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Combined effect of silica dust exposure and tobacco smoking
on the prevalence of respiratory impairments among gold miners
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HNIZDO E, BASKINDE, SLUIS-CREMER OK. Combined effect of silica dust exposure and tobacco
smokingon the prevalenceof 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
silicaand tobacco smoking on the prevalenceof respiratory impairment was examined among 2209 South
African gold miners and 483 nonminers. The subjects weregrouped 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 multiplicativerelative risk models were applied to test for departure from
the additivity of individual effects. Departure from additivity was found to increase progressively with
the severityof obstructive impairment. The results indicated that approximately 94 010 of the cases with
the most severe respiratory impairment (N = 191) could have been prevented through the elimination of
tobacco smoking. In conclusion, tobacco smokingwasfound 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 1110 of the
virgin rock is silica, and approximately 30 070 of the
respirable dust is free silica (I). The average current
levels of respirable silica representative of the gold min­
ing industry ranges from 0.05 to 0.84 mg/rn! for un­
derground air (I). 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and emphysema identified at autopsy (4, unpublished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 (FEVl.o), vital capac­
ity (VC), and forced midexpiratory flow (FEF25_ 75) ]

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 FEVl.O' VC, and FEF25_ 75 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 urn), 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/IO 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 SMKI (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, FEVl.O' and FEF25_ 75•

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 99 070 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 !t/a non­
smokers who came to the Bureau during 1984. They
averaged 51 years in age, 174.5 ern 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 !t/a 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 10'
2.08 and 2.32 for FEF2s_ 7s, and 71.85 and 70.51 for
FEV10/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 2S_ 7S) '

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

yc= -5.57964-0.02195 (AGE) + 0.06822 (HEIGHT)
-0.00777 (WEIGHT)



SEE = 0.47227

FEV].o = -3.00483 - 0.02491 (AGE ) +0.04759
(HEIGHT)-0.0051O (WEIGHT)

SEE = 0.37765

FEV, oIVC= 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 funct ion profile as follow s: (i) normal
(reference category) [those with normal lung function
tests (ie, normal YC, FEY l.o' FEY l.oIYC , and MEFT
~ Is)]; (ii) minimal obstruction (those who had a nor­
mal YC and one or two features of obstruction, but
not all three, present, the three features being low
FEY 1.0' low FEY 1.0/Y C , and MEFT > I s); (iii)
moderate pure obstruction (those with a normal YC,
an FEY 1.0 between the 95 and 99 % lower confidence
limits, a low FEYl.o/YC, and an MEFT of > Is); (iv)
marked pure obstruction (those with a normal VC,
an FEV l.o below the 99 % con fidence limit, a low
FEYl.o/YC, and an MEFT of > I s); (v) marked ob­
struction with restr iction (those with marked pure ob­
struction except that the YC was below the 99 % con­
fidence limit) (all the subjects with an obstructive and
a restri ctive element were found to have an FEV l.o
value that was below the 99 % confidence limit); and
(vi) pure restriction (those with a low VC, a norm al
FEV l.o, a normal FEY l.o/YC ratio, and an MEFT of
:s; I s). Four men were found to have restr ictive 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 or iginal 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 funct ion tests of
21 men were rejected from the analysis on the ad vice
of one of the authors (EB), as they were found to have
very unusua l parameters and did not belon g to any of
the aforementioned categories.

Other medical and compensation data

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

The medical files of the Medical Bureau for Occupa­
tional Diseases record dat es and types of compensa­
tion awarded to miners. Compensation for pneu­
moconio sis or chr on ic obstructive lung disease can be
awarded if rad iological silicosis or specified lung dys­
function is found and the person ha s worked at least
10 years in highly dusty occupations or 20 years in less
du sty occupations.

3

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 function s 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 Organizat ion by an independent physician ,
using the best available information deri ved from the
death certificate , autopsy report , and med ical file of
the Medical Bureau for Occupational Diseases. The
cau ses of death of interest to this analysis are chronic
obstructive lung disease (ICD 416, 491, 492 and 496)
and ischemic heart disease (lCD 410-414).

