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Abstract Dust-related dose-response decrements in lung
function among coal miners have been reported in sev-
eral studies, with varying magnitudes across popula-
tions. Few studies have compared differences between
current and former coal miners. No studies on dose re-
sponse relationships with lung function have been con-
ducted in South African coal mines, one of the top three
producers of coal internationally. The objectives of this
study were (1) to describe the relationship between
respirable dust exposure and lung function among cur-
rent and former South African coal miners and to
determine whether differential dust related effects were
present between these employment categories; (2) to
examine dust related dose response relationships, con-
trolling for potential confounding by smoking and a
history of tuberculosis (TB). Six hundred and eighty-
four current and 188 ex-miners from three bituminous

coal mines in Mpumalanga Province were studied.
Interviews assessing work histories, smoking profiles
and other risk factors were conducted. Work histories
were also obtained from company records. Standardised
spirometry was performed by trained technicians.
Cumulative respirable dust exposure (CDE) estimates
were constructed from company-collected sampling and
measurements conducted by the researchers. Regression
models examined the associations of CDE with per cent
predicted FEV1 and FVC, controlling for smoking, past
history of TB and employment status. A statistically
significant decline in FEV1 of 1.1 and 2.2 ml/mg-year/m3

was found in representative 40-year-old, 1.7-m tall cur-
rent and former miners, respectively. Significant differ-
ences were found between the highest and medium
exposure categories. Ex-miners had a lower mean per
cent predicted lung function than current miners for
each cumulative exposure category, suggesting a ‘‘heal-
thy worker’’ effect. Past history of TB contributed to 21
and 14% declines in per cent predicted FEV1 and FVC,
respectively. Thus, in this cohort, a dose-related decline
in lung function was associated with respirable dust
exposure, with a magnitude of effect similar to that seen
in other studies and important differences between cur-
rent and former employees. A ‘‘healthy worker’’ effect
may have attenuated the magnitude of this relationship.
TB was a significant contributor to lung function loss.

Keywords Coal dust Æ Lung function Æ Cumulative dust
exposure Æ Dose response relationship

Introduction

Accelerated declines in lung function associated with
exposure to respirable dust among coal miners have
been documented since the 1960s. However, scientific
debate on declines in lung function still continues on the
role of confounders such as smoking, time of entry into
the industry, the ‘‘healthy worker’’ effect, specific dose
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response relationships and vulnerable subpopulations of
miners. Few studies have specifically compared the dif-
ferences in dust related lung function outcomes in cur-
rently employed and former coal miners. In one such
study, British ex-miners were found to have a non-sta-
tistically significant 0.21 ml/g h/m3 (equivalent to
0.36 ml/mg-year/m3) greater declines in FEV1 than
current miners (Soutar and Hurley 1986). In a further
evaluation of this cohort, the researchers found among
199 ex-miners with chronic bronchitis, who had left the
industry voluntarily, a dust related effect in FEV1 of
2.4 ml/g h/m3 (4.17 ml/mg-year/m3) (Hurley and Soutar
1986).

Other researchers have considered other potential
confounders to describe variation in the magnitude of
effects. Seixas et al. (1992) found losses in FEV1 of up
to 27.5 ml/mg-year/m3, among a group of new miners
and a 15-year cumulative exposure related declines of
5.9 ml in FEV1 per mg-year/m3. The greater effect
among new miners compared with old miners found in
cross sectional studies has been attributed to differ-
ences in cumulative exposures and to ‘‘healthy work-
er’’ effect (Henneberger and Attfield 1996). Such steep
dose response relationships have been attributed to
population effects, characterisation of exposure, and
non-linearity of the dose response curve (Seixas et al.
1992).

Cross-sectional and longitudinal studies have dem-
onstrated dust-related effects on lung function of vary-
ing magnitude, independent of the effects of smoking.
Several of these studies have been either part of the
British Pneumoconiosis Field Research (PFR) or the
United States National Study of Coal Workers’ Pneu-
moconiosis (NSCWP). The early cross-sectional studies,
not controlling for employment status, have shown
mean losses in FEV1 ranging from 1.0 to 1.6 ml/mg-
year/m3 (Soutar and Hurley 1986; Henneberger and
Attfield 1996; Rogan et al. 1973; Attfield and Hodous
1992).

