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Summary

Compared to many other infectious conditions, the dynamics of TB infection and disease are

well understood and quantified. Two of the key aspects are first that a latent stage of TB

infection, without any manifestations of disease, can exist for many years, and secondly, that

following infection the lifetime risk of TB disease is low in the absence of predisposing factors

(estimated at about 10% for healthy individuals).

We have used pre-existing models and have adapted estimates of the important constants

governing TB transmission to provide the framework for a model of TB infection and disease

in gold miners, and the impact of interventions including isoniazid preventive therapy (IPT).

Unique features of TB in miners that have been taken into account include ongoing active

case finding (annual radiograph), and an unusually high risk of progression to TB disease

following TB infection, due to silica exposure as well as HIV infection. By modifying disease

constants to take these factors into account, and then simulating an HIV epidemic, we have

been able to closely reproduce observed serial data of TB incidence in miners, both at the

workforce level and among "cohorts" of HIV-positive and HIV-negative miners.

Our model suggests that:-

a) TB transmission among miners is more intense than occurs in equivalent general

populations, or non-silica exposed miners

b) Because of the high transmission rates, an unusually high proportion of miners are

latently infected with TB

c) HIV infection greatly increases the risk of progression to TB disease following TB

infection.  In the context of high TB transmission rates and a high percentage of miners

latently infected with TB infection, the impact of the HIV epidemic has been profound.

d) The upward TB incidence trends of the last decade can be reversed by a number of

different possible interventions, or combinations of interventions.  These include:-

 i. Treatment of latent TB with IPT.  Two main alternative strategies were considered:

• mass untargeted therapy given during a brief period.  For example, 6 to 9 months

of IPT taken by 80% or more of the workforce during a 1 year period so that

transmission is curtailed at the same time as the prevalence of active and latent

TB infection are reduced

• employment-long IPT targeted to individuals known to be at high risk of TB

 ii. Alternative, and potentially complementary interventions were also modelled:-

• more frequent active case finding

• widespread use of highly active antiretroviral therapy

• reduced HIV incidence

• less dense housing
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 iii. Although not specifically modelled here, it is likely that reducing silica dust exposure

would also have an impact on TB susceptibility

e) Strategies varied both in rapidity of onset to maximum impact and in their durability.

• mass untargeted IPT has the most rapid impact, but needs to be combined with

another ongoing intervention, or periodically repeated, in order for the benefit to be

sustained.

• long-term lasting improvements to TB control can only be achieved by interventions

that change the underlying constants that govern the dynamics of TB transmission:

e.g any intervention that reduces susceptibility to TB disease once infected (ARVs

used effectively, ongoing IPT targeted to high risk miners, HIV or dust prevention), or

reduce the intensity of transmission (increased active case finding, change away

from hostels).

f) A potential for a paradoxical negative impact on control was observed when widespread

antiretroviral therapy (ARV) was modelled.

In our model ARVs increased HIV prevalence in the workforce considerably unless a

simultaneous reduction in HIV incidence was modelled.  Furthermore, the results

suggests that the impact of ARV use on TB control may depend critically on whether or

not treated men are maintained in the early, rather than mid or late-stages of HIV

disease.  If the prevalence of HIV increases and the numbers of HIV-positive employees

in the mid or late stages of immunosuppression is increased, for example by intermittent

therapy aimed at symptomatic individuals, then it is likely that overall TB incidence rates

will increase as a result of the intervention.  If, however, the effect of ARVs is to maintain

HIV-positive employees with an essentially normal immune system, then TB incidence

will decrease despite an increasing HIV prevalence rate.

Recommendations

Mass preventive therapy

The model results lead us to recommend against a single round of mass preventive therapy

as the sole intervention, since our model suggests that such an intervention is unlikely to have

a sustained effect in a population where eradication of TB is not a realistic proposition.  This

conclusion is at odds with previous interpretations of the impact of mass preventive therapy

use in Alaska during the 1960s and 70s.  However, on review of these data it is clear that in

fact the intervention used was a combined one of mass isoniazid preventive therapy plus

introduction of an ongoing TB control programme of passive case-finding and treatment (see

Figure 2, page 11).

Combined interventions that include a mass preventive therapy component followed by an

ongoing intervention offer the best prospect of achieving rapid and sustained reductions in TB
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incidence rates.  Provided that the second component is sustained and fairly intensive, then

such combination interventions perform extremely well in our model.

Special considerations if a trial is planned

 i. Time point at which the impact of an intervention strategy is measured

The dynamic nature of the response to a single round of mass preventive therapy draws

attention to the need to pre-set the duration of effectiveness that is being looked for, since the

intervention that is most successful during the first 2 years will not necessarily be the most

successful at 5 or 10 years (see Table 6, page 9).

 ii. Choice of the additional component to combine with mass ITP

There are a number of potentially suitable second components, and our model does not have

sufficient discrimination to recommend one above the others on grounds of efficacy.  Other

considerations, including cost and humanitarian factors, may provide a better basis for

making the choice.  All of the following sustained interventions could be considered:-

• intensive HIV prevention

• widespread use of antiretroviral therapy to treat HIV+ve miners provided this is aimed

at prolonging early, and not mid- or late-stage HIV disease.

• continuous targeted use of employment-long IPT for all miners deemed to be "high

risk": e.g. all known HIV+ve miners, all known silicotics, or all men who have worked

in the gold mining industry for 20 years or more.

• increased frequency of active case finding

• change in the type of accommodation provided away from the hostel system.

Limitations

This model is based on a number of key estimates, and includes a number of deliberate

simplifications.  We have not addressed the impact of the intervention on drug sensitivity

patterns.