Statistical methods
Analysis of lung function measurements. First, the
relationship between each lung function measurement
(FEVl.o, VC and FEF25_ 75) , and dust and smoking
was evaluated by means of a linear regres sion analy­
sis in which the effect of age, body weight, and height
were adjusted for. Second, the individual measure­
ment s were dichotomized into normal and abnorma l
if they fell above or below the 95 (or 99) % confidence
limit of the predicted value, and the general relati ve
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 expo sure preva­
lences by means of the expo sure odds ratio. The fol­
lowing tests were applied: (i) a test for interaction and
(ii) the estimation of att ributable risk. In the test for
interaction the null hypothesis of the absence of an in­
teract ion effect was postul ated 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 non smokers, ex-smokers, and
current smokers. The indicator smoking variables,
SMKI 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 relati ve risk model was of the form :

log [P / (1 - P)] = u + log[1+ ~I • (GOLDPYC) + pz
· (SMKI)+PJ (SMK2)+P4 ' (SMKI
· GOLDPYC) + Ps . (SMK2
· GOLDPYC)], equation 1

where P was the probability of being a case, Q was a
nuisance parameter; ( . ] estimated the odds ratio for
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where x, represented the dust variable (GOLDPYC or
GOLDPY) and Xz the smoking variable (SMOKEC or

the exposed subjects relative to the subjects whose ex­
posure was zero; the Pcoefficients estimated the ex­
cess relative risk due to each effect, coefficients pz
and P3 measuring the change in the intercept value
caused by the ex-smoker and current smoker effect and
P4 and Ps measuring the rate of change in the odds
ratios with increasing dust level for ex-smokers and
current smokers, respectively. The coefficients P4 and
Ps indicated whether tobacco smoking modified the
effect of mining dust exposure. The likelihood ratio
test for testing the null hypothesis of no interaction
(ie, Ho: P4 =Ps=0 against Ha: P4 and/or Ps 7" 0) was
given by X LR

Z= -210g(LlLz), where 10gLl and 10gLz
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

SMOKEPY). The likelihood ratio test for testing the
null hypothesis of no interaction (ie, HO:P3 = 0 against
Ha:Pd 0) was given by XLRz= - 210g (LlLz) 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 (EFd) was estimated as:

RR (X, ,X2;P) = 1+ Po+ P, . X,
+ P2 . X2 + P3 . x, . X2,

equation 2

k

EFd=i~l Poi . [(ORi- I)/ ORi], equation 3

0.80

~
>
~ 0.70

o
>

4.0

where Pci was the estimated proportion of cases in the
ith exposure category 0= I,2, ... ,k), OR j > 1, and OR j

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 (EFd.5)
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: PFduSI=
EFd.s-EFs, PFsmoking =EFd.s- EFd, PFduSl.smoking =
EFd.5 - EFd- EFs, PFother = 1.00- EFd'5'

Dust (particle-years/10 000)

Figure 1. Individual lung function measurements, plotted
against dust particle-years, according to smoking habits.
(FEF25 _ 75 % = forced midexpiratory flow, FEVj = forced exprra­
tory volume in 1 s, VC =vital capacity)

nonsmoker
_____ exsmoker

_.-.-.-.- current smoker (s 30 pack-years)
---------------- current smoker (> 30 pack-years)

2.0

o 1.0 2.0 3.0 4.0 5.0

Results

Lung junction tests

Figure I shows the mean values for the FEVl,o' VC,
FEFzs_ 7S' and FEVl,o/VC measurements plotted ac­
cording to categorized dust particle-years for the non­
smokers, ex-smokers, current smokers of -s30 pack­
years, and current smokers of > 30 pack-years. The
graphs display an interesting pattern. For FEFzs_ 75

the values for the nonminers (DUST = 0) are lower
than those for the miners in the lowest exposure
category (DUST = I). 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
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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 40 000 particle-years is highest for
FEF2S_ 7S and lowest for ve. but the changes in
FEVl.o and ve are almost parallel.

The results from the linear regression analysis done
for the lung function tests confirmed the aforemen­
tioned observat ion, namely. that the interaction effect
between dust and smoking is not statistically signifi­
cant. The regression coeffi cients for dust particle­
years/IOOO 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 FEVl.o, ve, and FEF 2S_ 7S (P<O.OOOI),
respectively. For the dichotomized FEVl.o and ve
variables (normal versus lower than the 95 or 99 0/0
confidence limit) the interaction effect was also not sig­
nificant when tested by the additive model , even when
the subjects with both measurements, FEVl.oand ve,
lower than the 99 % confidence limit were compared
with the rest of the subjects.