Although there is consistent evidence to show that
declines in FEV1 are associated in a dose-related
manner to respirable coal-dust exposure, the magni-
tude of this association varies amongst different
studies. Additionally, few studies have examined dif-
ferential effects of exposure on lung function among
current and ex-miners. No studies of lung function
effects have been conducted among South African coal
miners, despite the fact that the country is among the
top three producers of coal internationally. The aim of
the current study was to describe the relationship be-
tween occupational respirable dust exposure and lung
function among a sample of current and former South
African coal miners and specifically to determine
whether differential dust-related lung function effects
were present between these categories of employees. A
further objective was to examine dust-related dose-re-
sponse relationships while controlling for potential
confounding by other risk factors, particularly smok-
ing and a history of tuberculosis (TB).

Materials and methods

The study was approved by the Institutional Review
Boards of the Universities of Natal and Michigan. In-
formed consent was obtained in writing from each of the
participants.

Selection of the mining operations

A sample of current and former Black coal miners from
three bituminous mines in Mpumalanga Province, South
Africa was selected for this study. All mines had coal of
similar rank and carbon content and low quartz content.
The mining operations selected were among those of the
mining company, which agreed to participate in the re-
search project, which had (1) reliable historical envi-
ronmental monitoring data (i.e. data obtained by
acceptable techniques and by trained personnel, with
recorded sampling procedures) and (2) were located in a
specified geographical region to facilitate study.

Selection of the study sample

A sample of 900 mineworkers was selected. For pur-
poses of sampling, miners were stratified according to
employment status (current vs. ex-miners), and accord-
ing to exposure history: more than 10 years at the
coalface, between 2 and 10 years at the coalface and
those with less than 2 years at the coalface.

Information from several databases maintained by
the mines was merged to form the sampling frame.
Collectively, these databases contained information on
employment date, current job title, age of worker, sal-
ary/wage, company number, date of entry and exit from
specific job descriptions and shaft/seam. To diminish
potential confounding related to socio-economic status,
those in positions higher than or equal to grade 13 (ju-
nior management level, administrative positions, etc.)
were excluded.

Our review of the ex-employee records at each of the
mines failed to provide the total target number (n=200)
of employees because of inadequate mining company
records. Therefore, an alternate strategy was used to
identify ex-employees. Fieldworkers sought information
from the local community about ex-miners in the
townships around the mining operations. Those ex-
miners who were so identified and who met the eligibility
criteria (formerly employed at the mining operations
under study and having left the employ of the mine more
than 6 months ago) were invited to participate in the
study. Although no ex-employee identified in this man-
ner refused to participate in the study, 24 (out of 212)
did not report to the assessment centre as per their
appointment. Most of these missed appointments were
because of reasons such as job seeking, failure to meet
the taxi time etc, and not obviously due to reasons

294



related to health status. This approach to identify ex-
miners did not allow for calculations of participation
rates based on a fully enumerated target population.

A total of 188 ex-employees and 684 current
employees were assessed. All current employees selected
agreed to participate in the project.

Occupational histories and job descriptions

Occupational histories of the sample of workers em-
ployed in the participating mines were extracted from
the mine records over the entire period of employment.
This involved determining the job description, the seam
and section worked, and the duration of work in that job
on seam and section. During the interviews, a detailed
job history was obtained, using the previously obtained
records to aid participants’ recall of past jobs.

Smoking history

A detailed smoking history included the year of starting,
number of cigarettes smoked previously, years smoking
this number, number smoked currently, current status
(an ex-smoker was defined as having stopped smoking
more than a month ago); if the habit was stopped for any
period of time greater than 1 year, for how long. Smoking
was represented in two ways for analytic purposes:
smoking status (current, ex, never) and as pack-years.

Pulmonary function assessments

Lung function assessments were conducted following
American Thoracic Society standardised criteria by two
trained technicians (American Thoracic Society 1995).
The same make of equipment (Jaeger Flowmate) was
used at all sites. Equipment was volume calibrated every
4 h on the days of testing with a 3-l calibrated syringe.
Failure to meet reproducibility criteria was not a basis
for exclusion of the subject from the data analysis, as
prior studies indicate that this can introduce substantial
selection bias (Eisen et al. 1984).

The prediction equations used in this project were
derived from a study conducted by Louw et al. (1996)
based on a South African Black male population con-
sisting of non-smoking healthy individuals, not involved
in activities involving exposure to respiratory hazards.
These prediction equations have recently been proposed
as the standard for work entry and in service screening
of Black South African male miners by Ehrlich et al.
(2000). They have been applied previously to Black in-
service mining populations and shown to have good
statistical fit (Hnidzo et al. 2000). The Louw equations
for predicted FEV1 and forced vital capacity (FVC) are:

FEV1 Lð Þ ¼ �0:535þ 0:029 height cmð Þð Þ
� 0:027 age yearsð Þð Þ

FVC Lð Þ ¼ �3:08þ 0:048 height cmð Þð Þ
� 0:024 age yearsð Þð Þ

Per cent predicted values were calculated and used in
subsequent analyses. There was no need for race cor-
rection factors for White mineworkers as the study
participants were exclusively Black.

