 00 0 00 0-46 0-88 0 37
CD40t 3122 3582 2925 3264
CYSMI 1 1 16.0 26-4 33-1

5-9 Deaths 1 2 9 8 20 2 49
P-Y 1935 1487 4712 2070 10204 (09-6 7)
SMR* 0-23 0 68 0 97 1-72 0 94
CD40t 7454 7554 7141 7866
CYSMt 1-3 16 7 26-2 33.4

10-14 Deaths 0 2 12 9 23 312
P-Y 2024 1387 4048 2117 9576 (1 2-8 3)
SMR* 000 067 1.51 192 1-14
CD40t 12242 12447 12219 12234
CYSMt 2-1 165 265 329

15 Deaths 0 1 7 10 18 5 30
P-Y 971 712 1573 1092 4348 (20-14 4)
SMR* 0 00 0.59 2-04 4 25 1-82
CD40t 17379 18886 17555 17944
CYSM+ 2 7 15 7 26-0 33.6

Total Deaths 1 5 31 29 66
P-Y 6458 4365 13848 6321 30992
SMR 0 07 0-54 1 14 2 08

RR§ 10 729 16-15 2918
(950 CI) (0-9-62) (23-118) (40-214)

*SMR adjusted for the effect of age and year at risk.
tMean value for dust particle-years/1000 before 1950.
+Mean values for years of cigarette smoking to 1970 examination.
§RR adjusted for age, year at risk, and the other exposure.

0

a

E

en

0

Years of cigarette
smoking

< 10

0 10-19
* 20-29

0>30

10-14

Dust particle-years/1000

Figure Standardised mortality ratio for chronic obstructive
lung disease, according to dust exposure before 1950 and
years of cigarette smoking.

and smoking level, as estimated by the OR. The
calculation was complicated by the zero value in the
lowest exposure cell, and thus 0-5 was added to each
frequency number. Only one subject died of COLD
among those who had smoked cigarettes for less than
10 years, and thus there was no trend with dust for
that smoking category; an increasing trend with dust
for all the other smoking categories occurred,
especially for those miners who smoked for 20 or
more years. On inspection of the medical file, it was
found that the miner who died of COLD and was
coded as smoking for less than 10 years was in fact a
pipe smoker for 32 years and consumed on average
four ounces of tobacco a week; according to the
medical file and questionnaire on smoking he did not
smoke cigarettes.
The trend in the OR indicates a synergistic effect.

The ORs in the two highest categories for dust and
smoking had higher values than would be expected
from merely adding the individual effects-for
example, 21 > 8-5 + 1 3-1 and 12-5 > 3-3 + 1 3-1.
The synergistic effect appears to be present for dust
categories with more than 10 000 particle-years and
for those who smoked cigarettes for more than 20
years.

660 Hnizdo



Combined effect of silica dust and tobacco smoking on mortality from chronic obstructive lung disease in gold miners

Table 4 Predicted number of deaths from models with different values of 2

Estimated No of deathsforgiven),
Dust
(CD40C) Years smoked P-Y Observed deaths 0 0 0 2 05 0-6 1.0

<5 < 10 1528 0 0-32 0-03 0-08 0-09 0-18
10-19 779 0 1 19 0-31 033 0-32 035
20-29 3513 3 8-49 4-16 4-19 4 07 4-08

> 30 1042 2 3-39 2-46 2-45 2-46 2-46

5-9 <10 1935 1 0-56 0-17 0-23 0-24 0-34
10-19 1487 2 240 1 10 1-06 1-01 1-02
20-29 4712 9 11-87 8-72 8-51 8-28 8-04

>30 2070 8 6-95 7-10 7-10 7-18 7-19

10-14 <10 2024 0 0-80 0 53 0 53 0 50 0-58
10-19 1387 2 2-45 1-90 1-72 1-63 1-54
20-29 4048 12 10-48 11*85 11*58 11*33 10-88
30 2117 9 7-14 10-23 10-52 10-72 10-90

)15 <<10 971 0 0-56 0-66 0 57 0-52 0-51
10-19 712 1 1-35 1-69 1-50 1-43 1-30
20-29 1573 7 4-33 7-08 7 02 6-97 6-73

)30 1092 10 3-38 8-11 8-89 9-26 9 90

Total 30992 66 65-66 66-10 66-28 66-01 66 00
Deviance 53-68 38-42 37-52 37 20 37.09*

*df = 122.