Lung f unction profiles
Tables 1-3 show the distribution of the miners into
the six lung function profile group s and their charac­
teristics. The groups did not differ in age, but the two
groups with restriction were slightly taller and those
with the restr ictive profile were considerably heavier

in compar ison 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 tho se
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 selectingthe base­
line groups for the calculation of the odds ratios. As
the nonminers (DUST = 0) had higher proportions of
obstru ctive impairments in all th ree smoking cate­
gories than the miners with the lowest dust exposure
(DUST = I) , they were excluded from further analyses,
and the values of the miners with the lowest dust ex­
posure (DUST = I) 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 characteris tics and cigarette consumpti on of the lung function groups, min ers only .

Body mass Cigar ett e-equiva lent
Lung Age Weight Height

index consumpt ion
fu nction (years) (kg) (em)

[(kg/m' ) x 100]profile Pack-years Years
group

Mean SO Mean SO Mean SO Mean SO Mean SO Mean SO

Normal
(refe rence
group)

17.3(N = 1030) 50.1 2.6 82.5 12.0 175.4 6.1 26.8 3.3 21.2 19.2 12.1

Min imal
obstruction
(N : 256) 50.0 2.5 80.3 11.5 174.9 6.1 26.2 3.2 24.7 16.9 22.5 10.7

Moderate
obstru ct ion
(N: 111) 50.6 2.4 78.8 12.0 174.7 6.6 25.8 3.4 27.5 14.8 25.3 8.4

Marked
obst ructio n
(N :211) 50.3 2.5 78.1 12.3 174.8 5.6 25.5 3.6 29.4 17.1 26.1 9.4
Marked
obs t ruct ion
with rest rict ion
(N = 191) 50.5 2.5 79.3 12.2 176.2 5.3 25.5 3.5 31.4 16.6 27.0 7.6

Rest ric tion
(N:1 87) 50.4 2.6 85.0 12.9 176.9 5.8 27.1 3.8 26.3 16.8 23.2 10.1
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Table 2. Lu.ng ! unclion values o f the lung funct ion profile groups and the percentage of the groups with bronchi tis , sputum,
and rhonchi, miners only. (FEV,.o= forced expiratory volume in 1 s, FEF25_ 75 = forced mi dexpirat ory flow, VC = vital capacity)

Lung function FEV1.Q FEF25_ 75 VC Bronch itis Sputum Rhonchi
profile group Mean SO Mean SO Mean SO (%j (% j (%)

Normal (reference
grou p)
(N = 1030) 3.59 0.53 3.61 0.98 4.68 0.65 23.5 32.6 14.7

Min imal obstruction
(N =256) 3.20 0.44 2.28 0.43 4.78 0.67 30.9 42.2 20.7

Moderate obstruction
(N=111) 2.90 0.30 1.74 0.36 4.55 0.57 35.1 41.1 21.6

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

Marked obs t ruct ion
with rest ric t ion
(N = 191) 1.92 0.53 1.08 0.46 3.48 0.48 60.7 60.0 44.5

Restr ic tion
(N = 187) 2.80 0.35 2.79 0.79 3.64 0.46 44.9 50.0 26.7

Table 3. Cumulative dust exposure, occurrence of si licosis, cer tif ication bei ng sough t or awarded and mortality from chron ic
obstruct ive rung dis ease and isc hemic heart disease for the lung func tio n profi le gro ups, miners only.

Cumul at ive dust Mortali ty f rom
exposure Cert if icat ion respirato ry or

(parti cle-years!1000) cardiovascular disease
Lung function Silicosi s
profile group (%j Benefi ts Benefits Chronic Ische mic

Mean SO
being awarded obstruct ive heart

sought (%) lung disease disease
(%) (%) (%)

Normal
(reference group)
(N = 1030) 28.2 12.1 4.6 12.9 11.1 0.3 14.2

Minimal obstruction
(N =256) 29.7 12.2 6.6 17.2 16.8 2.3 10.9

Moderate obstruction
(N = 111) 31.5 13.0 18.0 17.1 24.3 3.6 12.6

Marked obs truction
(N =211 ) 30.6 11.4 8.1 22.3 29.4 7.1 21.3

Marked obstruc tion
wi th 'rest rict ion
(N = 191) 30.7 11.1 8.4 35.6 43.5 12.6 20.9

Restrict ion
(N = 187) 30.5 11.9 7.0 21.4 23.5 0 27.3

smokers . It can be seen that , for most of the profi le
gro ups, th e nonsmokers did not d isplay an increasing
trend with an increase in du st exposure, while the ex­
smokers and cur rent smokers did , and the tre nd in­
creased with the degree of obst ructive impairment.