Evaluation of exposure

The exposure evaluation has been described in detail
elsewhere (Naidoo 2002). Briefly, several sources of
exposure data were used to develop exposure profiles
for current and ex-workers in the study. These in-
cluded the review of all historic dust sampling data
that was available at the mining operation and the
study of detailed job histories of each worker de-
scribed above.

The research team did additional sampling over three
sampling cycles per mine at each of the three mines.
Each cycle was separated in time by intervals ranging
from 2 to 4 weeks to allow for better characterisation of
variability in dust levels. In each sampling cycle, the
same 50 workers per mine were requested to wear per-
sonal samplers. Researcher collected data were done
using the Mine Services Appliance (MSA) pumps and
nylon cyclones according to the National Institute of
Occupational Safety and Health (NIOSH) prescribed
method 0600 (Department of Health and Human Sci-
ences 1994).

Preliminary regression models of the historic data
indicated that variables such as section and job
description were not consistent across time and there
was no definite trend in exposure measures noted over
the years of sampling. The historic and investigator
collected data were then combined into a single set.
Regression models, using the log of exposure concen-
tration as the dependent variable, were developed
using mine, zone (face, backbye or surface), and
sampler type, with section, job description and year
being excluded.

This regression model allowed for the calculation of
the arithmetic mean dust level by the following formula:

vij ¼
�
exp

�
b0 þ b1mine1 þ b2mine2 þ b3zone1

þ b4zone2 þ b5sampler1 þ
�
MSE=2

���

where x=the arithmetic mean, with subscript i=mine
and subscript j=zone, with zone1=surface and zo-
ne2=face (backbye used as baseline in the model),
MSE=the mean square error of the regression model
(the residual variance). Using this information, a mine/
zone exposure matrix allowed for the estimation of
exposure for each particular mine, and the particular
exposure zone (face, backbye or surface) in which the
worker was employed. These estimates were used to
calculate a cumulative exposure for each participating
worker in mg-year/m3:
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Cumulative dust exposure CDEsð Þ ¼
X

ij

xijyearsijs

where xij=arithmetic mean concentration of respirable
dust (mg/m3) calculated for mine i and zone j (surface,
backbye or face) and yearsijs=years spent in a mine i
within zone j by subject s.

Analysis

The primary outcome variables of interest were the lung
function parameters per cent predicted FEV1 and FVC.
Results of other important outcomes measures, radio-
graphic findings and symptoms will be presented else-
where. The primary exposure variable was cumulative
dust exposure. Covariates examined were: smoking sta-
tus, previous dusty occupations and history of tubercu-
losis. All analysis was done using the Statistical Analysis
Software (SAS) Version 8.1.

Lung function statistics were calculated for each
category of currently employed and ex-miner, further
stratified according to exposure zone and for lifetime
surface and ever underground workers. Trends were
examined by categorising the cumulative dust exposure
(CDE) variable approximately into tertiles: low expo-
sure (0.6–20.1 mg-years/m3; n=278); medium exposure
(20.1–72.8 mg-years/m3; n=285) and high exposure (72.
8–258.7 mg-years/m3; n=294). Analysis of variance was
used to test for differences in the mean lung function
parameters in the different categories. Simple linear
models were first developed using per cent predicted
lung function outcomes (FEV1 and FVC) regressed on
cumulative dust exposure and then against pack-years of
smoking. The multivariable models examined used per
cent predicted FEV1 or FVC as the outcome variable
and all included CDE. They also included various
combinations of the following covariates and interaction
terms:

Standard tests were conducted to assess the fit for
these multivariable linear models. Transformations,
such as natural logarithm, of the cumulative dust
exposure variable and interaction terms between CDE
and employment status; CDE and pack-years; pack-
years and smoking status were considered in the mod-
elling. The criteria used to select the best model were

based on the model selection techniques, biological
plausibility and objectives of the study (i.e. relationship
to cumulative dust exposure, while controlling for
important covariates such as smoking and history of
TB). The magnitude of the effect estimate was not used
as a criterion in selection of final models.

