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Combined effect of silica dust exposure and tobacco smoking
on the prevalence of respiratory impairments among gold miners

by Eva Hnizdo, MSc, Eugene Baskind, MD, Gerhard K Sluis-Cremer, MD!

HNIZDO E, BASKIND E, SLUIS-CREMER GK. Combined effect of silica dust exposure and tobacco
smoking on the prevalence of respiratory impairments among gold miners. Scand J Work Environ Health
1990;16:411—22. The combined effect of underground gold mining dust with a high content of free
silica and tobacco smoking on the prevalence of respiratory impairment was examined among 2209 South
African gold miners and 483 nonminers. The subjects were grouped as having normal function; minimal,
moderate or marked obstruction; marked obstruction with restriction; or pure restriction on the basis
of their lung function profiles. Each profile group was compared with the normal group for exposure
prevalences, and additive and multiplicative relative risk models were applied to test for departure from
the additivity of individual effects. Departure from additivity was found to increase progressively with
the severity of obstructive impairment. The results indicated that approximately 94 % of the cases with
the most severe respiratory impairment (N = 191) could have been prevented through the elimination of
tobacco smoking. In conclusion, tobacco smoking was found to potentiate the effect of dust on respirato-
ry impairments.
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South African gold miners are exposed to dust with
a high content of crystalline silica. About 60 % of the
virgin rock is silica, and approximately 30 % of the
respirable dust is free silica (1). The average current
levels of respirable silica representative of the gold min-
ing industry ranges from 0.05 to 0.84 mg/m? for un-
derground air (1). In addition, tobacco smoking is
highly prevalent among the white miners. About 70 %
were found to be current smokers, and only 12 % were
nonsmokers (2, 3).

Occupational exposure to underground dust in
South African gold mines has been found to be as-
sociated with an increased prevalence of respiratory
symptoms (2, 3), chronic obstructive lung disease (3),
and emphysema identified at autopsy (4, unpublished
paper “Emphysema Type in Relation to Silica Dust
Exposure, in South African Gold Miners”’ by Hnizdo
et al). Experimental evidence from rats also indicates
that exposure to crystalline silica causes emphysema
and abnormally thick walls in the small airways with
associated functional changes of airflow obstruction
in rats (5, 6).

There is, however, little evidence in the literature to
indicate whether tobacco smoking interacts with sili-
ca dust to increase the amount of respiratory dysfunc-
tion (7). The objective of this study was to examine
the effect of combined exposure to silica dust and
tobacco smoking on the prevalence of respiratory dys-
function. It has been pointed out that, in the assess-
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ment of the combined effect of tobacco smoking and
occupational exposure, the pattern of lung injury in
pulmonary function, rather than a single lung func-
tion measure, should be examined (8, 9). Thus, in
this study, both, the individual lung function measures
[forced expiratory volume in 1 s (FEV, ), vital capac-
ity (VC), and forced midexpiratory flow (FEF,_45)]
and the spirogram pattern were analyzed.

We reanalyzed the data from a study (3) of 2209
white South African gold miners and 483 nonminers
to (i) examine the individual lung function measure-
ments FEV, ,, VC, and FEF,; ,; for any dose-re-
sponse trend and for the presence of interaction be-
tween dust and smoking; (ii) examine the patterns and
degree of ventilatory impairment as reflected in the
spirogram, their relation to silica dust and tobacco
smoking, and the presence of interaction; (iii) estimate
the attributable risk for tobacco smoking and under-
ground gold mining dust exposure; (iv) examine the
relevance of the pattern of ventilatory impairment to
mortality from respiratory and cardiovascular diseases.

Subjects and methods

Study subjects

The 2209 study subjects consisted of all white gold
miners who fulfilled the following criteria: (i) a num-
ber from the Medical Bureau for Occupational Dis-
eases within the range of B9000 to C8999; (ii) age
45—54 years; (iii) minimal underground service of
10 years; (iv) residence in South Africa for at least
20 years; (v) service in mines other than gold less than
two years; and (vi) attendance for a medical examina-
tion at the Medical Bureau for Occupational Diseases
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during the four-year period between 1968 and 1971.
An annual medical examination is compulsory for all
miners working in dusty occupations. Miners who were
retired but attended the medical examination because
they were seeking compensation or a medical exami-
nation were also included in the selection procedure.
Only one of the medical examinations which the miners

attended during the study period was used for the pur--

poses of the study. A group of 483 male nonminers
of the same age group, drawn at random from vari-
ous municipal and government departments through
the inclusion of all the workers from a particular of-
fice, was included in the original study of Wiles &
Faure as a reference group but was not reported on
in their paper (3). They were included in this reanaly-
sis of the data.

Mining exposure

The mining service was estimated from records of the
Chamber of Mines. These records show the exact num-
ber of shifts worked in each occupation. The occupa-
tions were classified on the basis of dust counts done
by Beadle (10) into 11 groups for which the average
surface area of respirable dust particles (<5 um), af-
ter heat and acid treatment that leaves mainly silica
particles, was calculated. For each miner the number
of shifts worked in each occupation was weighted by
the mean respirable dust count for that occupational
group. The dust exposure was analyzed in terms of
particle-years cumulated to the date of the medical ex-
amination (GOLDPY), and categorized particle-
years/10 000 (0, 1—1.5, 1.6—2.5, 2.6—3.5, 3.6—4.5,
=4.6) (GOLDPYC), for which the means of the ranges
were used to estimate the dose-response relationship.
In a preliminary analysis particle-years were more
strongly associated with the spirogram measurements
than years of exposure.