Figure 2 shows the observed odd s ratio s and the odd s
ratios predicted by the additive and multiplicative
models for each obstructive impai rment. Th e odds ra­
tios were plotted according to the smo king status and
levels of dust particle-years/lO 000. The predicted odds
ratios for the two mark ed ob structive pro files were es­
tima ted from the ad dit ive mod el which included the
interaction term . The multiplicative mod el did not in­
clude the interaction term as it was not fou nd to be
significant.

Table 5 shows the results of the an alysis with the
additive model (equati on I) , Iitted to the data for the
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marked-obstruction profiles in table 4, individually and
combined. Th e results for the analysis from which the
ben efit examinat ions (N = 248) were excluded are also
shown. Table 5 shows the regression estimates, the
associated chi-square test o f significance , the goo d­
ness-o f-fit test (- 210gLa) , and the likelihood rat io
test (XI. R

2
) of the null hyp othesis of no interaction

for the add itive model. Th e goodness-o f-fit test
( - 2log Lm) is present ed fo r the multiplicat ive model
fitt ed without an inte raction ter m. Becau se of the nar­
row range, age was no t a signific an t pred ictor for any
impa irme nt category . The regression coefficients es­
timated excess relative risk attributable to each ex­
posure that was abo ve the base-line risk, which was
set at unity. Thus, for example , the estimated odds
ratio for the mar ked obstructio n with restrict ion im­
pa irment for the cu rr ent smoker with a value of 5 for



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

Profile group

Dust exposure Normal Minimal Moderate Marked Marked
(particle yearsl reference obstruction obstruction obstruction obstruction Restriction
10000) group + restriction

(N) N OR N OR N OR N OR N OR

Nonsmokers

0 56 6 2
1.2 24 4 1.0 1.0' 1 1.0' 1.0' 2 1.0
2.0 54 6 0.7 0.5 2 0.8 1.4 5 1.1
3.0 47 6 0.8 2 2.6 7 2.6 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 1.1 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 4.4 5 1.1 4 2.6 4 0.6
3.0 58 11 1.1 6 5.4 6 1.8 4 3.8 8 1.7
4.0 42 16 2.3 4 5.2 5 2.1 5 6.3 6 1.7
5.2 24 9 2.3 5 11.0 0 0.3 3 7.0 5 2.5

Current smokers
0 142 39 29 46 26 17

1.2 62 16 1.6 9 7.5 10 2.7 9 7.5 9 1.7
2.0 194 52 1.6 21 5.4 54 4.6 52 13.2 45 2.8
3.0 188 56 1.8 24 6.4 54 4.7 46 12.1 56 3.6
4.0 104 36 2.1 18 8.7 41 6.5 50 23.7 22 2.5
5.2 57 17 1.8 11 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

a A value of 0.5 was added to each cell frequency.
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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, fitled 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

13 SE Xl 13 13

Intercept
Dust
Ex-smoker
Current smoker
Dust x ex-smoker
Dust x current smoker

-210gL,
X2 (LR), df =2
-210gLm

-2.587 0.289 80.1
-0.143 0.167 0.7

0.107 0.649 0.1
1.631 0.986 2.7
0.163 0.247 0.4
0.897 0.322 7.8

1099.2
4.5

1100.8

-3.686 0.461 63.9
-0.025 0.449 0.0

0.810 1.320 0.3
6.456 3.883 2.8
0.878 0.596 2.2
2.176 1.218 3.2

1007.2
5.1

1008.0

- 2.449 0.266
-0.021 0.182

0.337 0.616
3.387 1.421
0.309 0.234
1.318 0.534

1594.8
7.3t

1596.7

84.8
0.0
0.3
5.7t
1.7
6.1t

-2.552 0.282
-0.082 0.183

0.340 0.627
3.125 1.472
0.242 0.207
1.265 0.298

1239.9
5.4

1241.1

82.0
0.2
0.3
4.5
1.4

18.0

a -210gL, = -2 log likelihood, from additive model.
b -210gLm= -2 log likelihood, from multiplicative model.
t P<0.025.

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

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.)

