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Tuberculosis (TB) has risen markedly in sub-
Saharan African nations over the past 2 de-
cades, with reported annual incidence doubling
from 173.6 to 351.7 per 100000 population
between 1990 and 2007.*” Even in the
wealthiest country on the continent, the Republic
of South Africa, TB incidence more than tripled,
from 305 per 100000 in 1993 to 948 per
100000 in 2007, and TB mortality rates qua-
drupled over this period.? Although TB surveil-
lance is poor in this region, the most recent
estimates of TB data from the World Health
Organization (WHO), which reflect the current
TB burden among these countries, indicate that
TB incidence declined in only 10 of 46 African
countries between 2000 and 20072

Although the main explanation for rising
TB rates has been the growth of HIV,"® the
persistence of TB in countries with low HIV
prevalence suggests that TB transmission is re-
lated to other factors as well, such as late di-
agnosis and incomplete treatment, migration, and
low socioeconomic status (itself associated with
poor detection and treatment outcomes).! Fur-
thermore, as shown in Figure 1, the dispersion of
TB incidence rates among countries has been
widening in both low- and high-HIV-prevalence
nations in Africa, which requires explanations
that go beyond the known mediating factors.

One group at exceptionally high risk of TB is
mineral miners.*~” Many mineworkers are mi-
grants, which may expose them to multiple TB
risk factors, including HIV, health care disrup-
tions (despite the excellent tertiary health care
available to the miners compared with the rest of
the population), and low socioeconomic status.®
Their migration may also facilitate the trans-
mission of TB to the general community.®™2
Miners in sub-Saharan Africa have greater in-
cidence of TB than do any other working
population in the world (reported at 3000—
7000 per 100000 miners per year in some
areas),7 and constitute one of the largest pools of
employed men in sub-Saharan Africa.® The TB
incidence among miners is estimated to be as
much as ten times higher than in the populations
from which they originate.”
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Objectives. We estimated the relationship between mining and tuberculosis
(TB) among countries in sub-Saharan Africa.

Methods. We used multivariate regression to estimate the contribution of
mining activity to TB incidence, prevalence, and mortality, as well as rates of TB
among people living with HIV, with control for economic, health system, and
population confounders.

Results. Mining production was associated with higher population TB in-
cidence rates (adjusted b=0.093; 95% confidence interval [CI]=0.067, 0.120; with
an increase of mining production of 1 SD corresponding to about 33% higher TB
incidence or 760000 more incident cases), after adjustment for economic and
population controls. Similar results were observed for TB prevalence and
mortality, as well as with alternative measures of mining activity. Independent
of HIV, there were significant associations between mining production and TB
incidence in countries with high HIV prevalence (>4% antenatal HIV prevalence;
HIV-adjusted B=0.066; 95% Cl=0.050, 0.082) and between log gold mining
production and TB incidence in all studied countries (HIV-adjusted B=0.053;
95% Cl1=0.032, 0.073).

Conclusions. Mining is a significant determinant of countrywide variation in
TB among sub-Saharan African nations. Comprehensive TB control strategies
should explicitly address the role of mining activity and environments in the
epidemic. (Am J Public Health. 2011;101:524-530. doi:10.2105/AJPH.2009.

175646)

Working conditions inside mines create
a high-risk environment for TB transmission,
resulting in part from silica dust exposure
(which increases the risk of pulmonary TB,
particularly in gold mines),>**" as well as
confined and poorly ventilated environments
conducive to transmission.'® Outside the mines,
circular migration continues to be the norm.™8
Sex work remains common around all-male
hostels at the mines, increasing the risk of HIV
transmission,"® which in turn increases the risk of
active TB.2° At 1 mining town near Johannes-
burg, 52% of migrant women were sex workers
and more than two thirds of these workers were
HIV positive.”! Recent estimates indicate that
miners are 3 to 4 times more likely to be infected
with HIV than are nonminers; partners of mi-
grant miners have also been found to have
significantly greater prevalence of HIV than
prevalence among the general populations.'