Smoking habits

Full details of the smoking habits were obtained by
means of a smoking questionnaire, and the reliability
of the answers was checked against smoking histories
recorded in the medical files of the Medical Bureau
for Occupational Diseases. The information on smok-
ing habits was utilized in the analysis in three differ-
ent ways. First, the subjects were grouped into non-
smokers, ex-smokers, and current smokers, and indi-
cator (zero, one) variables SMK1 (ex-smoker) and
SMK2 (current smoker) were created to represent
the grouping. Second, the tobacco consumption and
smoking status were combined, and the subjects were
divided into the following five categories: 0=non-
smoker, 1 =ex-smoker, 3 = current smoker with <20
pack-years, 4=current smoker with 20—39 pack-
years, and 5=current smoker with =40 pack-years
(SMOKEC). Third, lifetime tobacco consumption
was analyzed as cigarette equivalent pack-years
(SMOKEPY).
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Lung function tests

The spirograms were measured on a Godard water-
sealed spirometer with the subject seated and wearing
a nose clip. Spirograms judged to be of poor techni-
cal quality were excluded by a pulmonary physiol-
ogist. The lung function parameters measured were
VC, FEV, ,, and FEF,_;.

For the analysis of the pattern of ventilatory impair-
ments the miners were grouped according to the pres-
ence of an obstructive or restrictive lung function pro-
file, and those with the obstructive profile were fur-
ther subdivided according to the degree of obstruction.

A method of categorization used for asbestos-ex-
posed workers (9) was adapted through the incorpo-
ration of features that are used by the Pulmonary Unit
of Medical Bureau for Occupational Diseases when the
types of lung dysfunction are categorized. The ob-
served lung function tests were considered low if they
fell below a 95 or 99 % confidence limit. The con-
fidence limits were calculated as (predicted value
—SEE - z), where the predicted value was calculated
from the equations given later in the report, SEE was
the standard error of the estimate, and z=1.645 or
2.326 for the 95 and 99 % confidence limit, respec-
tively. The lung function tests were considered normal
if they were above the lower 95 % confidence limit.

The prediction equations were derived by the Lung
Function Unit of the Medical Bureau for Occupational
Diseases and are routinely used for the assessment of
lung function impairment in white miners who come
to the Bureau for their medical examination. The equa-
tions were derived from 731 healthy miners consist-
ing of 34 % smokers, 41 % ex-smokers, and 25 % non-
smokers who came to the Bureau during 1984. They
averaged 51 years in age, 174.5 cm in height, and 81
kg in weight. The 95 % confidence limits estimated
from Crapo’s prediction equations [derived from a
nonsmoking, white male population (11)] and from
equations of the Medical Bureau for Occupational Dis-
eases are very comparable for the ages considered in
this study (45—54 years). The lower 95 % condifence
limits derived from Crapo’s equations and those of the
Medical Bureau for Occupational Diseases for a man
51 years of age, 174 cm tall, and weighing 81 kg are
3.64 and 3.76 for VC, 2.97 and 2.97 for FEV ,,
2.08 and 2.32 for FEF,s_.s, and 71.85 and 70.51 for
FEV, ,/VC, respectively. The main difference in the
two sets of predictive curves was the weight factor in-
cluded in the equations of the Medical Bureau for Oc-
cupational Diseases. Weight was found to be a signifi-
cant negative predictor for lung function among white
South African gold miners, who are often overweight.
The midexpiratory flow time (MEFT) was calculated
as VC/(2 - FEF,5_1s).

The prediction equations and standard errors of the
estimate (SEE) were as follows:

VC=—5.57964—0.02195 (AGE) +0.06822 (HEIGHT)
—0.00777 (WEIGHT)



SEE =0.47227
FEV, ,= —3.00483 —0.02491 (AGE) +0.04759
(HEIGHT)~0.00510 (WEIGHT)
SEE =0.37765
FEV, ,/VC=113.4064 —0.23250 (AGE)—0.1470
(HEIGHT) + 0.02649 (WEIGHT)

SEE =4.6250.

The subjects were grouped into six categories accord-
ing to the lung function profile as follows: (i) normal
(reference category) [those with normal lung function
tests (ie, normal VC, FEV, ,, FEV, (/VC, and MEFT
=1 s)]; (ii) minimal obstruction (those who had a nor-
mal VC and one or two features of obstruction, but
not all three, present, the three features being low
FEV,,, low FEV,/VC, and MEFT >1 s); (iii)
moderate pure obstruction (those with a normal VC,
an FEV | , between the 95 and 99 % lower confidence
limits, a low FEV, ,/VC, and an MEFT of >1 s); (iv)
marked pure obstruction (those with a normal VC,
an FEV,, below the 99 % confidence limit, a low
FEV, ,/VC, and an MEFT of >1 s); (v) marked ob-
struction with restriction (those with marked pure ob-
struction except that the VC was below the 99 % con-
fidence limit) (all the subjects with an obstructive and
a restrictive element were found to have an FEV, ,
value that was below the 99 % confidence limit); and
(vi) pure restriction (those with a low VC, a normal
FEV, o, a normal FEV, ,/VC ratio, and an MEFT of
<1 s). Four men were found to have restrictive im-
pairment with a minimal obstructive element, and they
were combined with the pure restrictive group.

There were 202 men whose lung function tests were
excluded from the original study by a pulmonary phys-
iologist, as they were considered to be submaximal ef-
forts, and the lung functions were not recorded in the
computer file. In addition, the lung function tests of
21 men were rejected from the analysis on the advice
of one of the authors (EB), as they were found to have
very unusual parameters and did not belong to any of
the aforementioned categories.

Other medical and compensation data

The medical examination included the assessment of
(i) simple chronic bronchitis by a questionnaire, (ii)
rhonchi, (iii) sputum production, and (iv) radiologi-
cal silicosis (3).

The medical files of the Medical Bureau for Occupa-
tional Diseases record dates and types of compensa-
tion awarded to miners. Compensation for pneu-
moconiosis or chronic obstructive lung disease can be
awarded if radiological silicosis or specified lung dys-
function is found and the person has worked at least
10 years in highly dusty occupations or 20 years in less
dusty occupations.
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Mortality data

The follow-up period for the collection of mortality
data was from the date of the examination to the end
of 1987, by which time 859 of the 2209 miners whose
lung functions were measured had died. The deaths
were identified through a miners’ pension fund and
the Department of Interior. The causes of death were
coded according to the ninth revision of the Interna-
tional Classification of Diseases (ICD) of the World
Health Organization by an independent physician,
using the best available information derived from the
death certificate, autopsy report, and medical file of
the Medical Bureau for Occupational Diseases. The
causes of death of interest to this analysis are chronic
obstructive lung disease (ICD 416, 491, 492 and 496)
and ischemic heart disease (ICD 410—414).