Our estimates are not intended to be precise predictions, but rather to provide a guide to the

potential for beneficial impact and adverse consequences from different interventions.



04/02/02 7

Aims

The aim of this study was to use dynamic mathematical modelling to explore the potential

long and short-term impacts of different strategies for improving TB control in South African

gold mines, and specifically to compare different ways of using isoniazid preventive therapy

(IPT) as treatment of latent TB infection.

The main strategies considered were:

1. Preventive therapy given:

a) employment-long to miners considered to be at high risk of TB, because of known

HIV infection or radiological silicosis (continuous targeted IPT).

b) short-course treatment of all consenting miners, aiming to include a high proportion of

workforce in a relatively short period of time, but without attempting to target known

HIV+ve persons or silicotics (mass untargeted IPT).

c) Combined mass untargeted IPT as in b), but followed by an ongoing programme of

continuous targeted IPT.

2. Increased active case-finding:

a) the likely impact of annual active case finding as it exists already (as is in place

already)

b) increased frequency of screening (baseline taken as once per year)

3. Widespread use of antiretroviral therapy (ART), modelled as an impact on the mean

duration spent in each of 3 stages of HIV disease (early, middle and late)

Background

Gold mining has been an economically important industry in South Africa from the early part

of the 20th century. The industry relies on a combination of state-of-the-art technology to

ventilate and cool the largest and deepest mines in the world, together with labour intensive

drilling and ore collection techniques. Silicosis is a common occupational hazard in South

African miners, and a potent risk factor for TB (1-7). With the advent of the HIV epidemic,

South African miners now have high prevalence rates of two of the strongest known risk

factors for developing TB disease following infection (7,8).  Although difficult to quantify, it is

highly likely that the congregate living conditions facilitate TB transmission within the

workforce.  Crowding, and sharing of bedrooms, has been identified as a risk factor for TB in

many settings (9).  Exclusively adult male crowding, as occurs in hostels, is likely to be a

much greater risk factor than mixed age and sex crowding, since population surveys have

shown the prevalence of infectious TB to be much higher in adult males than females, and

much higher in adults than children (10-12).

Incidence rates of TB in gold miners have been unusually high since the early days of the

industry (1), but were contained at stable rates of around 500 to 1,000 per 100,000
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employees per year until recently by an intensive TB control programme.  The programme

was unusual in having an active TB case-finding component, annual chest radiography of all

employees, as well as more standard passive case-finding and treatment.

Diagnosis of TB in men presenting symptomatically (passive case finding), or detected by the

active radiological screening programme (active case finding), is based as far as possible on

serial sputum smear examination and mycobacterial cultures.  Bacteriologically negative

cases are not diagnosed unless there has been radiological progression unresponsive to

standard antibiotics.  Treatment is with short course rifampicin-based regimens, administered

at the workplace as directly observed therapy using fixed combination tablets.  Despite these

measures, TB case rates in this work force have risen progressively during the 1990s from a

previously high but stable rate of 600 to 700 per 100,000 men per year to present levels of

over 2,000 per 100,000 men per year(13,14).  This corresponded with the early stages of the

South African HIV epidemic, which is one of the worst in the world (15). TB incidence has

increased all over sub-Saharan Africa because of the epidemic of HIV/AIDS (16), with many

countries in the region reporting a 4 fold increase in TB incidence rates.  TB in gold miners

has also increased 4-fold since the onset of HIV, but from a much higher pre-HIV baseline

(see Figure 1).

With such an extreme epidemic there is now pressing need to improve TB control in miners.

A proposal has been made to carry out a trial of mass preventive therapy with isoniazid to

break the chain of tuberculosis transmission on the mines. Before such a trial can be

effectively designed it is helpful to have a good understanding of the likely future dynamics of

TB infection in the control and intervention arms.  There are a number of related questions

that can be addressed through modelling and which will influence the design of the trial.

Data sources

Previous models of TB

Dynamic models of TB were first developed in the 1970s using data from the Netherlands on

the change in TB transmission rates (determined by tuberculin skin test surveys), and

associated incidence of TB in different age-groups over a twenty year period (17).  These

provided the first clear evidence that re-infection is a major cause of adult TB in high

transmission areas, and an indication of the degree of protection given by a previous TB

infection if re-infection did occur (partial acquired immunity).  These data also gave absolute

estimates of the risk of disease during the first 2 years of infection or re-infection, and the

annual risk of reactivation years later.  These constants, or parameter, are shown in Table 1,

alongside those of Vynnycky et al, which were estimated in a similar fashion but using UK

data of TB meningitis in children as a way of estimating TB transmission rates.  Table 1 also

includes data from observations of the relationship between infectious TB prevalence, TB
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incidence, and the annual rate of TB infection observed in different communities in the pre-

HIV era.  These observations were used to estimate the average number of secondary

infections caused per smear positive person per year of remaining infectious, and the length

of time spent infectious before treatment.

Figure 1: TB in gold miners: incidence rates per 100,000 employees per year compared

to those in platinum miners, and national and international non-mining populations

Table 1: Estimates of parameters governing the dynamics of TB infection and disease

STYBLO (18) SUTHERLAND (17) VYNNYCKY (19-21)

No. contacts infected per
year of smear positivity

10 NS NA

Duration of infectiousness 2 - 3 years NS NS

% risk 5 yr fast
progression

NA Male

Female

23%*

26%*

15-19 yrs:

> 20 yrs

9%*

14%*

% Protection from
reinfection

NA Male

Female

63%*

81%*

15 -19yrs

> 20 yrs

16%*

41%*

Endogenous reactivation
(% risk per year)

NA Male

Female

0.025%*

0.002%*

15 -19yrs

> 20 yrs

0.015%*

0.03%*

* Divide by 100 to obtain absolute proportions and risks per person year, as used in the main
model

NS/A = not stated/applicable

0

1,000

2,000

3,000

4,000

5,000

1982 1985 1988 1991 1994 1997 2000

Welkom workforce

RSA national

USA

Platinum miners
(to 1997 only)
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Since the HIV epidemic, a number of investigators have attempted to model the likely impact

of HIV on TB incidence and transmission under different scenarios. Each of these was

reviewed (19-33).