The combined effects of dust and smoking were
assessed by fitting equation (1) to the data. For the
categorised variables best fit was obtained for the
model with = 0-72, and for the continuous data the
model with = 0-51 fitted best. The test of Ho:A = 0 v
Ha:;=I was significant (XL2 =12-2; df =1; p <
0-001 for the categorised data and XLR = 71; p <
0-01 for the continuous data), indicating that the
combined effect of dust and smoking is more than
additive and may be closer to being multiplicative.
The additive model with an interaction term,
log(RR) = log{ 1+ fl1(CD40C) + P2(CYSMC) +

#3(CD40C-CYSMC)}
was also fitted to the data. The test of Ho, =0 v
Ha:fltO was significant (XLR = 6-2; df = 1; p <
0-025), which indicates that the interaction term is
significant on the additive scale.

COHORT ANALYSIS
Table 3 shows the number of deaths and person-
years for categorised dust particle-years/1000
cumulated to 1949 (CD40C) (< 5, 5-9, 10-14, > 15)
and cross tabulated by years of cigarette smoking
CYSMC (<10, 10-19, 20-29, .30). This table is
collapsed over age and year at risk categories. The
mean values for CYSM and CD40 are also shown for
each cell. In the final analysis there were 127 cells
with non-zero values for person-years. Table 3 also
shows the age and year at risk adjusted SMRs
calculated as a ratio between the observed and
predicted number of deaths estimated from a model
which included only the age and year at risk effect.
Table 3 also presents the marginal RR adjusted for
age, year at risk and each other exposure, and the

9500 CI as estimated from the Poisson multiplicative
model. The figure shows the SMRs plotted against
dust particle-years according to each category of
smoking. The increase in the dose response trend for
the two highest smoking categories is apparent.
The RRs estimated by the Poisson regression are

in good agreement with the results from the case-
referent study. The standardised RR for dust esti-
mated from the multiplicative model was estimated
as exp(0-0926, SE 0-0254) = 1-097 (95%o CI, 1-044-
1 153) for a unit of 1000 particle-years. Thus a person
with exposure of 10 000 particle-years during the
1940s has a 2-5 times higher risk of dying from
COLD than the person with the lowest dust ex-
posure; for a person with 20 000 particle-years the
risk is 6-4 times higher. This probably applies to
smokers only, however, as all the cases were smokers
for 10 years or more.
The combined effect of dust and smoking was

assessed using equation (2). Table 4 shows th-e
predicted numbers of deaths from the models with
different values of the parameter i*. The deviance
statistic indicates that the model with ;. values
ranging from 0-6 to 1-0 fit the data well. The test of
Ho:i=0 versus Ha: = 1 was significant (XLR = 16-6;
df = 1; p < 0-001), indicating that the multiplicative
model fits the data significantly better than the
additive model.
Using the data from table 3 the attributable risk

due to each exposure was calculated according to the
method described by Kleinbaum et al 9 and Bruzzi et
al.'0 The attributable risks were estimated as 64% for
dust, 930% for smoking, and 98% for dust and
smoking combined. Thus the approximate estimate
of the proportion of cases caused by dust only is 5%
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(98°0 930), by smoking only 340% (98°/-640 ), and
by the combined exposure 590% (980%`-34%-5%).