Statistical methods

Analysis of lung function measurements. First, the
relationship between each lung function measurement
(FEV,, VC and FEF,s_;), and dust and smoking
was evaluated by means of a linear regression analy-
sis in which the effect of age, body weight, and height
were adjusted for. Second, the individual measure-
ments were dichotomized into normal and abnormal
if they fell above or below the 95 (or 99) % confidence
limit of the predicted value, and the general relative
risk model (12) was applied to assess the presence of
interaction.

Analysis of the lung function profiles. For the analy-
sis of the lung function profiles, the cases in each of
the five impaired profiles were compared with the
reference category for differences in exposure preva-
lences by means of the exposure odds ratio. The fol-
lowing tests were applied: (i) a test for interaction and
(ii) the estimation of attributable risk. In the test for
interaction the null hypothesis of the absence of an in-
teraction effect was postulated in terms of the addi-
tivity of relative risks (13—15). In the test for the null
hypothesis several types of exposure variables were em-
ployed. The dose-response trends in the odds ratios for
each impairment and the individual dust levels were
compared between the nonsmokers, ex-smokers, and
current smokers. The indicator smoking variables,
SMK1 and SMK2, were employed to test whether the
ex-smokers and current smokers differed from the non-
smokers in their dose-response trend for the catego-
rized dust variable GOLDPYC. The fully saturated ad-
ditive relative risk model was of the form:

log [P/(1-P)]=a +log{1+B, - (GOLDPYC)+B,
- (SMK1) + B, (SMK2) +B, - (SMK1
- GOLDPYC) +B; - (SMK2

- GOLDPYC)}, equation 1

where P was the probability of being a case, o was a
nuisance parameter; { -} estimated the odds ratio for
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the exposed subjects relative to the subjects whose ex-
posure was zero; the B coefficients estimated the ex-
cess relative risk due to each effect, coefficients B,
and B, measuring the change in the intercept value
caused by the ex-smoker and current smoker effect and
B, and Bs measuring the rate of change in the odds
ratios with increasing dust level for ex-smokers and
current smokers, respectively. The coefficients 3, and
Bs indicated whether tobacco smoking modified the
effect of mining dust exposure. The likelihood ratio
test for testing the null hypothesis of no interaction
(ie, Hy: By =PB5s=0 against H,: B, and/or B #0) was
given by X, ;= —2log(L,/L,), where logl, and logf,
were the maximized log likelihoods estimated from the
model without interaction and with interaction, respec-
tively. The multiplicative model (ie, the logistic model)
with the same variables was also fitted to the data.

A test of interaction using either both categorized
or both continuous exposure variables was also per-
formed. The additive relative risk function was applied
as

RR (x;,5%5;B) = 1+Bo+B; - x;

equation 2
+B2 - X+ By X - Xy,

where x, represented the dust variable (GOLDPYC or
GOLDPY) and x, the smoking variable (SMOKEC or
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Figure 1. Individual lung function measurements, plotted
against dust particle-years, according to smoking habits.
(FEF,5_75 o, = forced midexpiratory flow, FEV, = forced expira-
tory volume in 1 s, VC =vital capacity)
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SMOKEPY). The likelihood ratio test for testing the
null hypothesis of no interaction (ie, Hy:p; =0 against
H,:B;#0) was given by X;z2= —2log (I:l/I:z) as in
the preceding test.

The computer program RISK (16) was used to fit
the relative risk (equation 2), and the computer pro-
gram MINUIT (17) was used to fit equation 1. The
program MINUIT is a general minimization program
and was used to fit the maximum likelihood function
for grouped data, and, where zero values occurred, a
value of 0.5 was added to each cell. For comparison
SAS PROC CATMOD (18) was also applied to fit the
additive and multiplicative models with grouped likeli-
hood function to the data in table 4 in the Results sec-
tion; the option ADDCELL = 0.5 was used to replace
zero cell values. The results obtained were compara-
ble with those from MINUIT. The results obtained
from the programs RISK and MINUIT were almost
identical for the continuous and categorized variables.

In the estimation of attributable risk the method of
calculation, as proposed by Miettinen (19) and Bruzzi
et al (20), and applied by Kjuus et al (21) to the cal-
culation of attributable risk for smoking and occupa-
tional exposure for lung cancer, was applied. The etio-
logic fraction for dust (EF,) was estimated as:

k
EFy ='§x P - [(OR;—1)/0R;l, equation 3

where p; was the estimated proportion of cases in the
ith exposure category (i=1,2,...,k), OR;>1, and OR;
were the odds ratios estimated by logistic regression
in which the effect of age and smoking were adjusted.
The etiologic fractions for smoking (EF,) and for
the combined effect of dust and smoking (EF,.,)
were estimated in the same manner. The 95 % confi-
dence limits for the summary etiologic fractions were
estimated as in Denman & Schlesselman (22). With the
use of the etiologic fractions, the proportion of cases
that could be prevented by the elimination of each of
the factors (PF) was calculated as follows: PFy, =
EFy —EF, PFsmoking =BFy (—EFy, PFy. smoking —
EF, ,—EF,—EF,, PF . =1.00—EF, ..