None were entirely suitable for the purposes of this study, and so a new model was

developed, as discussed below.

Gold mining data

Published and unpublished data were used, with the predominant source being the Anglo

Gold mines in Welkom and Chamber of Mines reports.  These provide serial TB incidence

rates at the whole workforce level (14), and within HIV infected and uninfected sub-

populations (7).  Cross sectional data on HIV prevalence, and the point prevalence of

infectious TB within HIV-positive and HIV-negative sub-populations were also available from

Welkom (unpublished data).

Modifications to fit the gold mining situation

A number of unique factors apply to gold miners.  The unusually crowded conditions in

hostels are likely to facilitate TB transmission by increasing the number of infectious contacts

that a TB case has per unit time spent smear positive.

Once infection with TB has occurred, occupational silica dust exposure and HIV infection both

increase the risk of progression to TB disease (5,7,34). For HIV infection, it is known that both

the risk of rapid progression to TB in the first 2 years following infection, and the risk of

reactivation of latent TB infection are increased (34).  For silicosis, the relative impact on

recently acquired versus reactivational TB is unclear, but this model assumes that both risks

are increased.

Precedents for use of IPT

IPT has been widely used in the US and Europe, and has been the subject of a number of

randomised trials, both before and after the onset of HIV (8,35,36).  Our estimates of efficacy

are derived from these articles.

The most widely quoted examples of use of mass IPT are the community-based interventions

used to control TB among indigenous Alaskans in the 1960s (35-37), although there was also

a less carefully documented and controlled intervention in South African mineworkers (38).

Both studies showed a profound reduction in TB incidence during the time that IPT was being

given, but both have methodological features that make it unclear how effective, or otherwise,

mass IPT would be as a single intervention.
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The American trials followed closely on a campaign of active case-finding plus either

treatment or BCG vaccination, and was accompanied by the introduction of an ongoing

passive case-finding treatment service.  As shown in Figure 2, it is difficult to resolve the

impact of the various interventions, although the combined intervention clearly had great

impact.

Figure 2: the impact of serial interventions on TB transmission rates and incidence in

Alaska

In the case of the Goldfields study, a soluble isoniazid derivative (INH-methanesulfonate) was

added to the traditional beer (marewu) supplied to miners at a number of mines to give an

estimated daily dose of 3.5 mg/kg.  Preventive therapy was in effect given without the

recipients consent or knowledge, and the practice was eventually stopped because of safety

and ethical  concerns.

While the intervention was ongoing, however, TB rates were compared in intervention and

non-intervention mines for the period 1962 -66.  As shown in Figure 3  there was an

appreciably lower incidence of TB in the intervention than non-intervention sites, presumably

due to the intervention.  Weaknesses of the study are that sites were not chosen at random,

so that other important factors may have varied.  For example, the programme could have

been adopted in mines that placed a high priority on TB control, and so tended to have more

efficient passive-case finding programmes.  Also it is uncertain what proportion of employees

received high enough doses for a sufficiently long period of time for the INH-

methanesulfonate to be effective.

Interventions & impact: Bethel 1950s & 60s
annual risk of TB infection (ARI %) & TB disease incidence 100 000 pop p.a.
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Figure 3:  TB incidence rates (per 100,000 p.a.) in paired mines that either did, or did

not, give employees beer containing INH derivatives

Methods

Modelling TB infection and disease

The structure of the basic model of TB infection and disease within each considered HIV

states (HIV-ve, early, middle and late HIV infection) is illustrated in Figure 4.

The model assumes that a number of discrete states of infection and disease can be defined

(shown as lettered circles), and that movement between these states is governed by rates

and, in some cases, proportions, that can be estimated as constants, or parameters.  The

parameter estimates used in the baseline scenario to model the current situation and likely

course of no intervention are shown in Table 2.

In the model, individuals enter the mine either uninfected (susceptible, S), or with a latent TB

infection (L).  It is assumed that all cases of active TB disease will be picked up at the initial

fitness examination.  During employment, miners are exposed to TB infection at a rate that is

determined by a) the proportion of their colleagues who have infectious TB (Ia if asymptomatic

and Is if symptomatic) and b) the infectious contact number, c, that represents the number of

secondary infections generated per unit spent with infectious TB.  Once infected, and in the

absence of any treatment, a proportion (1-p) of susceptible people, S, who become infected

move into the latently infected class, L, while the remainder, p, progress rapidly to active,

infectious, TB.

Individuals in the latently infected class, L, can also breakdown more slowly to active TB

through reactivation of their latent TB infection.  For HIV-ve and early stage HIV+ve miners

the breakdown rate of latent infections is sufficiently slow to mean that only a minority of those

0
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600

700

OverallPaired mines

INH

No INH
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infected will develop active TB disease, unless reinfected.  Taking immunity to re-infection

into account, latent infections in this model provide a degree of protection from rapidly

progressive disease, so that superinfections increase the risk of developing active TB, but to

a lesser extent than TB infections occurring in the absence of concurrent latent TB infection.
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Figure 4: Schematic representation of the basic model of TB infection and disease in

HIV-ve miners.