Effects on lung function parameters are presented as
per cent predicted, rather than absolute volumes.
Development of internal prediction equations for
absolute volumes by regressing lung function parame-
ters on age and height would not have been appro-
priate because of the high correlation between age and
exposure in this cohort. To facilitate comparisons to
findings in other studies in the literature, per cent of
predicted were translated to absolute lung volumes for
a standard worker of age (40 years old) and height
(1.7 m).

Results

Demographic data

A total of 896 participants were interviewed, of whom
684 were currently employed on one of the three par-
ticipating mines. Among the 212 ex-miners, 188 pre-
sented for the medical assessments. Height and weight
were not available for the 24 miners not reporting for
these assessments. Within the total sample there were
222 (24.8%) participants who had never worked
underground.

Ex-miners had significantly lower weight and had
worked fewer years in coal mining than current workers.
The demographics of surface only and ever-under-
ground workers were quite similar (Table 1). The dis-
tribution of past history of TB was not significantly
different between employment or exposure status strata
(current miners=2.6%; ex-miners=4.3%; ever under-
ground=3.1% and surface only=2.7%).

A total of 237 (26.5%) of workers worked exclusively
in mine 1; 201 (22.4%) in mine 2 and 189 (21.1%) in
mine 3. The remaining workers [269 (31%)] had worked
at two or more of the three mines.

Lung function outcomes and cumulative dust
exposure (CDE)

The results of lung function tests of 15 participants were
rejected for not meeting American Thoracic Society
criteria for either start or end of test and were not used
in further analyses.

The mean per cent predicted values of both FEV1

and FVC were significantly lower in the high exposure
category than in the medium exposure category: for
FEV1 (95% CI for the difference: 1.8–8.2% predicted)
and for FVC (95% CI: 2.1–7.5% predicted). There
were neither statistically significant differences at a
=0.05 between the high and low exposure categories,

Covariates Job status (current vs ex)
History of TB
Smoking: smoking status
(current and ex smoker,
never smoker as baseline)
Pack-years

Interaction terms Job status · CDE
CDE · smoking status
CDE · pack-years
Packyears · smoking status
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nor between the low and medium exposure groupings
(data not shown).

Among the currently employed, significant differ-
ences were seen between the medium versus high and
medium versus low categories for per cent predicted
FEV1 [point differences of 6.7% (95% CI: 2.8–9.3) and
5.2% (95%CI: 1.1–8.6, respectively)] and FVC [point
difference of 6.6% (95% CI: 2.5–8.3) and 5.4% (95%
CI: 1.7–8.4, respectively)] (Table 2). Although the mean
differences between low and high exposure categories
were even greater for ex-miners, no significant differ-
ences in the lung function outcomes were seen across the
exposure categories in the ex-miners, owing to a com-
bination of smaller sample size and greater variability
(Table 2). Among ex-miners, (in contrast to current
miners), FEV1 and FVC values for those with medium
exposure were not notably higher than those with low
exposure.

Within the three cumulative dust exposure categories,
there were no statistical differences for prevalence of
past history of TB, with the low and medium being
identical (2.7%), and the high exposure category being
3.7%.

Statistically significant differences between current
and ex-miners were seen with respect to per cent pre-
dicted FEV1 and FVC in the medium exposure category
(Student’s t-test P value=0.03), but not in the low or
high exposure categories.

When comparing lung function in ever underground
and surface only workers, statistically significant differ-
ences (P<0.05) were seen in the per cent predicted FEV1

and FVC between the two groups in all exposure cate-
gories, with the lower values seen in the surface workers
(Table 3).

Correlation coefficients were calculated for CDE (as a
continuous variable) with each of the lung function
outcomes. Per cent predicted FEV1 for current and ex-
miner were not statistically significantly correlated with
CDE, but were in the expected direction (increasing dust
exposure results in declines in outcomes). None of the

coefficients for per cent predicted of FVC were statisti-
cally significant.

Linear regression models of lung function outcomes

In all multivariable linear regression models, CDE, job
status and history of TB were statistically significantly
associated with lung function outcomes at a =0.05. The
three smoking-related terms (current smoker, ex-smoker
and pack-years) were statistically significant in a number
of models (not shown in tables). An interaction term
between job status and cumulative dust exposure was
not significant when introduced into the model.