Migration can also disrupt TB detection and
care. Miners often have multiple treatment
episodes with inappropriate therapy and high
default rates, which can lead to the acquisition
of drug-resistant TB.?*** In Lesotho, most TB

patients and 25% of drug-resistant TB patients
have worked as miners in South Africa. %%
Although miners at large sites in some countries
have access to extensive tertiary-care health
facilities during their periods of employment,2®
primary-care facilities are often sparse near
mines and in the rural areas to which miners
return after seasonal work, and many care
facilities are inaccessible to contract workers,
who sometimes constitute the majority of the
mining population. In some countries, mining
companies report regular TB screening,®” but
independent verification is lacking and there is
some evidence that TB is undetected. One study
of miners that was based on autopsies revealed
that a significant fraction had active disease
undetected during their lives*®

At least a half million migrant workers have
been employed in the African mining industry
at any one time during the last 2 decades."
In large mining countries like South Africa, over
40% of these workers have been foreign,'®
which can lead to transmission of TB from
miners to others in their home populations. Thus,
although there are a number of mechanisms
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Note. African countries for which comparative data are presented are as follows: those whose average antenatal HIV
prevalence rates between 1990 and 2006 were 4% or higher (Botswana, Burkina Faso, Burundi, Central African Republic,
Chad, Democratic Republic of Congo, Republic of Congo, Cote d’lvoire, Djibouti, Eritrea, Ethiopia, Kenya, Lesotho, Liberia,
Madagascar, Malawi, Mali, Mauritania, Mozambique, Namibia, Niger, Rwanda, Sao Tome and Principe, Seychelles, Somalia,
South Africa, Swaziland, Uganda, Zimbabwe), and those whose average antenatal HIV prevalence rates between 1990 and
2006 were below 4% (Angola, Benin, Cameroon, Cape Verde, Equatorial Guinea, Gabon, Gambia, Ghana, Guinea, Guinea-
Bissau, Mauritius, Nigeria, Senegal, Sierra Leone, Tanzania, Togo, Zambia).

Source. Data are from the World Health Organization Global Tuberculosis Database, 2009 edition.? HIV prevalence data are
based on Joint United Nations Programme on HIV/AIDS Estimation and Projections Package3 logistic estimates of antenatal
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by which mining could be related to TB, to date
no study has assessed whether TB incidence
rates are affected by mining by calculating the
population-attributable TB risk of mining.

We tested the hypothesis that a higher
rate of mining activity at the country level is
associated with greater TB incidence in the
population. We built on anecdotal reports of
TB and multidrug-resistant TB in miners who
returned home to rural areas®*> and asked
whether the evidence linking mining to increased
HIV and associated TB in individuals can result
in population-level effects on overall TB rates.
We calculated the population risk of TB attrib-
utable to mining to evaluate whether and to what
extent differences in mining production can
account for the differences in TB burdens among
sub-Saharan African countries, after we con-
trolled for other important mediating variables
such as HIV and income.

METHODS

We used ecological data on mining and TB
for 44 of 46 countries in the WHO’s African
region (comparable data on mining were un-
available for Algeria and the Comoros). TB
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FIGURE 1—Trends in tuberculosis incidence among 46 African countries, stratified by

incidence, prevalence, and mortality data were
drawn from the WHO Global Tuberculosis
Database 2009 Edition.” We took HIV/AIDS
prevalence data from the Joint United Nations
Programme on HIV/AIDS Estimation and Pro-
jections Package® using antenatal HIV preva-
lence data from the 2008 United States Agency
for International Development HIV/AIDS
Surveillance Database.>® Demographic and
economic data used to adjust for potential
confounders are from the World Bank World
Development Indicators 2008 Edition.>!

We evaluated the population’s exposure to
the mining sector in several ways. First, as our
principal measures, we used the latest available
cross-national comparative data on overall
mining production and mining production per
capita from the (most recent) British and US
Geological Surveys 2009 edition,*3* which
covered extraction of 62 minerals from 2001 to
2005. Second, we took estimates of the mining
sector’s size, based on number of mines in each
country, from the Mbendi Global Mining Data-
base 2009 edition,>* in which mines were
most recently registered in 2005. Third, we
tested the effects of specific minerals, such as
gold, that have the strongest risks of silicosis.