S0 : susceptible to infection, no TB infection or disease

L0 : latently infected with TB, but not active TB disease

IA0: infectious TB disease: asymptomatic

IS0: infectious TB disease: symptomatic

T0:  on, or recently, treated and not susceptible to TB infection

Within each HIV category of the model (negative, early, mid-, and late-stage HIV infected)

individuals can move between 5 TB infection and disease stages equivalent to those shown

above, but with rates and risks that vary according to the degree of immunosuppression

(Figure 5).
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Figure 5: Schematic representation of the HIV stages in the model.

Once HIV infected, individuals move into progressively more advanced HIV states and

become increasingly susceptible to TB disease following infection, as described by the

changing parameter values shown in Table 2.

Stages 1 and 2 (HIV-negative and early HIV disease) have identical TB susceptibility

parameters

Stages 3 and 4 (both mid-stage HIV disease) have the same TB susceptibility

parameters as each other.  Having two stages changes the rate at which individuals

flow through this stage
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Table 2: Fixed parameters that govern the risk of TB disease following infection, and

infectivity to others once diseased, and their estimated values in gold miners.  All rates

are per person year, and all proportions are absolute (ie lie between 0 and 1)

HIV-ve

Early

HIV+ve

MId

HIV+ve

Late

HIV+ve Comments

r 0.25 0.5 2 Rate of progression between HIV stages

c 10 10 5 5 Infectious contact rate.  No. of other persons

infected per year of active TB

f 0.2 0.2 0.75 0.9 Proportion f who develop fast disease & go directly

to the infectious class; (1-f) go to the latent class

b 0.005 0.005 0.25 0.9 Rate at which latent TB infections break down

t 6 6 6 6 Rate at which men with symptomatic disease are

treated and cured

a 1 1 1 1 Rate of active case finding

v 0.5 0.5 4 12 Rate at which men become symptomatic once they

have infectious TB

d 1 1 6 12 Mortality rate for men with symptomatic TB disease

l 0.2 0.2 2 2 Rate of loss of immunity following treatment

q 0.3 0.3 0.3 0.3 Proportion of new recruits with latent TB infection

y 0.05 0.05 0.2 1 Rate at which men leave the mine

x 0.2 0.2 0.5 1 Protection against fast breakdown afforded by a

latent infection.  0 = no reinfection; 1=no protection.

dt 0.05 Time step

Footnotes to Table 2

r: the rate at which progression between HIV stages occurs.  The maturation of the epidemic, rates of HIV infection,

relative rates of progression between stages, workforce turnover and AIDS deaths each influence the proportion of

HIV-infected persons in each stage.   At the baseline rates (unaffected by antiretrovirals) the proportions stabilise out

around the year 2005 with approximately 45% of HIV infected having early HIV disease; 50% having mid-stage, and

5% late stage HIV disease.

The model has to account for the efficacy of active case-finding despite there being readily

available passive case-finding.  We have, therefore, included in our model a class of active,

infectious, TB with no or mild symptoms that are insufficient to motivate health care-seeking

behaviour, but can be detected by active case-finding methods (asymptomatic active TB, Ia).

All cases of active TB start off in the asymptomatic class and then are either actively

detected, or progress into symptomatic TB that is infectious, can be detected by active case

finding, but also leads to health care-seeking behaviour (passive case finding).
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Once diagnosed, either by active or passive case-finding, or on screening prior to giving IPT,

then cases of infectious TB are rapidly rendered non-infectious and move into the on-

treatment box, T.  From here there is a slow return to the susceptible class, with a relatively

long interval representing combined time on treatment and post-treatment immunity.

There is a background rate of leaving the mines, representing combined workforce turnover

and death rates.  This rate is increased by infectious symptomatic TB, and by late stage HIV

infection, representing the increased death rates associated with these states.  To maintain

the same workforce size, men are recruited at the same rate as other men leave or die, with

new recruits coming into the same HIV class except in the case of advanced HIV, in which

case they are replaced as HIV-ve men.

Modelling the HIV epidemic and impact of HIV on TB infection and

disease

To simulate the interaction between HIV and TB we have extended the model given in Figure

4 to include 5 equivalent "layers" of TB infection and disease, one for each of 5 different HIV

states.  The layers are linked by movement of men from the HIV-ve to the first HIV+ve layer at

a rate that is governed by a simulated HIV epidemic, illustrated in Figure 5.  Note that the HIV

epidemic is modelled independently of HIV prevalence in miners: if all HIV-positive men died

immediately, then prevalence would be very low, but the time course of the HIV epidemic

would continue unaffected by this.  This assumes that men are infected from a source that is

outside the mines, and not by one another, and independent of HIV transmission from

infected miners.  An example scenario would be if the infection rate were mainly determined

by infection from commercial sex workers (CSWs) who have enough contact with clients other

than miners to mean that the HIV prevalence rate in CSWs was high relatively independent of

that in miners.

Men move into the equivalent TB class of the next HIV layer (e.g. from latent TB infection

HIV-ve to latent TB infection HIV+ve).  The time course of the epidemic is modelled on South

African antenatal clinic data.

In the absence of antiretroviral therapy, the degree of immunosuppression becomes gradually

more severe, modelled in this case as a rate at which men move between 5 HIV-infected

states, early, middle1, middle2, and advanced HIV+ve.

Once in the middle and advanced stages of HIV disease, the parameters governing TB

infection and disease change, as shown in Table 2, so that a higher proportion of those

infected develop rapidly progressive TB disease, breakdown rates of latent TB infection

increase, and the rate of progression from asymptomatic to symptomatic TB disease



04/02/02 18

increases.  There is less immunity following infection, shown as a more rapid progression

through treatment and into the susceptible class.