Table 3 Respiratory health of South African coal miners: lung function (mean, per cent predicted) for categories of cumulative dust
exposure stratified by exposure status

Exposure status

Ever underground (n=649) Surface only (n=208)

CDE categories CDE categories

Low 0.62–20.10
mg-years/m3,
n=106 [mean (SD)]

Medium 20.11–72.77
mg-years/m3,
n=242 [mean (SD)]

High 72.78–258.70
mg-years/m3, n=301
[mean (SD)]

Low 0.62–20.10
mg-years/m3, n=151
[mean (SD)]

Medium 20.10–72.77
mg-years/m3, n=57
[mean (SD)]

FEV1 [L (SD)] 3.60 (0.73) 3.55 (0.72) 3.23 (0.63) 3.25 (0.75) 3.25 (0.65)
FEV1 per cent
predicted [% (SD)]

105.82 (17.69) 108.54 (18.48) 102.16 (17.21) 101.57 (19.88) 103.91 (17.69)

FVC [L (SD)] 4.39 (0.76) 4.37 (0.75) 4.00 (0.71) 3.98 (0.86) 3.98 (0.75)
FVC per cent
predicted [% (SD)]

105.00 (15.04) 107.90 (15.44) 100.81 (15.26) 99.67 (17.70) 101.19 (15.13)

Ratio (%) (SD) 81.59 (7.96) 80.53 (8.78) 79.68 (7.67) 81.14 (7.92) 80.69 (7.10)

Table 4 Respiratory health of South African coal miners. Linear
regression models for lung function outcomes. The table shows
coefficient estimate, standard error and P value

Per cent
predicted FEV1

Per cent
predicted FVC

Model R2 0.062 0.048
Intercept 104.87 101.21
CDE (mg-year/m3) �0.036 �0.028

0.012 0.011
0.004 0.009

Current smoker
(yes=1; no=0)

2.12 5.016
1.700 1.499
0.213 0.001

Ex-smoker (yes=1; no=0) �3.016 �0.78
1.828 1.612
0.099 0.629

Employment status
(current miner=1;
ex-miner=0)

3.91 3.67
1.582 1.395
0.014 0.009

Doctor-diagnosed TB
(yes=1; no=0)

�20.81 �13.56
3.487 3.075
<0.001 <0.001

Pack-years �0.26 �0.20
0.106 0.094
0.015 0.033
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Linear regression model selection and diagnostics

Model selection procedures were used to suggest
appropriate models (adjusted R2 (Ra

2), Mallow’s Cp and
PRESSP). Those models that were statistically appro-
priate and biologically plausible were subjected to
regression diagnostics. Most models were reasonably
similar in statistical terms. Based on the research
objectives, it was decided that cumulative dust exposure
and smoking variables should be retained in the final
models. The models shown in Table 4 met these criteria
and were subjected to diagnostic assessment. Model
diagnostics indicated a good fit for these models.

These models are notable for the statistical signifi-
cance of CDE, the marked impact of previous history of
TB, the protective effect of being a current miner sug-
gestive of the ‘‘healthy worker’’ effect, the negative
association with pack-years and the variable positive
association with current smoker status and negative
association with ex-smoker status, suggesting a current
healthy smoker effect.

Independent estimates of effect on lung function
of current miners and ex-miners

To better characterise the effects of employment status
on lung function, separate regression models were run
for those who were still currently employed and subse-
quently on those who were ex-miners. Models were run
for per cent predicted FEV1 and FVC (Table 5).

The model for current miners looks similar to the
unstratified model (Table 4). There is only a marginal
decrement in the value of the coefficients for cumulative

dust exposure and doctor diagnosed TB for the current
miners.

In the models for ex-miners alone, there is a consid-
erable increase in the overall fit of the model (increased
adjusted R2) compared with the models including all
miners. The regression coefficients for FEV1 and FVC
for cumulative dust exposure are roughly double those
for current miners, as from the previous unstratified
models. However, coefficient estimates are no longer
statistically significant. Among the models run for the
ex-miners, doctor-diagnosed TB showed a statistically
marked effect, pack-years is significant and ex-smoker,
while not significant at a =0.05, shows a large effect.

A similar pattern was observed for FVC predicted
outcomes (Table 5). Among current miners, there is lit-
tle difference in the cumulative dust exposure variable
from the unstratified model (Table 4), with a reduction
in the estimate for doctor-diagnosed TB.

In the ex-miner regression models, the cumulative
dust effect and ex-smoker effect is increased compared
with the unstratified models (95% CI: �0.13–0.02 mg-
year/m3), however, with the exception of doctor-diag-
nosed TB showing a marked effect, none of the variables
reach statistical significance, although packyears is
marginally significant.