Results

Lung function tests

Figure 1 shows the mean values for the FEV, ,, VC,
FEF,;_;s, and FEV, ,/VC measurements plotted ac-
cording to categorized dust particle-years for the non-
smokers, ex-smokers, current smokers of =30 pack-
years, and current smokers of > 30 pack-years. The
graphs display an interesting pattern. For FEF,s_ ¢
the values for the nonminers (DUST =0) are lower
than those for the miners in the lowest exposure
category (DUST = 1). For all four variables there is
a declining slope for the miners up to the dust level
of 40 000 particle-years. If one considers the data up
to that point, it can be observed that the decrease that



occurs as the dust exposure increases is approximate-
ly parallel for all the smoking categories and that there
is no indication that dust and smoking interact to in-
crease the impairment. The consistent increase in the
lung function measurements in the highest dust ex-
posure category is presumably due to some systemat-
ic effect, possibly a healthy worker effect. The rate of
decrease associated with increasing dust level in the re-
gion up to 40000 particle-years is highest for
FEF,;_,s and lowest for VC, but the changes in
FEV,, and VC are almost parallel.

The results from the linear regression analysis done
for the lung function tests confirmed the aforemen-
tioned observation, namely, that the interaction effect
between dust and smoking is not statistically signifi-
cant. The regression coefficients for dust particle-
years/1000 adjusted for the effect of age, height,
weight, and smoking (pack-years) were —0.0067 (SE
0.0013), —0.0052 (SE 0.0012) and —0.0118 (SE
0.0022) for FEV,,, VC, and FEF,;_,s (P <0.0001),
respectively. For the dichotomized FEV,, and VC
variables (normal versus lower than the 95 or 99 %
confidence limit) the interaction effect was also not sig-
nificant when tested by the additive model, even when
the subjects with both measurements, FEV, ;and VC,
lower than the 99 % confidence limit were compared
with the rest of the subjects.

Lung function profiles

Tables 1—3 show the distribution of the miners into
the six lung function profile groups and their charac-
teristics. The groups did not differ in age, but the two
groups with restriction were slightly taller and those
with the restrictive profile were considerably heavier

in comparison with the other groups. Tobacco con-
sumption displayed an increasing trend with obstruc-
tion. The lung function values decreased, and the
proportions of those having bronchitis and rhonchi in-
creased as the level of obstruction increased. The dust
particle-years increased up to moderate obstruction
only and then declined slightly. This pattern is reflected
by the proportion of men with silicosis. The propor-
tions of those who came for a benefit examination (be-
cause they were seeking compensation) and of those
already certified also increased with the level of ob-
struction. The mortality from respiratory diseases
showed a strong association with increasing obstruc-
tion. The restrictive profile group had the highest per-
centage of death from ischemic heart disease.

Test for interaction. Table 4 shows the distribution of
the subjects in the six lung function profile groups ac-
cording to smoking habits and dust exposure. In a com-
parison with the reference group, the observed odds
ratios indicated an increase in the prevalence of each
impairment as the dust and smoking exposure in-
creased. There was some difficulty in selecting the base-
line groups for the calculation of the odds ratios. As
the nonminers (DUST =0) had higher proportions of
obstructive impairments in all three smoking cate-
gories than the miners with the lowest dust exposure
(DUST = 1), they were excluded from further analyses,
and the values of the miners with the lowest dust ex-
posure (DUST =1) were used as the base line. The
value of 0.5 was added to the cell frequencies for com-
putational reasons; this procedure had the effect of
increasing the prevalences among the nonsmokers, but
it did not increase the dose-response trend among the

Table 1. Physical characteristics and cigarette consumption of the lung function groups, miners only.

Lung Age
function
profile

Weight
(years) (kg)

Height
(cm)

Cigarette-equivalent

Body mass .
consumption

index
[(kg/m?) x 100]

Pack-years Years

group

Mean SD Mean SD

Mean SD

Mean SD Mean SD Mean SD

Normal
(reference
group)

(N =1030) 501 286 825 120
Minimal
obstruction
(N = 256)
Moderate
obstruction
(N=111)
Marked
obstruction
(N=211) 503 25 781 123
Marked
obstruction
with restriction
(N =191)
Restriction
(N=187)

500 25

506 24 78.8 120

505 25 793 122

50.4 26 85.0 129

1754 6.1

1749 6.1

1747 6.8

1762 53

1769 58 271 38

268 3.3 212 173 19.2 121

262 3.2 247 225 107

275 148 253 8.4

1748 56 255 36 294 1741 26.1 9.4

255 35 314 166 27.0 76

263 16.8 232 1041
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Table 2. Lung function values of the lung function profile groups and the percentage of the groups with bronchitis, sputum,
and rhonchi, miners only. (FEV, 5 = forced expiratory volume in 1 s, FEF,5_75 = forced midexpiratory flow, VC = vital capacity)

FEV,,

FEF25_75

vC

Lung function Bronchitis  Sputum Rhonchi
profile group Mean  SD Mean  SD Mean  SD (%) (%) (%)
Normal (reference

group)

(N =1030) 3.59 0.53 3.61 0.98 4.68 0.65 235 326 147
Minimal obstruction

(N = 256) 3.20 0.44 2.28 0.43 478 0.67 30.9 422 20.7
Moderate obstruction

(N=111) 2.90 0.30 1.74 0.36 4.55 0.57 35.1 411 216
Marked obstruction

(N=211) 2.40 0.37 1.26 0.42 4.31 0.55 48.3 52.6 36.0
Marked obstruction

with restriction

(N=191) 1.92 0.53 1.08 0.46 3.48 0.48 60.7 60.0 445
Restriction

(N=187) 2.80 0.35 2.79 0.79 3.64 0.46 449 50.0 26.7

Table 3. Cumulative dust exposure, occurrence of silicosis, certification being sought or awarded and mortality from chronic
obstructive lung disease and ischemic heart disease for the lung function profile groups, miners only.