Discussion
The epidemiological evidence for the effect of gold
mining exposure on mortality from COLD is rather
inconclusive. Studies on mortality of cohorts ex-

posed to silica have consistently shown increased
mortality from non-malignant respiratory disease,
largely accounted for by silicosis.7 Davis et al2' did
not find an excess mortality from bronchitis in
Vermont granite workers. Finkelstein et al22 found
non-malignant respiratory disease (8th revision ICD
460-519) to be the most frequent cause ofdeath, with
SMR over 600, among Ontario miners receiving
compensation for silicosis. In a mortality study of
Western Australian gold miners, the overall death
rate from non-malignant respiratory disease was

slightly less than expected but the death rate from
silicosis was high.23 In a previous study of mortality
in middle aged South African gold miners,8 a cohort
of 3971 white miners, born between 1 January 1916
and 31 December 1930, who were alive on 1 January
1970 and currently working on the gold mines, was

followed up to December 1978. Standardised mor-

tality ratios were calculated using as a reference
population the total white male population of the
Republic of South Africa. Increased SMR for lung
cancer (161 2), chronic respiratory diseases (165 6),
and acute and chronic nephritis (381 -0) were repor-
ted. Of the 530 deaths found, 29 (5-5%) miners had
died of chronic respiratory diseases, which included
bronchitis, emphysema, and pulmonary heart dis-
ease, coded according to best available information
drawn from the death certificates, MBOD medical
files, and necropsy findings. The RR for chronic
respiratory diseases estimated from a nested case-

referent study was 2 48 per unit of 10 000 particle-
years (p < 0 03).

In the present mortality study, 945 (43%) of the
gold miners died during the follow up period from
1968-71 to 30 December 1986 at an average age of
60- 1 years. The miners who died had significantly
higher tobacco consumption measured by cigarette
equivalent pack-years (p < 0-0001), and lower
results in tests of lung function (FEV1, FVC,
FEF2575'; p < 0-001 for all three tests) at the start of
the follow up than the miners who survived. Those
that died of COLD, however, had, in comparison to
other main groups of causes of death, the lowest
average values for the three tests of lung function.
This suggests that for the other causes of death the
lower lung function may have been a contributory
factor, whereas for the COLD deaths, loss of lung
function was a main cause of death. Dust particle-
years were also significantly related to mortality from
all causes; thus the effect of combined exposure on

mortality from all causes may also be an important
factor to consider. Nine miners died of pulmonary
tuberculosis and they were found to have the highest
exposure to dust; no miner died of pneumoconiosis.
The results from the present analysis show a

statistically significant dose response relation be-
tween death from COLD and gold mining dust
particle-years, after adjustment for smoking. The
exposure to dust during the 1940s was most strongly
related to death from COLD. These results are in
agreement with the findings from the case-referent
study ofemphysema, identified by necropsy in South
African white gold miners.5 In that study the number
of shifts worked in high dust before 1950 was most
strongly related to the presence of emphysema at
necropsy in men 50-70 years old who died during
1981. The authors suggested that the heavy exposure
in early adulthood may be most important to the
subsequent development of emphysema. The same
phenomenon was seen in asbestos workers-namely
that asbestos exposure received early in a man's
working career was a more important determinant of
subsequent air flow limitation than later exposure.24
The other possibility, which may have an effect on
the results of this study, is that the concentrations of
dust in the 1940s were still relatively high in com-
parison with those found later, even though the
concentrations in the 1940s were reportedly equal to
present values.2 Becklake et al5 have also observed
that those who had emphysema at death were slightly
taller but weighed less when they entered the mining
industry than those who did not develop emphysema.
This finding was not confirmed by our study, where
the COLD cases and referents were approximately
the same height and weight at 20 years of age (70 kg).
The subsequent five yearly increase in weight was,
however, systematically higher in the referents than
in the cases.