Clinically important decrements in lung function

In this study, 2.7% (n=24) [1.8% (n=12) of current
workers and 5.7% (n=12) of ex-miners] of workers had
a FEV1 of less than 65% predicted. Logistic regression
models were developed to determine predictors of re-
duced lung function outcomes at different levels of
clinical significance (less than 65% predicted and 80%
predicted, respectively) (Table 6).

A reported history of TB and ex-smoking status was
consistently a statistically significant predictor of clini-
cally poor outcomes of FEV1. Notable was the statisti-
cally significant odds ratio for those in the high exposure

Table 5 Respiratory health of South African coal miners. Inde-
pendent linear regression models for per cent predicted FEV1 and
FVC outcomes for current and ex-miners. The table shows coeffi-
cient estimate, standard error and P value

Per cent predicted
FEV1

Per cent predicted
FVC

Current
miners

Ex-miners Current
miners

Ex-miners

Model R2 0.038 0.124 0.029 0.105
Intercept 108.18 110.08 104.55 104.51
CDE (mg-year/m3) �0.033 �0.065 �0.027 �0.055

0.013 0.047 0.011 0.039
0.009 0.172 0.019 0.166

Current smoker
(yes=1; no=0)

1.681 �1.045 4.449 3.458
1.916 4.096 1.714 3.459
0.3804 0.799 0.009 0.319

Ex-smoker
(yes=1; no=0)

�2.575 �9.452 �0.601 �4.849
1.930 5.403 1.727 4.563
0.183 0.082 0.728 0.289

Doctor-diagnosed
TB (yes=1; no=0)

�17.540 �29.379 �9.991 �21.876
4.167 6.747 3.729 5.697
<0.001 <0.001 0.008 <0.001

Pack-years �0.153 �0.442 �0.128 �0.306
0.125 0.208 0.011 0.176
0.223 0.035 0.253 0.084

Table 6 Respiratory health of South African coal miners: odds
ratios from logistic regression models for clinically important lung
function outcomes

Odds ratios from logistic regression
models (95% confidence intervals)

FEV1<65%
(n=24)

FEV1<80%
(n=196)

Medium CDE category 1.36 (0.48–3.83) 1.43 (0.69–2.93)
High CDE category 2.15 (0.40–11.48) 4.21 (1.31–13.51)
Current smoker 1.39 (0.68–2.85) 1.00 (0.68–1.47)
Ex-smoker 2.65 (1.21–5.81) 1.68 (1.07–2.65)
History of TB 8.091 (3.34–19.61) 5.29 (2.37–11.78)
Current miner 0.65 (0.23–1.81) 1.35 (0.73–2.52)
Current miner ·
high CDE

0.51 (0.076–3.39) 0.21 (0.06–0.74)

Current miner ·
medium CDE

0.47 (0.11–2.01) 0.41 (0.16–0.98)
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category of 4.2 compared with those in the low exposure
category for FEV1<80% of predicted. Among miners
with either high or medium cumulative dust exposure,
being currently employed had an apparently ‘‘protec-
tive’’ effect against abnormal FEV1.

Discussion and conclusions

The key findings of this study are the respirable dust
related lung function outcomes, for which statistically
significant dose response relationships were identified.
There still remains some degree of controversy in the
international literature for these outcomes. The key
findings of this study with respect to these outcomes are
contained in the final best linear regression models pre-
sented in Table 5.

The study showed important differences in the lung
function deficits among current and ex–miners, respec-
tively. For a representative 40-year-old, 1.7-m tall man
(Louw predicted values of FEV1=3.3 L and
FVC=4.1 L), our estimate of coal-dust related effect on
FEV1 in current miners is 1.1 ml/mg-years/m3 (equiva-
lent to 2.3 g h/m3) compared with 2.2 ml/mg-year/m3 in
ex-miners. Among current miners the dust-related effect
on FVC is 1.1 ml/mg-years/m3 (2.2 g h/m3) and 2.3 ml/
mg-year/m3 among ex-miners. For a coal miner with
average current exposure at the face (1.9 mg/m3), this
translates into loss of 2.54 ml/year in FEV1 and 2.4 ml
in FVC for each year of exposure—while controlling for
smoking habits and previous TB. This finding suggests
that unmeasured factors represented by ‘‘employment
status’’ may be leading to an underestimate of the actual
dust-related effect on lung function. This supposition is
supported to some extent by the findings that, in models
run separately for current and ex-miners, the point
estimates of effect were greater amongst the ex-miners.
These findings of lower lung function in ex-miners than
in current miners are consistent with both a ‘‘healthy
worker’’ selection (into initial employment) and ‘‘heal-
thy worker’’ survivor effect (i.e. those who are healthier
are more likely to be selected for and to remain on
underground work compared with surface work and
retiring early). Similar differential employment status
effects in lung function have not been reported in pre-
vious studies among coal miners. Soutar and Hurley
(1986) found no statistically significant dust-related dif-
ference in FEV1 between current and ex-miners (a
0.21 ml lower FEV1 in ex-miners under age of 65,
P>0.05).