Cumulative dust

Mortality from

exposure Certification respiratory or
(particle-years/1000) cardiovascular disease

Lung function Silicosis

profile group (%) Benefits Benefits Chronic  Ischemic
being obstructive heart

Mean Sb sought aw(ao/rcﬁed lung disease disease

(%) ° (%) (%)

Normal

(reference group)

(N = 1030) 28.2 12.1 486 12.9 111 0.3 14.2

Minimal obstruction

(N = 256) 29.7 12.2 6.6 17.2 16.8 23 10.9

Moderate obstruction

(N=111) 315 13.0 18.0 1741 243 3.6 12.6

Marked obstruction

(N=211) 30.6 11.4 8.1 22.3 294 74 21.3

Marked obstruction

with Testriction

(N=191) 30.7 1.1 8.4 35.6 43.5 12.6 20.9

Restriction

(N=187) 30.5 1.9 7.0 214 235 0 273

smokers. It can be seen that, for most of the profile
groups, the nonsmokers did not display an increasing
trend with an increase in dust exposure, while the ex-
smokers and current smokers did, and the trend in-
creased with the degree of obstructive impairment.

Figure 2 shows the observed odds ratios and the odds
ratios predicted by the additive and multiplicative
models for each obstructive impairment. The odds ra-
tios were plotted according to the smoking status and
levels of dust particle-years/10 000. The predicted odds
ratios for the two marked obstructive profiles were es-
timated from the additive model which included the
interaction term. The multiplicative model did not in-
clude the interaction term as it was not found to be
significant.

Table 5 shows the results of the analysis with the
additive model (equation 1), fitted to the data for the
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marked-obstruction profiles in table 4, individually and
combined. The results for the analysis from which the
benefit examinations (N = 248) were excluded are also
shown. Table 5 shows the regression estimates, the
associated chi-square test of significance, the good-
ness-of-fit test (—2logL,), and the likelihood ratio
test (X, z>) of the null hypothesis of no interaction
for the additive model. The goodness-of-fit test
(—2logL,,) is presented for the multiplicative model
fitted without an interaction term. Because of the nar-
row range, age was not a significant predictor for any
impairment category. The regression coefficients es-
timated excess relative risk attributable to each ex-
posure that was above the base-line risk, which was
set at unity. Thus, for example, the estimated odds
ratio for the marked obstruction with restriction im-
pairment for the current smoker with a value of § for



Table 4. Number of subjects according to their fung function profile and the observed odds ratios (OR), according to smoking

habits and dust exposure.

Profile group

Dust exposure Normal Minimal Moderat Marked Marked
(particle years/ inima ogerate arkec obstruction Restriction
10 000) re;ergeunpce obstruction obstruction obstruction L restriction
N) N  OR N OR N  OR N OR N OR
Nonsmokers
0 56 6 . 1 : 2 s 1 s — .
1.2 24 4 1.0 —_ 1.02 1 1.02 — 1.02 2 1.0
20 54 6 0.7 — 0.5 2 0.8 1 1.4 5 1.1
3.0 47 6 0.8 2 2.6 7 2.6 1 1.6 3 0.8
4.0 30 4 0.8 1 2.4 1 0.8 - 0.8 1 0.4
5.2 22 2 0.6 1 3.3 — 0.4 — 11 2 1.1
Ex-smokers
0 67 13 : 8 . 7 * 2 * 3 .
1.2 41 7 1.0 2 3.0 3 1.4 2 3.0 2 0.6
2.0 83 14 1.0 7 44 5 1.1 4 26 4 0.6
3.0 58 1 1.1 6 54 6 1.8 4 3.8 8 1.7
4.0 42 16 2.3 4 5.2 5 21 5 6.3 6 1.7
5.2 24 9 23 5 1.0 0 0.3 3 7.0 5 25
Current smokers
0 142 39 - 29 46 . 26 . 17 -
1.2 62 16 1.6 9 75 10 2.7 9 1.5 9 1.7
20 194 52 1.6 21 5.4 54 4.6 52 13.2 45 28
3.0 188 56 1.8 24 6.4 54 4.7 46 121 56 3.6
4.0 104 36 2.1 18 8.7 4 6.5 50 23.7 22 25
5.2 57 17 1.8 1 9.8 22 6.4 14 12.4 17 3.6
Total 1295 314 149 . 266 220 : 207
Miners 1030 256 111 . 211 191 187
2 A value of 0.5 was added to each cell frequency.
35.0¢
Minimal Moderate Marked Marked
obstruction obstruction obstruction obstruction
with restriction
300
25.0}
Legend
o e multiplicative model
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Figure 2. Observed and predicted odds ratios for individual lung function profiles, plotted against dust particle-years, accord-

ing to smoking habits.
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Table 5. Results of the additive model, equation 1, fitted with indicator smoking variables and the categorized dust variable

to the marked obstructive profiles.

Marked-obstructive profiles

Marked-obstructive profiles combined

Without restriction

With restriction

Benefits included Benefits excluded

B SE X2 B SE X2 B SE X2 B SE X2
Intercept —-2587 0289 801 —3686 0461 63.9 —-2449 0266 848 —2552 0282 820
Dust —-0.143 0167 07 —0025 0449 0.0 -0021 0182 00 -0082 0.183 0.2
Ex-smoker 0.107 0.649 0.1 0810 1320 0.3 0337 0616 0.3 0.340 0627 0.3
Current smoker 1631 0986 27 6.456 3.883 2.8 3387 1.421 57t 3125 1472 45
Dust x ex-smoker 0.163 0247 0.4 0.878 059 2.2 0309 0234 17 0242 0207 14
Dust x current smoker 0.897 0322 7.8 2176 1218 3.2 1318 0534 6.1t 1265 0298 180
—2logL, 1099.2 1007.2 1594.8 1239.9
X2(LR), df =2 45 5.1 7.3t 5.4
—2logLy, 1100.8 1008.0 1596.7 1241.1

a2 —2loglL,= —2 log likelihood, from additive model.
b _2loglL,= —2 log likelihood, from multiplicative model.
t P<0.025.

Table 6. Summary table of the log likelihood ratio tests for no
interaction.