In an attempt to find out whether the cases were of
a slimmer build than the referents, the radiograms
taken in 1960 and 1970 were measured blindly by an
independent person. The findings indicated statis-
tically significant differences in all the measurements
of lung height (cm). The cases had significantly
longer lungs in 1960 (24-5, standard deviation (SD
1-9), and in 1970 (25-2 SD, 2-1) in comparison with
the referents (22 6, SD 2 4 and 22 6, SD, 2 3). The
height of the lung increased significantly for the cases
but remained unchanged for the referents. The left
and right lungs gave the same results. This indicates
that by 1960 the lungs ofthe cases had already started
to expand as a consequence of emphysema, and
continued to do so in the 1970s; this corresponded
with their increased disability and retirement from
dusty occupations during the late 1960s and 1970s.
The RR for cumulative dust particle-years before

1950, standardised for years of cigarette smoking and
age estimated from the case-referent data by the
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logistic model, was exp(0 1003) = 1-106 with 95%O
CI (1 -104-1 179) for one unit of 1000 particle-years.
The estimate obtained from the cohort study was
exp(0-0926) = 1-097 with 95%, CI 1-044-1153.
Thus for a man exposed to 17 500 particle-years
during the 1940s, the expected risk that he died of
COLD when he was over 50 years of age was 5-06
times higher than for a man who was exposed to less
than 5000 particle-years during the same period. As
all the miners who died of COLD were smokers,
however, the RR for dust most likely applies to
smokers only.
For both study designs the data have indicated that

the combined effect of dust and smoking is more than
additive. The RR model indicated that the combined
effect of the two exposures may be closer to the
multiplicative model than the additive model. For
the case-referent data, the mixture parameter i. for
the best fitting model was estimated to be 0-72 for the
categorised data and 0-51 for the continuous data.
For the cohort data the parameter.A ranged from 0 6
to 1-0 for the best fitting models.
The results from the RR model are in line with the

results presented in tables 2 and 3, which show that
the RRs and SMRs for those who smoked for more
than 20 years and had exposure to more than 10 000
particle-years, were substantially higher than would
be expected from adding the individual effects. The
figure shows that the increasing trend with dust for
the age and year at risk adjusted SMRs was higher for
the smoking categories 20-29 and ) 30. Only one
miner died of COLD who did not smoke cigarettes.
This miner was, however, a pipe smoker of four
ounces of tobacco a week over 32 years.
The relative importance of each exposure is given

by the estimates of the attributable risk due to each
exposure. According to those estimates, about 5% of
the cases were due to the effect of dust only, 34%O due
to smoking only, and 59% due to the combined effect
of dust and smoking. Thus tobacco smoking is more
dangerous for workers exposed to silica dust than for
unexposed people, as silica dust and tobacco smoking
act synergistically in causation of obstructive lung
disease.

Possible biases in this study may be related to the
original selection criteria. One was a minimum of 10
years ofunderground exposure to gold mining. Thus
miners who may have been potentially sensitive to
dust, to the extent that they could die from COLD
owing to the effect of dust only, may have retired
from the dusty underground occupations earlier.
Therefore, the healthy worker effect may be the
reason why there were no deaths from COLD in
those who smoked cigarettes for less than 10 years.
The possibility that the cases ofCOLD were subjects
who came for a benefit examination in 1970 was also
considered. Of the 66 cases, 59%' came for a
periodical examination and were still working in the

mine at the time of the 1970 examination, 3% came
for a periodical examination but were no longer
working in the mine, 27%X came for a benefit
examination (for compensation purposes) but were
still working in the mine, and 11% came for a benefit
examination and were no longer working in the mine.
Thus the distribution of the number of deaths from
COLD was proportionately distributed according to
the reasons for attending the medical examination.

In conclusion, it appears that dust on its own does
not cause disability that results in death from COLD,
but smoking on its own and the combined effect of
dust and smoking are the main environmental risk
factors for death from COLD in the present data.
Tobacco smoking is more dangerous for miners
exposed to silica dust than for other men, as the two
exposures act synergistically in causing chronic obs-
tructive disease of the lung.
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