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

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

d Marked obstruction without benefits.
t P<0.025, ** P<0.01, *** P<0.001.

particle-years/TO 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.

Lung
function
profile

Obstruction

Minimal
Moderate
Marked
Marked + restriction
All marked
All marked?

Restriction

l'
(Xl)

3.3
0.4
4.5
5.1
7.3t
5.3

3.6

Additive model

0.1
0.4
6.3t

8.4t
12.8* **

9.3**

4.0

0.0
0.0
5.4t
7.1t

9.7**
6.4t

1.4

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 ofattributable 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 0J0 [95 0J0 confidence interval (95 010 CI)
40.2-55.2] for dust, 82 0J0 (95 0J0 Cl 76.2-87.0) for
smoking, and 90 0J0 (95 0J0 CI 86.6-92.6) for the com­
bined effect of dust and smoking. The preventable
fraction indicated that approximately 42 0J0 of the cases
could have been prevented by the elimination of tobac­
co smoking, 8 010 by the elimination of dust exposure,
and 40 0J0 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-
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Tabl e 7. Etiologic fract ions for the marked obstru ct ive prof i les com bined (marked obs t ruc tion + marked obstruction with re­
st ric t ion). (C=cases, R=referent s, OR =odds rati o, 95 % CI =95 % confidence in terval)

Smoking category ' TotalDust exposure
(dus t particl e- 0 2 3 4yea rs!10000, C R OR 95% CIcatego rized ) C R OR C R OR C R OR C R OR C R OR

1.2 1 24 1.0 5 41 2.9 3 19 3.8 10 30 8.0 6 13 11.0 25 127 1.0
2.0 3 54 1.3 9 83 2.6 19 45 10.1 55 98 13.5 32 51 15.1 118 331 1.7 1.0- 2.7
3.0 8 47 4.1 10 58 4.1 21 48 10.5 53 101 12.6 26 39 16.0 118 293 2.0 1.2-3.3
4.0 1 30 0.8 10 42 5.7 15 35 10.3 51 47 26.0 25 22 27.3 102 176 2.9 1.8- 4.9
5.2 ° 22 3 24 3.0 6 14 10.3 20 36 13.3 10 7 34.3 39 103 2.0 1.1-3.5

Total 3 177 1.0 37 248 2.1b 64 161 5.7e 189 312 8.4d 99 132 10.4< 402 1030

Summary etiologic fractions Prevent a ble frac tions

EFd = 0.477, 95 % CI 0.402- 0.552 PFd, ,, = 0.896- 0.816 = 0.080
EF, = 0.816, 95 % CI 0.762-0.870 PF ,~k; ". = 0.896-0.477 = 0.419
EFce = 0.896, 95 % CI 0.866-0.926 PFd, ,, .~mokiXl = 0.896-:0.080-0.419 = 0.397

PFolne,- 1. -0.896 _0.104

a Smoking categories: 0 = never , 1 = ex-smoker, 2 = cu rrent smoker with < 20 pack-years, 3 = c urrent smoke r with 20-39 pack-years, 4 = c urrent smoke r
with ;< 40 pack-years,

b 95 % CI= I. 1-4.1.
c 95 % CI= 3.0-10.7.
d 95 % CI =4.7- 15.3.
e 95 % CI = 5.6-19.4.

Table 8. Summary of the etiologic and preventable fract ion s acco rding to the degree of obstruction and restriction. (95 %
CI =confidence interval)

Risk factor

Dust Smoking Dust and smok ing

% 95 % CI % 95 % CI % 95 % CI

Etiologic fraction

Min imal obstruction 13.6 2.3-24.9 50.0 41.8-58.2 36.3 30.9-41 .7
Moderate obstruction 20.0 4.4-35.6 79.8 69.7-89.9 83.9 79.4-88.4
Marked obst ruc t ion 43.1 32.7-53.5 69.1 61.1-77.1 80.8 76.4-85.2
Marked obstruct ion
+ restr ict ion 51.7 41.4-62.0 94.1 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 obst ruct ion- 42.2 33.1- 51.3 80.1 73.7-86.5 86.3 82.7-89.9
Rest riction 41.6 30.3-52.9 59.8 50.9-68.7 58.0 32.7-83.2

Prevent able fract ions

Min im al obs tru cti on 0 23 14
Moderate obstru ction 4 64 16
Marked obstruct ion 11 38 32
Marked obst ructi on
+ restri ction 0 30 52
All marked obstruction 8 42 40

a Benefit exami nat ions exclu ded.

creases. For the two mark ed-obstruction gro ups the
values were more than twice as high as that for the
gro up with moderate obstruct ion, which had the
highest dust exposure and highest propo rtion of men
with silicosis. Th us the results ind icate 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
ef fects of smok ing and du st became mor e impo rtant.
The etiologic fractions for the marked-obstruction pro­
files from which tho se 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).