Thus, we included measures of mining sector
activity, size, and type in the analysis.

We considered the 3 possible ways HIV
could affect the association between mining
and TB: as a confounder, mediating variable, or
effect modifier. First, although in theory HIV
could be a confounder of the relationship
between mining and TB by being indepen-
dently associated with both variables, because
mining is determined fundamentally by the
presence of mineral deposits, it is implausible
that HIV could generate an increase in mining
production; in contrast, there is extensive evi-
dence that mining increases the risk of HIV
infection.""#35 A second possibility is that HIV
mediates the relationship between mining and
TB. If this were the case, then HIV should be
held constant as an independent variable in the
regression models. To test this possibility, we
sequentially included HIV prevalence rates as
a control variable in the statistical model. Third,
high rates of HIV could increase the mining—TB
association. To evaluate potential effect modifi-
cation, we stratified the countries into high—HIV-
prevalence and low—HIV-prevalence groups,
based on the WHO Stop TB Partnership’s widely
used cutpoint of 4% HIV prevalence rate in
antenatal clinics. To assess whether HIV acts as
a mediating variable, we used heterogeneity of
effect testing to identify whether the mining—TB
associations differed significantly in high- and
low-HIV regions.

To hold constant other potential confounders,
such as a country’s wealth (a population-level-
control for socioeconomic status), export de-
pendence, urbanization rates, and population
size, we used multivariate regression analysis.
We normalized positively skewed variables
using a natural log transformation. We thus
evaluated the population-level relationship be-
tween mining and TB using the basic regression
model of log TB incidence rates, estimated using
pooled ordinary least squares, a standard ap-
proach in cross-national analysis,* as follows:

(1) TBIncidence Rates;,

= o+ B;LogMINE, , + BoLog GDP,
+ B3EXP;, + B4URBAN;,

+ BsLog POP,.J + €y,

where 7 is country, ¢ is year, MINE is 1 of the
several measures of mining sector production,
size, or type, GDP is the natural logarithm of
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the country’s gross domestic product per
capita in constant US dollars, EXP is exports
as a fraction of GDP, URBAN is the percentage
of the population living in urban settings, and
POP is the logarithm of the population size.
Unstandardized parameter estimates (b) and
95% confidence intervals (Cls) are presented
from regression models estimated with
STATA version 10.1 (StataCorp LP, College
Station, TX).

RESULTS

Table 1 shows the results of our basic re-
gression model. Mining production was signif-
icantly associated with higher TB incidence
rates among the studied countries (unadjusted
B=0.068; 95% CI=0.050, 0.086), so that
each 10% increase in mining production was
associated with about 0.7% higher TB inci-
dence. After correction for differences in log
gross domestic product per capita, urbanization
rates, log population size, and exports as a
fraction of GDP, the estimated relationship
grew, with each 10% increase in mining now
associated with a 0.9% higher rate of TB
incidence (adjusted B=0.093; 95% CI=
0.067, 0.120). To put this effect in perspective,
an increase in mining production of 1 standard
deviation from the sub-Saharan African mean
corresponds to about 33% greater TB inci-
dence. Given that there were about 2.3 million
incident cases in the countries studied in 2005,
the estimated higher population risk
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corresponds to 760000 more incident TB
cases. The size of the mining sector, measured
as the number of mines operating in 2005,
was also significantly associated with higher
TB incidence (B=0.197; 95% CI=0.080,
0.314; Table 1). Similar significant associa-
tions of mining production were observed
with TB prevalence and mortality rates (see
Appendix 1, available as a supplement to the
online version of this article at http://www.
ajph.org).

Before proceeding, we performed a series of
robustness checks to our sample and specifi-
cation. First, we replicated our analysis using
only countries with mines, removing from the
data set countries such as Somalia and Djibouti
that lacked mines (which were coded as zero
in the logged variables). The estimated dose—
response relationships between greater mining
production and TB incidence rates were un-
changed (Table 1). Second, we assessed mining
production per capita, replicating all of the
results reported and finding a stronger rela-
tionship between mining production and TB
incidence (adjusted models, B=0.104; 95%
CI=0.065, 0.144). Third, when we removed
outliers (based on standardized residuals
greater than 2 or less than —2), the mining—
TB association was slightly strengthened.