Several reasons could explain the differences between
this South African coal mining cohort and other studies,
including selection of ex-miners into the study, high
retrenchment levels in a shrinking industry, allowing for
removal of less productive, ill workers or for voluntary
exit by sick workers. In South Africa, workers diagnosed
with compensable occupational diseases are removed
from working underground, and are possibly at greater
risk for loss of jobs during retrenchment programmes.

The true extent of the ‘‘healthy worker’’ survivor ef-
fect is somewhat uncertain because of the methods of
sampling of ex-miners. It is not known to what degree
the participating ex-miners are representative of the
entire ex-miner population. In South African settings,
this general methodology of identifying ex-miners has
proved necessary and has been used previously (Trapido
et al. 1996; Steen et al. 1997). Ex-miners were drawn
from surrounding communities, where migration is
much less than it is on the South African gold mines (as
reported in the previously quoted studies); thus, the
sampling is probably from a substantial fraction of the
population. The fact that participation rates of those
successfully contacted were quite high, offers some
reassurance of limited selection bias among those
residing in local communities. The, perhaps surprisingly,
low average age for a group of ex-miners (mean age of
42.4 compared with a mean 42.5 years in the current
miners) is of uncertain interpretation: this could indicate
older workers are likely to relocate elsewhere, or that
this is a population of miners developing clinically sig-
nificant disease relatively early, or simply that those
more recently unemployed are more easy to track and
find in the community.

Previous studies of coal miners have reported findings
consistent with ‘‘healthy worker’’ survivor effects (Lewis
et al. 1996; Petsonk et al. 1995). Henneberger and Att-
field (1996) found that recently hired current miners
showed substantially greater dust related effects on
FEV1 than longer term current workers (–5.9 ml in new
compared to �1.2 ml/mg-year/m3).

The findings among current workers in our study are
quite comparable to those cross-sectional studies re-
ported in the international literature looking at current
miners with similar levels of seniority: ranges from 1.3 to
1.6 ml/mg-years/m3 (Soutar and Hurley 1986; Henne-
berger and Attfield 1996; Rogan et al. 1973; Attfield and
Hodous 1992).

A critical element in our analysis is the reliability of
exposure estimation. The absence of historical dust data
prior to 1991 meant that certain assumptions had to be
made in extrapolating exposures. The regression models
used in developing the exposure matrices for each of the
different zones in each of the mines was intended to
address these shortcomings in the available historical
measurements. However, to ensure that our modelling
was robust, sensitivity analyses of the exposure estima-
tion and dose responses in lung function were con-
ducted. Each cell in the exposure matrix that described
the dust levels across all the years (historical and cur-
rent) at the face, backbye and surface for each of the
three mines, respectively, was multiplied by factors of
3.5, 2.5 and 1.5 for the face, backbye and surface,
respectively, for the years prior to 1985. The latter date
was used as a cutoff based on the information supplied
by key officials at the mining operations, that since this
calendar year, greater investment in dust suppression
techniques and ventilation has been made. These new
exposure levels were then used to re-calculate a revised
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cumulative dust exposure (CDE) variable. This new
variable was then introduced into the previous regres-
sion models. This process was repeated with new factors
of 3.5, 1.5 and 1, respectively. This sensitivity analysis
showed only small changes in the effect of dust on lung
function decline—varying from 0.9 to 1.30 ml in FEV1

per mg-year/m3, dependent on the model used. This
non-substantial difference in effect suggests that the dose
response estimates derived are quite stable. Further-
more, if the ‘‘default’’ assumption that the mean pre-
1991 levels were similar to measured levels in the early
1990s is largely correct, this would imply that the
apparent toxicity of South African coal dust is within
the range found in international mining operations. It
should be noted that this assumption regarding the pre-
1991 levels was supported in part by the lack of a tem-
poral trend in post-1991 levels (Naidoo 2002).