Discussion

Th e results of the present study indicate tha t for the
lung function measurements (FEV1.0' ve, and
FEF25_ 75) and the FEVl.o/Ve rat io, the dose-response
trends with du st were similar for the nonsmokers, ex­
smokers, and current smokers (figure 1). The interac ­
tion effect of dust and smo king was not stat istically
significant in the linear or logist ic regression model.
This result is consistent with the observation s from
studies on coal miners, as reviewed by Marine et al (23).
Marine et al (23) sta ted tha t the results from the anal ­
ysis of individual lung function tests, namely , FEV1.0'

do not support the idea that cigarette smoking poten­
tiates the effect of du st expos ure or the chan ce 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 (95070 CI
0.4-1.9), 1.2 (95 % CI 0.6-2.5), 1.5 (95 % CI 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 I.

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=O.ool), but
the difference in cigarette equivalent pack-years was
not statistically significant. They had a higher mortality



from all causes, 55 versus 46 0;0 (P < 0.0001), and
from chro nic obstru ctive lung disease, 8 versus 3 %
(P < 0.0001). Thu s the exclusion of these men from the
original study and from this analysi s 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) examin ation or
a specialized (so-called benefi t) 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 requ est the benefit
examination to establish whether they quali fy for com­
pensat ion. 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 dif ferences in age, bod y weight or height , body
mass index, or tobacco consumption were observed be­
tween the fou r groups. Th e possibility that the men
who came for their benefit examination could have
biased the results of this study was considered . The
anal ysis presented in table s 5 and 6 were repeated, and
those who had attended the benefit examinations were
excluded. The pat tern of the dose-respon se trends and
the regression results were very similar to those re­
por ted . Table 8 shows that the etiologic frac tions cal­
culated for all marked obstruction changed only slight­
Iy. Generally, the overall pa ttern was the same as that
obt ained from all the da ta .

It can bee seen that the disability certifi cation (ta­
ble 3), which leads to finan cial compensation, was
relat ed to the amount of tob acco consumption (table
I). The moderate-obstruction group , which had higher
dust exposure, a higher rate of silicosis, and lower
tobacco consumption in comparison with the two
marked-obstru ction groups had a lower rate of certifi-

cation for chronic obstruc tive 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-e xposed
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 effe ct. 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 l.o and VC (28), and , if exposure to
dust causes parallel reduct ion in the FEVl.o and VC
(29), then the FEVl.o/VC ratio, often used as a mea­
sure of obstru ction, may not change with increasing
dust level. In ou r study the parallel reduct ion 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 multipl icat ivity of relat ive 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 additi ve mod el 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 tabl e 5 show that the additive
model with interaction and the multiplicati ve 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.

Periodi c examinat ion Benef it examinati on

Act ive miner
(N = 1536)

Mean SO

Inact ive miner
(N = 93)

Mean SO

Act ive mine r
(N = 260)

Mean SO

Inact ive miner
(N=92)

Mean SO

a FEV,.o= forced exp iratory volu me on 1 s, VC = vital capacit y, FEF25_ 75 = forced mide xpiratory flow .

Cumu lative dus t exposure
(particle·years/1000) as
of a part icular year

1950
1960
1970

Lung funct ion at the medical
examination"

FEV1.0
VC
FEF25_ 75
FEV1.dVC

9.0 5.1
19.4 8.3
28.8 12.1

3.21 0.72
4.49 0.76
2.86 1.26

71.3 9.5

10.0 4.8 11.2 4.9
20.0 7.2 23.6 8.1
25.5 8.9 34.3 11.4

3.13 0.66 2.83 0.73
4.37 0.71 4.16 0.68
2.76 1.19 2.38 1.18

71.7 9.3 67.5 12.7

10.8 4.8
21.8 7.7
27.1 10.7

2.85 0.93
4.32 0.88
2.34 1.36

64.8 14.8
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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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