We also replicated our analysis after removing
high labor-exporting countries, such as
Swaziland and Lesotho (where many miners
are exposed to risks from mines in neighbor-
ing South Africa), from the sample. Fourth,

we adjusted for other potential confounders,
such as Directly Observed Treatment, Short-
Course (DOTS) surveillance and treatment
infrastructure, which is the percentage of
clinics in a country that use DOTS to treat
TB as tracked by the WHO"; we also corrected
for economic factors, such as foreign direct
investment, inflation, and government spend-
ing, and found that our results were robust
(see Appendix 1, available as an online supple-
ment).

Testing HIV as a Mediating Variable

If the relationship between mining and TB is
mediated by HIV, as hypothesized, we would
expect that holding antenatal HIV prevalence
rates constant would attenuate the observed
relationship between mining activity and TB
at the population level. As shown in Table 2,
adjusting for HIV prevalence reduced the
estimated association between mining produc-
tion and TB incidence rates by roughly three
quarters to nonsignificance at o=.05 (B=
0.018; 95% CI=-0.006, 0.043). The magni-
tude of the association of HIV prevalence
rates with TB incidence rates, B=0.047—
interpreted as a semielasticity as each 1%
higher HIV prevalence rate is associated with
approximately 4% to 5% higher population TB
incidence—was similar to the effect sizes ob-
served at population level among countries of
central and eastern Europe and the former
Soviet Union.?”

TABLE 1—Associations Between Mining and Tuberculosis Incidence Rates: Sub-Saharan Africa, 2001-2005

Mining Production, 2001-2005

No. of Mines, 2005

Covariate Unadjusted Model

All Countries Mining Countries

Unadjusted Model

All Countries Mining Countries

Mining production, B (SE)
No. of mines, B (SE)

GDP per capita, B (SE)
Exports as % of GDP, B (SE)
Urbanization rates, B (SE)
Population size, B (SE)

0.068*** (0.009)

No. of countries’ 44
R? 0.20

0.093*** (0.013) 0.123*** (0.019)
-0.050 (0.068)
0.005 (0.003)
-0.019%** (0.004)

-0.074 (0.065)
0.007* (0.003)
-0.017*** (0.004)
)

0.011 (0.049 -0.049 (0.050) "
36 33 44
0.34 0.27 0.22

0.197** (0.058)

0.446*** (0.115) 0.406** (0.133

( )

-0.180 (0.147) -0.179 (0.165)

0.003 (0.007) 0.007 (0.008)

-0.017 (0.009) -0.019* (0.009)

-0.226 (0.149) -0.272 (0.160)
34 31
0.44 0.32

not applicable.

*P<.05; ¥*P<.01; ***P<.001.
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Note. GDP=gross domestic product. Tuberculosis incidence, mining production, number of mines, GDP per capita, and population size are in log form to adjust for positive skew. Ellipses indicate

Source. Tuberculosis incidence data are from the World Health Organization Global Tuberculosis Database 2009 edition.” Mining data are from the British Geological Survey Map 2009 edition.*2
*Number of country-years in models using mining production is 220 country-years for unadjusted, 175 country-years for adjusted, and 158 country-years for mining countries.
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Testing HIV as an Effect Modifier

We also tested the potential role of HIV as
an effect modifier in the mining—TB relation-
ship by stratifying the sample into high— and
low—HIV-prevalence countries on the basis of
the WHO Stop TB 4% antenatal prevalence
threshold. Table 2 shows that in countries
where antenatal HIV prevalence was less than
49, the coefficient describing the association
of log mining production with log TB was
0.050 (95% CI=0.004, 0.095). In countries
with antenatal HIV prevalence over 4%, this
coefficient was 0.126 (95% CI=0.106, 0.147).
Tests for effect homogeneity indicated that
these differences in the coefficients between
the 2 groups were statistically significant
(x*1=11.27; P<.001), providing evidence sup-
porting the possibility that HIV mediates the
mining—TB association.