Also affected by HIV is infectivity of active TB.  HIV associated TB is less often smear

positive, more often extra-pulmonary, and is known to be less infectious than TB in HIV-ve

patients.  These attributes of HIV-positive TB are modelled as decreasing infectious contact

rates, so that fewer secondary infections arise per unit time of infectious TB.

Modelling the impact of interventions

The parameters governing standard treatment are detailed above, and in Table 2, while those

governing the impact of other interventions are detailed in Table 3, and footnotes.

Standard treatment

The standard treatment is then either active case finding through routine screening, or

treatment of those who present with symptomatic disease.  This corresponds to passive case

finding.

Preventive therapy

The preventive therapy (IPT) regime moves people with a latent infection, L, to the treated

class, T, by putting them on INH, and also detects people who are infectious (Ia or Is) and

moves them to the treated class by increasing the rate at which they are detected and treated

(during screening for eligibility).

When IPT is give according to a mass untargeted strategy then men in all HIV stages receive

therapy for a 1 year period.

When IPT is given according to a targeted strategy, then therapy is received by a proportion

of the HIV+ve men (representing VCT uptake), and 10% of the HIV-ve men (representing

silicotics).    

We have modelled IPT as giving 50% protection from TB, to account for the incomplete

protection observed in trials, and the combined effects of isoniazid resistant TB strains plus

imperfect compliance

Active case finding

The rate of active case finding of cases of active, but asymptomatic TB, can be increased in

frequency to represent extra screening points.   We have allowed for the imperfections of

active screening (missed screens, or missed pick-ups) by setting the efficacy of active case

finding as 70%.
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Antiretroviral therapy

The impact of ARVs has been modelled as a slowed progression affecting one or more of the

early-mid, mid-mid, mid-late and AIDS deaths rates.  We have not modelled a total reversal of

HIV (ie backwards flow from late to early stages), although this is observed at the level of the

individual patient, since it is assumed that the prime effects of ARV therapy will be to reduce

the death rate, and to alter the relative proportions of men in early:mid:late stage HIV disease

at the population level.

Reduction in HIV incidence

The impact of abruptly halving the rate at which miners are newly infected with HIV has been

modelled to show the potential impact of an intensive HIV prevention intervention.

Reduction in dust exposure

This cannot easily be modelled as a separate intervention in this exercise, as the impact of

silica exposure has been incorporated at the level of the basic TB parameters (Tables 1 and

2).  However, we have included an estimate of the % reduction in TB predicted to have been

the case had silica dust exposure not occurred.

Table 3: Variable parameters, governing the timing and impact of interventions, shown

below at the baseline scenario (no active intervention beyond those shown in Table 2).

All rates are per person year, and all proportions are absolute (ie lie between 0 and 1)

HIV-ve Early MId Late  HIV+ Variable parameter comments

hos 1 1 1 1 Factor by which the contact rate (c) is reduced by

change from hostel dwelling (all HIV stages affected)

m 0 0 0 0 Duration of mass preventive therapy, in yrs from 2005

(all HIV stages affected. p & h have no effect if m = 0)

p 4 4 4 4 Rate at which men are given mass presumptive Rx

h 0.5 0.5 0.5 0.5 Uptake & efficacy factor for receiving preventive Rx

i 0 0 0 0 Rate at which continuous presumptive Rx is given

e 0 0 0 0 Extra Xrays (added onto rate a from 2005)

k 0.8 0.8 0.8 0.8 Efficacy of active CF (proportion picked up)

prv 1 NA NA NA Factor by which HIV incidence is reduced (1 = no

impact; 0= transmission stopped completely)

arv NA 1 1 1 Factor by which rate of HIV progression to next stage is

reduced due to ARVs (1 = no impact; 0= no prog.)

Footnotes to Table 3.  Values assumed when the interventions are active, and

methodology
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hos: it is assumed that the infectious contact rate will be halved for all HIV states by moving away from the hostel

system (ie hos = 2, and contact rate = ci/2 for any given HIV state i).

m: this is set at 1 year when mass IPT is modelled.

Modelling IPT use.

Note that in this model we do not follow individuals, so that it is not possible to accurately model giving a 6 month

course of therapy to any one individual.  Instead IPT is modelled as opening a route of movement between the

latently infected class to the treatment class, without passing through the infectious (diseased) classes.  IPT also acts

on both infectious classes (symptomatic and asymptomatic) by increasing the rate at which they are detected and

move into the treatment class.   Once in the treated class, there is loss of immunity and re-infection at rates governed

by the HIV stage and number of infectious persons respectively, so the duration of protection following IPT is longer if

immunocompetent.

IPT parameters used a standard in the model

p: a high rate of 4 per person year is modelled at all HIV stages, to mimic intensive untargeted use during the brief

period defined by m. At these high rates, 60 - 70 % of the mine population is in the "on treatment" category (and

therefore completely protected) for the second half of the intervention year

h: uptake and efficacy factor limiting the impact of both mass and continuous IPT

i: To mimic the combined limitations of VCT and IPT targeted at known silicotics and HIV-positive persons,

continuous IPT is given at different rates according to HIV stage.  2 intensities are modelled.

• At low intensity it is assumed that the rates at which IPT are give are 0.1 for HIV-negative men; 0.25 for men

with early HIV; 0.5 for men with mid-stage HIV and 0.75 for men with advanced HIV disease).  These rates

mimic a scenario where about 25% of HIV-positive men are on IPT at any one time (of which only 50% is

effective)

• At high intensity it is assumed that rates at which IPT are give are 0.1 for HIV-negative men; 1.0 for men with

early HIV; 1.0 for men with mid-stage HIV and 1.0 for men with advanced HIV disease).  This is intended to

mimic the impact of intensive HIV testing with consent in order to identify a high proportion of HIV-positive men.