Although approximately 3% of miners (1.7% of
current and 5.7% of ex-miners) suffer from respiratory
impairment which is likely to have an important bearing
on their daily lives (FEV1 less than 65% of predicted), it
is probable that the countervailing tendencies of the
‘‘healthy worker’’ effect and the dust related effects are
reflected in this percentage. The mean loss in FEV1 for a
worker at the coalface with the study average of 1.9 mg/
m3 dust exposure, over an approximate 30 years
underground, would be approximately 90 ml. This is
equivalent to approximately a 5-year loss due to age
alone in a non-exposed man. Some individuals are likely
to be more susceptible to dust-related effects and have
substantially greater losses than this predicted mean
loss. Workers with already compromised lung function
might be driven toward the 65% of predicted level by
dust exposure, resulting in disability.

Our pulmonary function data are cross sectional,
whereas coal-related decrements measured longitudi-
nally in the same individuals would be the parameter of
greatest interest. Several longitudinal studies of declines
in lung function among coal miners exposed to respi-
rable dust have been described in the literature. The
dose-response relationships found in these studies were
somewhat smaller than those found in cross-sectional
studies, ranging from 0.05 to 0.07 ml/mg-year/m3

(Henneberger and Attfield 1996; Attfield 1985; Love and
Miller 1982). Ware et al. (1990) have shown that the
relationship between cross-sectional and longitudinal
data is likely to be complex, with variable findings across
different study designs and across age differentials.
Therefore, pending a prospective study with repeated
measures of pulmonary function on the same individual,
our cross-sectional results represent the best available
estimates for dust-related decrements in lung function
among South African coal miners.

The association of the history of TB variable with
lung function outcomes deserves further comment. For
pulmonary function outcomes, a history of previous
doctor-diagnosed TB, though relatively uncommon
(3.0%), was associated with a highly significant and
strong relationship to outcomes (an estimated loss of

699 ml FEV1 and 536 ml FVC, in a 40-year-old man,
1.7-m tall). This striking finding may be related to the
likelihood that, especially among the Black miners
constituting this cohort, TB may be inadequately
treated, resulting in more extensive irreversible lung
damage than would occur otherwise. These results are
similar to those of Hnidzo et al. (2000), who found
increasing declines in lung function associated with
increasing numbers of episodes of TB and associated
with an increasing period from diagnosis to sub-
sequent lung function test among South African gold
miners. This latter study, which did not control for
dust exposure or smoking history, found a range of
loss of FEV1 from 180 ml (for a single episode of TB)
through to 964 ml (for four or more episodes of TB).
These results support the idea that TB is a significant
contributor to important lung function changes among
South African miners.

Smoking is a well recognised independent contributor
to declines in lung function. In the multivariable mod-
elling, pack-years was statistically significantly associ-
ated with declines in lung function—with, on average, a
marginally bigger effect than that of coal dust: each
pack-year of smoking contributed to a 8.6-ml decline in
the predicted FEV1 (for a 40-year-old man, 1.7 m tall,
equivalent to a lifetime loss of 63.1 ml, given a mean 7.3
pack-years, compared with lifetime dust-related loss of
39.3 ml). Interaction of pack-years with cumulative dust
exposure did not show any statistical significance in any
of the linear regression models in this study, suggesting
that effects of smoking and dust exposure on pulmonary
function were independent and additive in this popula-
tion. The present findings are in keeping with other
studies that have found dose related smoking declines in
FEV1 controlling for dust exposure (Soutar and Hurley
1986; Ware et al. 1990).

The generalisability of the findings of this study to the
rest of the South African coal mining industry is
uncertain owing to the selection of mining operations
being essentially a ‘‘convenience sample’’—based on the
co-operation of the mining company and the operations
they owned. On the other hand, there is no particular
reason to believe that this sample was not representative.
The fact that the dose-response estimates are within the
range reported in the international literature increases
the probability that the findings are representative.

In conclusion, this study has confirmed the effect of
coal dust exposure on spirometric lung function. The
findings in this study add to the existing body of litera-
ture that has found respirable coal-dust-related declines
in lung function amongst coal miners, while controlling
for various respiratory risk factors, such as smoking and
history of past TB. While the dose response found in this
study, the first among South African coal miners, sug-
gests that the inherent toxicity of respirable dust in
South African coal mines is in a range similar to that
found in other parts of the world, it is likely that the true
magnitude of effect has been attenuated by the ‘‘healthy
worker effect’’. No other study to date has previously
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described this statistically significant differential effect
between current and ex-miners.

Some of the limitations in the interpretation of this
study could be addressed by a more comprehensive
longitudinal cohort study, focusing on newly hired coal
miners. Alternatively longitudinal follow up of the par-
ticipants in the current study would allow more robust
estimates of dose related effects and better evaluation of
a ‘‘healthy worker survivor effect’’.
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