Gold Mining Compared With Other Mining
We also compared gold mining, which is
believed to expose miners to the highest silica
dust exposure of any mineral,"*'>3% with other

forms of mining that involve less silica expo-
sure. Using a dummy variable for whether

a country mined for gold or not, we observed
that countries that mined for gold had, on
average, 32.4% higher TB incidence rates
(B=0.324; 95% CI=0.129, 0.519) than did
non—gold-mining countries. After adjusting for
the effects of income per capita, urbanization
rates, population size, exports, and antenatal HIV
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prevalence rates, we found that mining for gold
was associated with significantly higher log TB
mcidence rates (B=0.485; 95% CI=0.222,
0.747) than was not mining for gold. This finding
was robust even after we corrected for differ-
ences in HIV prevalence. Although this effect
size, roughly corresponding to 48.5% higher TB
incidence rates, may seem large, it accounts for
about one quarter of the variance in TB in-
cidence rates among African countries. For
example, in 2003, TB incidence rates were
394.1 per 100 000 in countries with an antenatal
HIV prevalence of at least 4%, more than double
the TB incidence rates of 185.1 per 100000
recorded in countries with HIV antenatal prev-
alence of less than 4%.

When we further evaluated this relationship
using the log of gold mining production, we also
found a persistent significant association be-
tween gold mining and TB incidence (B=0.053;
95% CI=0.032, 0.073) even after holding HIV
prevalence rates constant. This suggests that
gold mining is associated with a specific increase
in risk of TB independent of HIV, which may
plausibly be a result of the increased risk of
silicosis. One possible confounder is the military
and ethnic conflicts associated with gold (al-
though this has tended to be more associated
with diamonds). As a robustness check, we
included a measure of exposure to war (based
on the sum of years exposed to military or ethnic
conflict prior to 2000), and found the results
unchanged.

TABLE 2—HIV-Adjusted Association of Mining With Tuberculosis Incidence Rates: Sub-Saharan Africa, 2001-2005

Explaining Variations in HIV-
Tuberculosis Coinfection Rates

We further evaluated whether mining was
related to HIV-TB coinfection rates (the rate of
incident TB infections among persons living
with HIV, per 100000 population). We again
split countries into high and low prevalence of
antenatal HIV. As shown in Table 3, mining
was not significantly associated with HIV-TB
coincidence in low—HIV-prevalence countries
(B=-0.009; 95% CI=-0.058, 0.041), but
mining was significantly associated with in-
creased HIV=TB coincidence (B=0.061; 95%
CI=0.021, 0.100) in high—HIV-prevalence
countries.

Other Robustness Checks

We performed a series of additional analyses
to assess the mining—TB relationship and check
its robustness to reduce the likelihood that
the association was detected spuriously. These
robustness checks included (1) evaluating the
relationships between TB and specific min-
erals, such as gold and diamond production; (2)
using a quasi-natural experiment to compare
trends in HIV prevalence and TB incidence,
prevalence, and mortality rates in west African
countries where mining production dropped
between 2001 and 2005 with those where
mining production increased; (3) assessing
variations in male—female standardized TB
mortality rates (because men would be dispro-
portionately affected directly by effects of

All Countries

HIV Prevalence <4%

HIV Prevalence >4%

Covariates

Mining Production, 2001-2005

No. of Mines, 2005 Unadjusted Model

Adjusted Model

Unadjusted Model Adjusted Model

Mining production, B (SE)
No. of mines, B (SE)

0.018 (0.012)

-0.122* (0.051

GDP per capita, B (SE) )
Exports as % of GDP, B (SE) 0.003 (0.002)
Urbanization rates, B (SE) -0.001 (0.003)
Population size, B (SE) 0.054 (0.039)
Antenatal HIV prevalence, B (SE) 0.047*** (0.005)
No. of countries 34

R 0.53

.. 0.050** (0.022)
0.172 (0.126

(0.126) e e .. e
0475 (0.127)  -0.828*** (0.111)  -0.755%** (0.101) 0.104* (0.047)  0.117*** (0.027)
0.003 (0.006) 0.010 (0.005) 0.006 (0.005) 0.005* (0.002) 0.002 (0.001)
-0.004 (0.008) 0.028** (0.010)  0.035*** (0.009)  -0.023*** (0.003)  -0.016*** (0.002)
-0.062 (0.133) -0.042 (0.095) -0.099 (0.086) 0.004 (0.034)  -0.057** (0.021)
0.041*+ (0.012) . 0.222** (0.065) ) 0.013*** (0.003)