These rates mimic a scenario where about 60% of HIV-positive men are on IPT at any one time (of which only

50% is effective)

Active case finding

This is modelled as an increased rate at which men are moved from the asymptomatic and symptomatic infectious

(diseased) class to the treatment class.  As for preventive therapy, the subsequent rate of movement into the

susceptible class depends on loss of immunity.  In theory it would be possible to target these activities to known HIV-

positive persons, but that has not been modelled here

e: this number is added to a the baseline active screening rate) to give a higher rate of active case finding from 2005.

If zero, then the rate remains unchanged.  Equivalent to the number of extra screening activities per year.

k: multiplied by (a+e), this mimics the lost efficacy due to missed pick-ups.  This is included so that a variable efficacy

could be applied to different HIV states (since the degree of immunosuppression affects radiological manifestations

of TB), but for the current exercise a constant rate across all HIV states of 0.8 has been used (not does not vary by

number of screens per year)

prv: from 2005 the background HIV incidence rate is divided by prv.  Hence if 2, then this the HIV incidence rate is

halved.  Note that HIV incidence is modelled independently of HIV prevalence in miners, as discussed in the Methods

section "Modelling the HIV epidemic and impact of HIV on TB infection and disease" above.

arv: from 2005 the rate at which HIV-infected miners move into the next progression stage is divided by the arv

value, or for advanced HIV disease, the rate of death.  Thus if 1 there is no ARV use.  We have modelled three

scenarios

• a 4 fold reduction in progression/death affecting transition between all stages.  Relative proportions of HIV

stages little changed from baseline 45% early, 50% mid and 5% late

• a 4 fold reduction in the rate of the transition from early to mid-stage HIV.  Relative proportions in each HIV

stage at steady state change to: 79% of infected persons held in at early (immunocompetent) HIV stage;

19% mid and 2% late
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• 4 fold reductions in all stages except the initial rate of transition between early and mid HIV disease.

Relative proportions in each HIV stage at steady state change to 18% early, 73% mid and 9% late

It is appreciated that with ARVs it is possible to move backwards, ie between advanced to mid to early HIV disease.

However, this type of modelling does not follow individuals, but instead models net rates of flow for the whole

population.  Thus, even if reversed flow due to ARV use occurs, there will still be a rate of failure plus a natural

progression rate among HIV-infected individuals not taking ARVs (undetected or not sufficiently immunosuppressed).

At the population level, the impact can thus be modelled as a net forward rate of flow lower than the natural rate.  At

the assumed 4-fold reduction, this would be the equivalent of 3 people moving back a stage due to ARV use for

every 4 who progress.  The impact on transition rates for the various stages will depend on how HIV-infected people

are identified, at which stage of disease treatment initiation occurs, and whether treatment is aimed to keep people in

the early stage (ie fully immunocompetent) or in the mid rather than advanced stages.

Note that, since HIV incidence has been modelled independently of HIV in miners, we have no feedback from ARV

use on HIV incidence rates, unless modelled separately by varying prv.
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Results summary

The dynamics of the baseline scenario (representing the current situation with no further

interventions) are given in the Appendix.  There is now clear evidence that the prevalence of

HIV is close to the highest value it is likely to reach in all provinces (39) and as has already

been seen in Uganda (40), once the peak has been reached it is likely that prevalence will fall

partly because of AIDS deaths among those who are HIV positive and partly because of

changes in behaviour as the impact of the epidemic is experienced more directly. In order to

drive the TB model we need to know the incidence of disease and this is obtained from the

slope of the prevalence curve allowing for the effect of deaths (41). The base line scenario

(Appendix; Figure 6) is that HIV prevalence will peak at about 37% of the workforce in 2005

and will then decline to a steady endemic level at about 30%. The incidence of TB in the

whole workforce will increase to almost 5% per annum and then decline slightly over the next

ten to twenty years (Table 4).

Table 4: Predicted TB incidence and HIV prevalence rates for 2005 to 2015 assuming

no new interventions

Year 2005 2010 2015

TB incidence rate (per 100,000 p.a.) 4,863      4,413    4,067

HIV prevalence (%) 37% 32% 30%

Table 5: The impact of past factors on TB control in gold miners

TB incidence as a percentage of current rates had there been:-

• No silica dust exposure * 61%

• No HIV epidemic 22%

• No hostels (assuming infectious contact rate halved) 50%

• No active case finding 240%

• Less efficient passive case finding † 107%

* assumes that for HIV-negative and early HIV stages b, the rate of breakdown of latent infections, is 20 fold lower ie

0.00025 (takes the male estimates of Sutherland et al (17)), and that f is reduced from 0.20 to 0.14 (the male > 20 yrs

risk of rapidly progressive disease once infected).
† Assumes that the rate of detection once symptomatic is halved to 3 per year instead of 6 per year halved (but that

active case detection remains in place)

The model predictions of what TB control would currently be like had there been different

policies, or exposures to risk factors, in the past are shown in Table 5, while Table 6 shows

the predicted one, five and ten year impact of 19 different intervention combinations.  The

impact on HIV prevalence is also shown in cases where this is predicted to be considerable.
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Table 6: Estimated impact of interventions on TB incidence and HIV prevalence rates, 1, 5 and 10 years post intervention

% reduction in TB incidence achieved at

Intervention started in 2005 with: 1 year 5 years 10 years

1* Single round of mass IPT given over 1 year 88% 61% 2%

2* Continuous (employment-long) targeted IPT to HIV+ve miners and silicotics 17% 40% 44% % reduction in

3* Continuous (employment-long) targeted IPT, with intensive HIV case-finding 31% 62% 64% workforce