Additive model

Lung

function 1a 2 3¢

profile ®A XD X

Obstruction
Minimal 33 0.1 0.0
Moderate 0.4 0.4 0.0
Marked 45 6.3t 5.4t
Marked + restriction 5.1 8.4t 7.1t
All marked 7.3t 12.8*** 9.7**
All marked? 5.3 9.3** 6.4t

Restriction 3.6 4.0 1.4

a Model 1 used GOLDPYC, SMK1, SMK2 (likelihood ratio test
with two degrees of freedom). (See the text for an explana-
tion of the variables.)

Model 2 used GOLDPY, SMOKEPY (likelihood ratio test with
one degree of freedom). (See the text for an explanation of
the variables.)

Model 3 used GOLDPYC, SMOKEC (log likelihood test with
one degree of freedom). (See the text for an explanation of
the variables.)

Marked obstruction without benefits.

P<0.025, ** P<0.01, *** P<0.001.

o

]

-+ a

particle-years/10 000 was calculated as 1—0.025 -
(5—1)+6.456+2.176 - (5—1)=16.1, and the observed
value given in table 4 was 12.4. (See table 5 for the
coefficients.) The interaction effect was found to be
significant at the probability level of 0.05 for the com-
bined marked-obstruction groups. As the interaction
terms for the individual marked-obstruction groups
were found to be significant for the other variable
types, it is likely that adding the 0.5 value to the cell
frequencies and combining the current smokers into
one category decreased the interaction effect, which
was significant at the probability level of 0.10.

As the values of the miners with the lowest exposure
were used as the base line, the value of one was sub-
tracted from the dust exposure to obtain the value of
1.0 for the odds ratio in the lowest exposure category;
this procedure should not have influenced the strength
of the association.
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Table 6 summarizes the results of the likelihood ratio
tests of the absence of interaction effect for the ob-
structive and restrictive impairments for the catego-
rized and continuous exposure variables as included
in equations 1 and 2. The interaction effect was not
significant at the probability level of 0.05 for the
minimal- and moderate-obstruction groups for any
type of exposure variable. For the marked-obstruction
groups (with and without restriction), the interaction
effect was significant for the continuous and catego-
rized variables. For the restrictive profile group the in-
teraction effect between dust and smoking was not
found to be significant.

Estimation of attributable risk. Table 7 shows the two-
way.frequency distribution of all the marked-obstruc-
tion cases and of the reference subjects. The marginal
odds ratios adjusted for each ‘‘other exposure’ are
shown. The odds ratios for the two-way cells show that
the two highest smoking categories displayed the stron-
gest dose-response trend with dust. The odds ratios in
the two highest dust and smoking categories were ap-
proximately equal to the products of the marginal odds
ratios and, therefore, indicated that the combined ef-
fect in these cells was almost multiplicative.

The etiologic fractions, estimated with equation 3,
were 48 % [95 % confidence interval (95 % CI)
40.2—55.2] for dust, 82 % (95 % CI 76.2—87.0) for
smoking, and 90 % (95 % CI 86.6—92.6) for the com-
bined effect of dust and smoking. The preventable
fraction indicated that approximately 42 % of the cases
could have been prevented by the elimination of tobac-
co smoking, 8 % by the elimination of dust exposure,
and 40 % by the elimination of either dust or smoking.

Table 8 summarizes the etiologic and preventable
fractions. The value of the etiologic fraction is a reflec-
tion of the size of the marginal odds ratios for dust.
It can be seen that the etiologic fractions for dust in-
crease consistently as the degree of obstruction in-



Table 7. Etiologic fractions for the marked obstructive profiles combined (marked obstruction + marked obstruction
striction). (C = cases, R =referents, OR = odds ratio, 95 % Cl=

with re-
95 % confidence interval)

Dust exposure Smoking category2 Total

(dust particie-

years/10 000, g ! 2 s 4 ¢ R OR 95% Cl
categorized) C R OR C R OR C R OR C R OR C R OR

12 1 24 10 5 41 29 3 19 38 10 30 8.0 6 13 11.0 25 127 1.0

20 3 54 13 9 8 26 19 45 10.1 55 98 135 32 51 151 118 331 1.7 1.0-27
30 8 47 41 10 58 4.1 21 48 105 53 101 126 26 39 160 118 293 20 1.2—33
40 1 30 08 10 42 57 15 35 103 51 47 26.0 25 22 273 102 176 29 1.8—4.9
52 0 22 — 3 24 30 6 14 103 20 36 133 10 7 343 39 103 20 1.1-35
Total 3 177 10 37 248 2.1p 64 161 57¢ 189 312 99 132 10.4e 402 1030

Summary etiologic fractions
EF4=0.477, 95 % CI 0.402—0.552

EF,=0.816, 95 % Cl 0.762—0.870
EF, 5 =0.896, 95 % CI 0.866—0.926

Preventable fractions
PFg,s = 0.896—0.816 = 0.080
PFsmoking = 0.896—0.477 = 0.4

PFﬂus\ smokin,
other =

19
=0.896—0.080—0.419 = 0.397
68 _0.896 = 0,104

a Smoking categories: 0 = never, 1= ex-smoker, 2 = current smoker with <20 pack-years, 3 = current smoker with 20—39 pack-years, 4 = current smoker

with =40 pack- years
5 95% Ci=
¢ 85% Cl= 0—107
495 % Cl=4.
e 95 % Cl=56— 194

Table 8. Summary of the etiologic and preventable fractions

according to the degree of obstruction and restriction. (95 %

Cl = confidence interval)
Risk factor
Dust Smoking Dust and smoking
% 95 % ClI % 95 % CI % 95 % Cl
Etiologic fraction
Minimal obstruction 13.6 23—249 50.0 41.8—58.2 36.3 30.9—41.7
Moderate obstruction 20.0 4.4-356 79.8 69.7—89.9 83.9 79.4—88.4
Marked obstruction 431 32.7—53.5 69.1 61.1—77.1 80.8 76.4—85.2
Marked obstruction
+ restriction 51.7 41.4—620 941 87.2—100. 90.6 83.6—97.5
All marked obstruction 47.7 40.2—55.2 81.6 76.2—87.0 89.6 86.6—92.6
All marked obstruction? 42.2 33.1—51.3 80.1 73.7—86.5 86.3 82.7—89.9
Restriction 41.6 30.3—52.9 59.8 50.9—68.7 58.0 32.7—83.2
Preventable fractions
Minimal obstruction 0 23 14
Moderate obstruction 4 64 16
Marked obstruction 1 38 32
Marked obstruction
+ restriction 0 30 52
All marked obstruction 8 42 40
2 Benefit examinations excluded.
creases. For the two marked-obstruction groups the Discussion