32 11 10 28 26

0.52 0.71 0.78 0.62 0.72

0.036 (0.020)

0.126%*** (0.010) 0.066*** (0.008)

edition.*

*P<.05; **P<.01; ***P<.001.
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Note. GDP=gross domestic product. Tuberculosis incidence, mining production, number of mines, GDP per capita, and population size are in log form to adjust for positive skew.
Source. Tuberculosis incidence data are from the World Health Organization Global Tuberculosis Database 2009 edition. Mining production data are from the British Geological Survey map 2009

“Test for heterogeneity of effect across models using seemingly unrelated estimation: X21= 11.27; P<.001.
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mining on TB); and (4) adding controls for
DOTS infrastructure and treatment. All results
(which are shown in Appendices 1 through 4,
available as supplements to the online version
of this article at http://www.ajph.org) were
consistent with our basic findings of a signifi-
cant and robust association between mining
and TB. Furthermore, the results were consis-
tent with considerable microlevel evidence

of the effects of mining on TB, as well as
qualitative evidence from quasi-natural exper-
iments (such as when mining production de-
creased because of external shocks). For ex-
ample, we observed that neighboring countries
with similar levels of GDP (“matching” coun-
tries) experienced differences in mining activity
over the last few years and experienced corre-
sponding changes in their TB incidence, prev-
alence, and mortality rates in parallel to their
mining production levels (Appendix 2, avail-
able as an online supplement). The findings are
also consistent with the observation that men of
working age in post-apartheid South Africa
have considerably higher age-specific mortality
rates than do women (Appendix 3, available as
an online supplement).

DISCUSSION

We found consistent evidence that differ-
ences in the population’s exposure to mining
sector production, numbers of mines, and type

TABLE 3—Association of Mining With HIV-Tuberculosis Coinfection Rates, by HIV
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of mining can significantly explain cross-
national variations in TB incidence, prevalence,
and mortality rates as well as of HIV-TB
coinfection rates in sub-Saharan Africa. Most of
the observed association of greater population
mining with higher population TB incidence
appears to be mediated by HIV; however,

not just migration and mining environments
but also occupational hazards associated with
mining appear to account for the observed
patterns. Exposure to mining was significant-
ly associated with higher population TB in-
cidence, and we found that this association was
independent of HIV prevalence among high—
HIV-burden countries. Furthermore, the asso-
ciation between gold mining in particular and
TB incidence was independent of HIV, possibly
because of the independent risk of silicosis in
gold mines as well as the confined environment
in gold mines that is thought to be conducive to
TB transmission.

As with any statistical analysis, this study has
several important limitations. First, we could
not directly estimate individuals’ exposure to
mining, or individually catalog their rates of TB
disease and secondary transmissions to others.
We instead indirectly estimated the impact of
mining by using multiple variables, from pro-
duction rates to the number of mines in a
country, to measure the exposure to mining
conditions among miners. Second, as with
any ecological study, there is a potential for

Covariates

Prevalence: Sub-Saharan Africa, 2001-2005

HIV Prevalence <4%
(n=10), B (95% Cl)

HIV Prevalence >4%
(n=26), B (95% CI)

Mining production

GDP per capita

Exports as % of GDP
Urbanization rates
Population size
Antenatal HIV prevalence
RZ

-0.009 (0.024)

-1.286%** (0.122)

0.014* (0.007)

0.025 (0.014)

0.208 (0.113)

0.513*** (0.079)
0.91

0.061** (0.020)

0.546*** (0.067)

-0.008* (0.003)

-0.029%** (0.005)

-0.069 (0.051)

0.031*** (0.008)
0.64

adjust for positive skew.
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Note. GDP=gross domestic product. Coinfection rates are rates of tuberculosis among people living with HIV, per 100 000
population. HIV-tuberculosis coinfection rates, mining production, GDP per capita, and population size are in log form to