4 Increased active case finding to x 2 per year (1 extra) 19% 32% 34% HIV prevalence at†

5 Increased active case finding to x 4 per year (3 extra) 38% 47% 51% 5 years 10 years

6* HIV incidence halved from 2005 1% 13% 26% 78% 64%

7* ARVs ↓ rate of early-mid HIV progression by 4 fold 13% 39% 36% -11% -37%

8* ARVs ↓ rate of early-mid, mid-mid, mid-late HIV progression & AIDS death rate by 4 fold 5% 4% -12% -44% -77%

9* ARVs ↓ rate of mid-mid, mid-late HIV progression & AIDS death rate by 4 fold -8% -48% -87% -44% -71%

10 Infectious contact rate of active TB halved (by change from hostel system) 35% 45% 49%

Combination interventions including mass IPT

11 Single round of mass IPT followed by ARVs aimed at early HIV (ie 1 plus 7 above) 90% 78% 35% -11% -37%

12 Single round of mass IPT followed by ARVs aimed at mid- or late HIV disease (1 plus 9 above) 87% 34% -91% -44% -71%

13 Single round of mass IPT followed by increased active case finding (1 plus 5) 90% 78% 70%

14 Single round of mass IPT followed by change to hostel system (1 plus 10) 90% 78% 68%

15 Single round of mass IPT followed by HIV incidence halved from 2005 (1 plus 6) 88% 66% 24% 78% 63%

Combination interventions including continuous targeted IPT without mass IPT

16 Continuous targeted IPT plus ARVs aimed at early HIV disease (2 plus 7) 28% 63% 66% -11% -37%

17 Continuous intensive targeted IPT, plus ARVs aimed at early HIV disease (3 plus 7) 40% 77% 82% -11% -37%

18 Continuous intensive targeted IPT, plus ARVs aimed at mid or late HIV disease (3 plus 9) 26% 47% 40% -44% -71%

Combination interventions including mass and targeted IPT +/- ARVs

19 Mass IPT followed by  continuous targeted IPT (ie 1 plus 2 above) 90% 76% 52%

20* Mass IPT followed by continuous intensive IPT (1 plus 3) 91% 83% 70%

21 Mass IPT followed by continuous targeted IPT and ARVs aimed at early HIV (1 plus 2 plus 7) 91% 86% 73% -11% -37%

22* Mass IPT followed by continuous intensive IPT and ARVs aimed at early HIV (1 plus 3 plus 7) 93% 91% 86% -11% -37%

23 Mass IPT followed by continuous targeted IPT & ARVs mid- or late HIV (1 plus 2 plus 9) 89% 61% 7% -44% -71%

24* Mass IPT followed by continuous intensive IPT & ARVs mid- or late HIV (1 plus 3 plus 9) 91% 74% 46% -44% -71%

* See appendix for detailed graphics showing intervention dynamics
† Baseline scenario HIV prevalence estimates at 5 and 10 years are 32% and 30%, respectively.  Increased TB incidence and HIV prevalence rates shown in red
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The model predictions of what TB control would currently be like had there been different

policies, or exposures to risk factors, in the past are shown in Table 5. While there is

exposure to silica dust on gold mines Table 5 suggests that if this were not so it would be

possible to reduce TB rates by about 40%. Given the nature of deep level mining it is unlikely

that exposure to silica dust can be completely eliminated but given the high rates of TB any

reductions would have a significant effect. Similarly, Table 5 suggests that the effect of HIV

has been to increase the incidence of TB by 4 to 5 fold overall. Assuming that the elimination

of hostels would reduce the contact rate between people with and without TB by about half,

this would similarly have a substantial effect on the incidence of TB. This is a reasonable, and

possibly conservative, estimate of the extent to which accommodating men in hostels

contributes to the spread of TB and, especially with a declining workforce, there are

possibilities for significant improvements in this area. Table 5 also shows that without active

case finding the situation would have been considerably worse than it currently is and that a

reduction in the efficiency of passive case finding would have increased the incidence of TB

by about 10%.

Table 6 shows the predicted one, five and ten year impact of 24 different intervention

combinations. In the short term the greatest reduction in TB incidence resulting from a single

intervention is achieved through the provision of a single round of mass IPT given over one

year as this cuts incidence by 88%. In order of benefit this is then followed by increased

active case finding and reducing the contact rate by changing the housing (assuming that this

could be done and would have the intended effect). However all of these interventions have

less than half of the impact of the single round of mass IPT in the short term. It is of interest to

note that in the short term a halving of the incidence of HIV, a very optimistic scenario, would

hardly affect the rates of TB in the short to medium term. In the short term combining other

interventions with IPT (interventions 11 to 15) does not add much to what can be achieved by

IPT alone (intervention 1).

If we consider what happens in the longer term however the situation is quite

different. At ten years the impact of a single round of IPT is negligible while the biggest impact

is to be had either from continuous targeted IPT with intensive HIV case finding, increased TB

active case finding or reducing the contact rate. The reasons for the difference between the

effectiveness of the various interventions in the short and the long term is illustrated in

Figures 7 to 9. While a one-off round of IPT gives a dramatic and immediate effect the

infection rate rebounds rapidly and the initial gains are soon lost (Figure 7). Targeted

continuous IPT (Figure 8) with intensive HIV case finding (Figure 9), on the other hand, have

a less dramatic impact in the short term but continues to drive the rates down in the long term.