values were more than twice as high as that for the
group with moderate obstruction, which had the
highest dust exposure and highest proportion of men
with silicosis. Thus the results indicate that heavy
tobacco smoking potentiates the effect of dust on
lung function impairment. The preventable fractions
showed that, as the severity of the obstructive impair-
ment increased, smoking on its own and the combined
effects of smoking and dust became more important.
The etiologic fractions for the marked-obstruction pro-
files from which those persons that came for a bene-
fit examination were excluded were found to be only
slightly lower than those obtained from all the data
(table 8).

The results of the present study indicate that for the
lung function measurements (FEV,,, VC, and
FEF,;s_5) and the FEV, /VC ratio, the dose-response
trends with dust were similar for the nonsmokers, ex-
smokers, and current smokers (figure 1). The interac-
tion effect of dust and smoking was not statistically
significant in the linear or logistic regression model.
This result is consistent with the observations from
studies on coal miners, as reviewed by Marine et al (23).
Marine et al (23) stated that the results from the anal-
ysis of individual lung function tests, namely, FEV, ;,
do not support the idea that cigarette smoking poten-
tiates the effect of dust exposure or the chance of de-
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veloping symptoms of bronchitis or lung function
decrements.

However, in our study, when the miners were
grouped according to their profile of lung function im-
pairment, a synergistic effect between dust and smok-
ing became apparent. The miners with the marked-
obstruction profiles were found to have the highest
tobacco consumption and the strongest dose-response
trend with dust; yet they did not have the highest dust
exposure or the highest proportion of men with sili-
cosis (table 3). The dose-response trend with dust was
found to be stronger for the marginal odds ratios ad-
justed for smoking (see the etiologic fractions in ta-
ble 8), and for the current smokers (table 4 and figure
2), the latter of which was found to be mainly due to
those whose tobacco consumption was over 20 pack-
years (table 7). Table 7 shows the marginal odds ra-
tios for dust for the two marked-obstruction groups
combined. For the moderate-obstruction group the
corresponding odds ratios for dust were 0.9 (95 % CI
0.4—1.9), 1.2 (95 % CI1 0.6—2.5), 1.5 (95 % CI1 0.7—
3.3), and 2.0 (95 % CI 0.9—4.5). Table 7 also shows
that the odds ratios in the four highest exposure cate-
gories were approximately equal to the product of the
marginal odds ratios, a finding indicating a multiplica-
tive effect. Figure 2 shows that, with increasing ob-
struction, the number of impaired lung functions
among the nonsmokers decreased and the dose-
response trend with dust became progressively steep-
er for the current smokers.

The log likelihood ratio tests obtained from fitting
the additive relative risk model to different types of
exposure variables confirmed that the joint effect of
dust and tobacco smoking on the prevalence of marked
obstruction was higher than would be expected from
the additivity of individual effects (tables 5 and 6). No
interaction term was significant for the multiplicative
model.

The etiologic fractions, estimated for each impair-
ment profile in comparison with that of the reference
group, also displayed an increasing trend with the de-
gree of obstruction (table 8). Reducing the respirable
dust to which miners are exposed in South African gold
mines to a nonharmful level would theoretically have
prevented the occurrence of 48 % of the impairments
in the marked-obstruction profile groups (N =402).
Eliminating tobacco smoking would prevent 82 % of
the impairments in these same groups and 94 % (95 %
CI 87—100) of the impairment in the group with
marked-obstruction plus restriction (N = 191), which
had the highest mortality from chronic obstructive lung
disease (table 3).

The results from the present study are consistent with
those obtained from the mortality study of these
miners. In the mortality study, the effect of dust and
smoking on mortality from chronic obstructive lung
disease was assessed (24). The results showed a simi-
lar pattern, namely, that the death rates from chronic
obstructive lung disease occurred among tobacco
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smokers only and the dose-response trend with dust
increased as the smoking level increased. The combined
effect of the two exposures was close to being mul-
tiplicative. As the miners who died from chronic ob-
structive lung disease were mostly those who suffered
from marked obstruction, the exposure patterns were
similar.

The association between the restrictive profile and
mortality from ischemic heart disease has been ob-
served in several other studies (25), and in this study
it may have been associated with obesity.

Possible biases in this study may be related to the
selection of the nonmining referents, who were heavier
smokers [the average equivalent pack-years being 27.1
(SE 1.0) and 24.3 (SE 0.4) (P <0.01) for the nonminers
and miners, respectively] and had a higher prevalence
of obstructive impairments. However, the nonsmok-
ing nonminers also had a higher prevalence of obstruc-
tive impairments than the nonsmoking miners with the
lowest dust level, and this circumstance could indicate
either that the miners were fitter when selected origi-
nally or that a healthy worker effect was present. The
use of the miners in the lowest dust category as the
base-line group could have led to an underestimation
of the effect of dust, but less so than if the nonminers
had been used for this purpose.