Source. Tuberculosis incidence data are from the World Health Organization Global Tuberculosis Database 2009 edition.
Mining production data are from the British Geological Survey Map 2009 edition.
*P<.05; **P<.01; ***P<.001.

ecological fallacies; that is, population-level
associations do not correspond to individual-
level mechanisms. However, the observed as-
sociations are consistent with a substantial
body of empirical individual-level research,
and were robust to numerous alternative data
sources and types. Third, there is a risk that the
observed associations could be spurious,
resulting from confounding or outlier effects.
The former can never be excluded completely,
but our findings remained robust following
numerous statistical checks of our models
(Appendices 1-4, available as online supple-
ments). Fourth, the available data on domestic
mining production underestimate the popula-
tion’s overall exposure to mining-related TB
risks in countries that have small domestic
mining sectors but many mineworkers working
abroad, like Swaziland or Lesotho. This bias
would run counter to our hypothesis, rendering
our methodology conservative in detecting

a significant association between exposure to
mining and higher rates of TB. Future studies
should also assess the potential heterogeneity
in the TB risks associated with mining on the
basis of the size and type of mines, and should
also examine the associations of mining with
TB among HIV-negative populations.

Our estimates of the relationship between
mining and TB outcomes are likely to be
understated for at least 3 reasons. First, our
analysis does not fully account for the role of
foreign labor. Countries that were high ex-
porters of labor, such as Swaziland, Lesotho,
and Zambia, were above the regression line;
that is, their TB incidence was much higher
than would be expected on the basis of the
number of mines or the level of mining pro-
duction in the country, making it more difficult
to detect a relationship between mining and
TB. When we removed outliers, including
countries that are high exporters of labor, we
found that the mining—TB relationship was
increased. Second, those countries that did not
develop extensive migration-based systems of
labor for the mines, such as Ghana (where
communities developed alongside the mines
rather than in all-male barracks), tended to fall
below the regression line, meaning that TB
incidence was lower than would be expected
given the amount of mining production (or
activity). When these countries were removed
from the analysis, the strength of the mining—TB

American Journal of Public Health | March 2011, Vol 101, No. 3



relationship also increased, consistent with our
hypothesis that mining affects TB through in-
creased HIV risk (most likely through reduced
sexual partnership stability in the context of
migration).lo’19 Third, TB disease estimates are
imprecise, hence we used multiple estimates of
TB burden (incidence, prevalence, and mortal-
ity); however, such measurement error would be
nondifferential, making it harder to identify an
effect should one exist (with similar measure-
ment issues for mining production estimates
further attenuating the associations).

The magnitude of our findings is consistent
with the notion that mining not only increases
the hazards of TB among directly exposed
individual miners but significantly increases the
risks of TB spread to the general community in
sub-Saharan African countries. Despite the
importance to the economy of extractive in-
dustries in several countries, miners constitute
less than 1% of the entire population, even in
South Africa. Although the incidence of TB
among miners is typically estimated to be 5 to 6
times higher than is in the general population,
they still account directly for a small fraction
of the population-attributable risk of TB from
mining. Hence, mines appear to be generating
a disproportionate number of secondary in-
fections in the wider population, similar to the
role played by prisons in the former Soviet
Union.®”

Our findings suggest that mining profoundly
affects not only the health of miners but also
the dynamics of TB incidence in sub-Saharan
African nations. The implication for policy is
not to close mines but to reduce levels of risk
to those observed in Western mines, usually
owned by the same companies operating in
sub-Saharan Africa. This will involve more
extensive collaboration among governments,
health and labor ministries, and mining com-
panies. Health care programs for miners should
emphasize continuity of care as miners travel
across borders (e.g., through patient-held charts
listing previous medication regimens, clinical
findings, and drug sensitivities), facilitating
earlier diagnosis (e.g,, enforcing standards of
screening at minefields), and improving work-
ing conditions to reduce the risk of incident
infection (e.g., reducing poor working condi-
tions, cramped hostel living quarters, or expo-
sure to silica dust).® As shown by the population
risk of mining, improved public health and health
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care conditions for miners may be necessary
not only for the miners themselves, but for
controlling TB more generally among sub-
Saharan African populations. B
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