Intensification of HIV prevention programmes with a halving of HIV incidence results in only a

modest reduction in TB incidence in the long term (Figure 10).
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It is then clear that the optimal strategy combines short term and long term impact

and this could be achieved by introducing mass IPT with either increased active case finding

(intervention 13; 90% reduction at 1 year; 70% reduction at ten years) or a change to the

hostel system (intervention 14; 90% reduction at 1 year; 68% reduction at ten years), or a

single round of mass IPT followed by changes to the hostel system (90% reduction at 1 year;

68% reduction at ten years).

While the introduction of ARVs will clearly benefit individuals, the public health

benefits are more complex and Table 6 shows what could happen if the effect of ARVs is to

slow down the progression of the disease by four times. Since men are no longer dying more

men remain on the mines with compromised immune systems and the effect could therefore

be to increase the rates of TB if this is done in isolation. In the worst case, interventions 9 and

12 in Table 6, the introduction of ARVs could lead to an increase in the incidence of TB of

about 90% after ten years. If, however, this is done in combination with mass IPT followed by

continuous targeted IPT, for example, there is a dramatic and sustained reduction in TB

incidence with the important proviso that the ARVs must be aimed at early as well as middle

and late stage HIV.

The potential hazards of HIV are illustrated in Figures 11 to 13. In the worst case, in

which the rates of progression between mid-mid and mid-late stages of HIV disease are

prolonged four fold, and AIDS death rates are reduced by four fold, with no accompanying

change in HIV incidence, we see that TB control is dramatically worsened.

Conclusion

The epidemic of HIV/AIDS threatens to undermine the viability of gold mining in South Africa

and urgent steps should be taken to deal with the combination of TB and HIV. It is essential

however that the right combination of interventions are implemented as some interventions

that might appear to have an immediate benefit, such as a single round of IPT, provide almost

no benefit in the long run and some interventions which are clearly of great benefit to

individuals, such as the provision of ARVs, could lead to a significant increase in the

incidence of TB if done in isolation.

The risks of TB progression following infection are much greater among miners who are

exposed to silica dust and this is exacerbated by the high transmission rates and unusually

high proportion of miners are latently infected with TB. Furthermore, HIV infection greatly

increases the risk of progression to TB disease following TB infection and the impact of the

HIV epidemic has been substantial.

It is clear, however, that the increasing trend in the incidence of TB could be reversed using

well established interventions. Mass IPT given to all men over a short period would have a

dramatic and immediate impact on the incidence of TB. However, this must be combined with

longer term interventions to maintain control of the disease such as continuous targeted IPT
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for those known to be at high risk of developing TB (Figures 14 – 16). These could also be

combined with more frequent active case finding, the provision of less crowded

accommodation and the widespread use of highly active antiretroviral therapy with other

measures to reduce HIV incidence. It is also likely that reducing silica dust exposure would

also have an impact on TB susceptibility.

A potential for a negative impact on control was observed when widespread antiretroviral

therapy (ARV) was modelled. The impact of ARV use on TB control may depend on whether

or not treated men are maintained in the early, rather than mid or late-stages of HIV disease.

If the prevalence of HIV increases and the numbers of HIV-positive employees in the mid or

late stages of immunosuppression is increased, for example by intermittent therapy aimed at

symptomatic individuals, then it is likely that overall TB incidence rates will increase as a

result of the intervention.  If, however, the effect of ARVs is to maintain HIV-positive

employees with an essentially normal immune system, then TB incidence will decrease

despite an increasing HIV prevalence rate.
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 Appendix: Intervention dynamics

The baseline scenario of no intervention

Figure 6:  Baseline scenarios with no intervention

TB incidence by HIV status 
(per 100,000 per year)

-

5,000

10,000

15,000

1980 2000 2020

HIV neg. HIV pos.

Point prevalence of active TB by 
HIV status 

0%

1%

2%

3%

1980 2000 2020

HIV pos HIV neg

Workforce TB incidence 
(per 100,000 per year)

4,074

1,098

0

2,000

4,000

6,000

1980 2000 2020

% workforce (re)infected 
with TB each year

0%

5%

10%

15%

1980 2000 2020

Prevalence of HIV

0%

10%

20%

30%

40%

50%

1980 2000 2020

% of infected persons with early, 
mid or advanced stage HIV

0%

20%

40%

60%

80%

100%

1980 2000 2020

Late
Mid

Early



04/02/02 31

An intervention with rapid onset: mass preventive therapy

Figure 7: Single round of mass preventive therapy given over 1 yr (intervention 1)

Targeted IPT given continuously to high risk individuals at 2 different

pick-up rates

Figure 8: Targeted continuous IPT to mimic VCT programme (intervention 2)

Figure 9: Targeted continuous IPT with intensive HIV case finding (intervention 3)
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HIV prevention

Figure 10: HIV incidence cut in half from 2005 (intervention 6)
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The potential hazards of ARVs

Figure 11: Impact of ARVs assuming that the rate of early-mid progression is reduced

by 4 fold from 2005.  TB control improved (intervention 7).
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Figure 12: Impact of ARVs assuming that rates of progression between all stages of

HIV disease are prolonged 4 fold, and AIDS death rate is reduced by 4 fold.  TB control

worsened (intervention 8).
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Figure 13: Impact of ARVs assuming that rates of progression between mid-mid and

mid-late stages of HIV disease are prolonged 4 fold, and AIDS death rate is reduced by

4 fold.  TB control greatly worsened (intervention 9).
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Combination strategies of mass and continuous IPT, with and without

ARVs

Figure 14: Mass IPT followed by continuous intensive IPT (intervention 20)

Figure 15: Mass IPT plus continuous intensive IPT plus ARVs aimed at keeping people

in the early HIV stage (strategy 22)
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Figure 16: Mass IPT plus continuous intensive IPT plus ARVs aimed at HIV-infected

persons with mid or advanced HIV disease (strategy 24)
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