A selection bias, whereby the fitter workers accumu-
late higher dust exposures, was probably involved also
in this study and may have caused an underestimation
of the effect of dust and of the synergistic effect. When
we examined the cumulative particle-years by the de-
cades (ie, the 1940s, 1950s, 1960s, and 1970s), the nor-
mal and minimal-obstruction profile groups consistent-
ly had the lowest exposure, whereas the groups with
marked obstruction (with and without restriction) or
restriction decreased their exposure mostly during the
1960s in comparison with the exposure of the moder-
ate-obstruction group. Furthermore, a negative asso-
ciation between tobacco consumption and dust ex-
posure was observed among the miners. The mean
pack-years, according to the categories of dust particle-
years, were 27.1, 25.2, 25.2, 23.2, and 23.6. This
finding indicates that the miners who smoked less were
fitter to continue to work in dusty occupations. Zwi
(26) has also observed that gold miners doing the
heaviest work with the greatest dust exposure had the
best lung function, and more recently this observation
was confirmed for black gold miners (27). This effect
may have been responsible for the change in the dose-
response trend in the highest dust-exposure category,
as shown in figure 1.

The miners whose original spirograms were rejected
because of inconsistencies, and consequently their lung
function data were not recorded in the computer file,
were compared with the miners who were included in
the study. They were found to have a higher exposure
to dust (in particle-years) up to 1970 (P =0.001), but
the difference in cigarette equivalent pack-years was
not statistically significant. They had a higher mortality



from all causes, 55 versus 46 % (P<0.0001), and
from chronic obstructive lung disease, 8 versus 3 %
(P <0.0001). Thus the exclusion of these men from the
original study and from this analysis has very likely
resulted in an underestimation of the effect of dust.

The miners selected for this study could have come
to the Medical Bureau for Occupational Diseases for
a regular annual (so-called periodic) examination or
a specialized (so-called benefit) examination. A miner
may attend a benefit examination one year and a peri-
odical examination the next. By the age of 45 years
many miners have already accumulated the service re-
quired for compensation and thus request the benefit
examination to establish whether they qualify for com-
pensation. Table 9 shows the miners categorized ac-
cording to the reason for attending the medical exami-
nation. The mean dust exposures, accumulated accord-
ing to the individual decades, were higher and the lung
function measurements lower for the benefit exami-
nations than for the periodic examinations. No impor-
tant differences in age, body weight or height, body
mass index, or tobacco consumption were observed be-
tween the four groups. The possibility that the men
who came for their benefit examination could have
biased the results of this study was considered. The
analysis presented in tables 5 and 6 were repeated, and
those who had attended the benefit examinations were
excluded. The pattern of the dose-response trends and
the regression results were very similar to those re-
ported. Table 8 shows that the etiologic fractions cal-
culated for all marked obstruction changed only slight-
ly. Generally, the overall pattern was the same as that
obtained from all the data.

It can bee seen that the disability certification (ta-
ble 3), which leads to financial compensation, was
related to the amount of tobacco consumption (table
1). The moderate-obstruction group, which had higher
dust exposure, a higher rate of silicosis, and lower
tobacco consumption in comparison with the two
marked-obstruction groups had a lower rate of certifi-

cation for chronic obstructive lung disease or pneu-
moconiosis than the latter two groups. Thus it appears
that the heavily smoking miners had an advantage for
compensation over the more heavily dust-exposed
miners who smoked less.

There are several possible reasons for the different
results obtained from the analysis of the individual tests
and from the analysis of the profile groups with re-
spect to the interaction effect. First, categorizing the
men on the basis of their spirogram performance may
have helped to eliminate misclassification errors for
the disability. Second, obstructive impairment is a
function of FEV, ; and VC (28), and, if exposure to
dust causes parallel reduction in the FEV, ; and VC
(29), then the FEV, /VC ratio, often used as a mea-
sure of obstruction, may not change with increasing
dust level. In our study the parallel reduction in air-
flow and lung volume was considered. The observed
midexpiratory flow time, used in the grouping, was in-
dependent of the predicted values. Third, the impaired
miners were compared with the miners who had ““nor-
mal’’ lung function tests, and in relation to these
miners the synergistic effect of dust and smoking be-
came apparent. Finally, grouping the men according
to their lung function profiles produced more
homogeneous groups with respect to exposure pattern.

It has been shown that the logistic model, often used
for the analysis of dichotomous outcome variables, as-
sumes multiplicativity of relative risks and thus may
not detect synergistic effects that are important from
the point of view of public health (14). It has been pro-
posed that, when the multiplicative model fits the data
substantially better than the additive model without
an interaction term, then a synergistic effect of public
health importance can be assumed (15). The results
from this study support the proposition. Figure 2 and
the log likelihoods in table 5 show that the additive
model with interaction and the multiplicative model
without interaction fit the data equally well. It has been
shown that the parameter error estimates obtained

Table 9. Comparison of miners with different reasons for attending the annual medical examination.

Periodic examination

Benefit examination

Active miner

Inactive miner

Active miner Inactive miner

(N =1536) (N=93) (N =260) (N=92)
Mean SD Mean SD Mean SD Mean SD
Cumulative dust exposure
(particle-years/1000) as
of a particular year
1950 9.0 5.1 10.0 4.8 1.2 49 10.8 4.8
1960 19.4 8.3 20.0 7.2 23.6 8.1 21.8 77
1970 28.8 12.1 255 8.9 343 1.4 271 10.7
Lung function at the medical
examination?
FEV,, 3.21 0.72 313 0.66 2.83 0.73 285 0.93
vC 4.49 0.76 4.37 0.71 4.16 0.68 4.32 0.88
FEFa5_75 2.86 1.26 2.76 1.19 2.38 1.18 2.34 1.36
FEV,/VC 713 9.5 .7 9.3 67.5 12.7 64.8 14.8

@ FEV, o ="forced expiratory volume on 1 s, VC =vital capacity, FEF,5_;5=forced midexpiratory flow.
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from the additive model are unreliable for inference
purposes and that the log likelihood ratio statistic for
the absence of effect can be used to test the hypothe-
ses of additivity or multiplicativity of relative risks (30).

In conclusion, it can be said that this study supports
the hypothesis that tobacco smoking potentiates the
effect of dust exposure in underground gold mining
and increases the chances of developing a severe ob-
structive impairment in lung function that leads to in-
creased mortality from chronic obstructive lung dis-
ease.
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