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Objective: To compare the benefits of tuberculosis (TB) treatment with TB and HIV
prevention for the control of TB in regions with high HIV prevalence.

Design and methods: A compartmental difference equation model of TB and HIV
has been developed and fitted to time series and other published data using Bayesian
methods. The model is used to compare the effectiveness of TB chemotherapy with
three strategies for prevention: highly active antiretroviral therapy (HAART), the
treatment of latent TB infection (TLTI) and the reduction of HIV transmission.

Results: Even where the prevalence of HIV infection is high, finding and curing active
TB is the most effective way to minimize the number of TB cases and deaths over the
next 10 years. HAART can be as effective, but only with very high levels of coverage
and compliance. TLTI is comparatively ineffective over all time scales. Reducing HIV
incidence is relatively ineffective in preventing TB and TB deaths over 10 years but is
much more effective over 20 years.

Conclusions: In countries where the spread of HIV has led to a substantial increase in
the incidence of TB, TB control programmes should maintain a strong emphasis on the
treatment of active TB. To ensure effective control of TB in the longer term, methods of
TB prevention should be carried out in addition to, but not as a substitute for, treating
active cases. & 2003 Lippincott Williams & Wilkins
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Introduction

Mycobacterium tuberculosis and HIV are the leading causes
of death from infectious diseases among adults [1,2].
The spread of HIV infection has already led to a
dramatic increase in tuberculosis (TB) in eastern and
southern Africa [3] and threatens to do so elsewhere.
The DOTS strategy of the World Health Organization
(WHO) is the internationally recommended approach
to TB control [3,4] based on diagnosis by smear
microscopy, a mechanism to ensure drug supplies, a
standardized recording and reporting system, standar-
dized short-course chemotherapy with direct observa-

tion of treatment, and political commitment. DOTS is
now the cornerstone of most national TB control
programmes. However, the observation that even good
DOTS programmes are failing to check the rapid
increase in TB cases in countries with a high pre-
valence of HIV has stimulated the search for new ways
to manage TB epidemics [5].

The alternative to cure is prevention. Since HIV is a
potent risk factor for the development of TB, it should
be possible to avert new TB cases by reducing HIV
transmission through behavioural interventions (pro-
moting condoms, changing sexual behaviour, etc.),
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boosting patients immunity by treating them with
highly active antiretroviral therapy (HAART) [6] or by
treating latent TB infection (TLTI), usually through 6–
9 months’ treatment with isoniazid [7]. Previous studies
have attempted to calculate the number of TB cases
and deaths that can be averted by finding and treating
active TB during the course of HIV epidemics [8–10],
but none has evaluated the curative approach against
the three principal means of prevention. This study
compares the effectiveness of preventive and curative
methods for the control of TB in high HIV prevalence
settings using a dynamical model of TB driven by HIV.
Bayesian methods are used to fit the model to the
available data on TB and HIV and to determine
confidence limits (CL) for parameter estimates and
projections. The goal is to compare the benefits of TB
treatment with TB and HIV prevention and so provide
practical guidance to those responsible for averting the
300 000 or more HIV-related TB deaths that occur
each year [1].

Methods

Mathematical model of TB–HIV
An earlier compartmental model of TB–HIV epidemi-
ology [8] was reduced to a single age class (adults 15–
49 years), but the options for TB control were
extended by including three preventive methods as
well as case detection and cure. The model was written
in Visual Basic and combined a dynamical model of
TB progression with a statistical model of HIV pre-
valence. Figure 1 illustrates the general structure of the
simulation model, which is described in full in the
supplementary material (www.who.int/gtb and www.
AIDSonline.com) where parameter values and data
sources are also given.

The model is made up of two submodels, the first
describing the transitions between states for individuals
who are not infected with HIV, or who are in the
early stages of HIV (stages 1 and 2 of the WHO staging
system [11,12]) and the second describing transitions
for those in the later stages of HIV. Active TB can arise
through any of three mechanisms. Those who acquire
a new TB infection either develop progressive primary
disease within 1 year or enter a latent state from which
TB can arise by reactivation or reinfection. A propor-
tion of individuals who are latently infected can also
develop TB within 1 year of reinfection. Active TB
may be infectious or non-infectious. A separate HIV
model determines the incidence of HIV in each time
step and is used to determine the rate at which people
move from one TB submodel to another. After
approximately 4 years, the time lag between HIV
infection and late-stage HIV (defined here as WHO
stage 3 [12,13]), this number of individuals move from

the first submodel to the corresponding state (TB
uninfected, latently infected) in the second submodel.
During the later stages of HIV, coinfection leads to a
greatly increased risk of developing TB, though a
smaller fraction of those with active TB become
infectious. Individuals with late-stage HIV infections
(WHO stages 3 and above) also have higher death
rates, with and without active TB.

Reasonably good data are available for the prevalence
of HIV infection over time in the countries of interest
but the future course of the epidemic is much less
certain. The available data for the HIV prevalence over
time was fitted to a double logistic function (see
supplementary material at www.who.int/gtb and
www.AIDSonline.com), which allows one to vary the
initial rate of increase, the peak prevalence, the final
steady-state prevalence and the rate of convergence to
the steady state. The fitted prevalence is then used to
estimate the incidence of HIV. The flexibility of the
HIV model allows a range of scenarios to be explored
for the future course of the HIV epidemic.

Fitting the model to data
A Bayesian methodology was used to fit the model to
the available data [14,15]. Prior estimates of the
distribution of each parameter are combined with the
distribution of the likelihood function (obtained by
fitting the model to the available data) to give the
posterior distribution. Prior distributions for the para-
meters describing transitions between TB states were
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Fig. 1. Outline of the tuberculosis (TB) submodel. In the
full model [see Methods, and supplementary material
(www.who.int/gtb and www.AIDSonline.com)], active TB
may be infectious or non-infectious, with movement allowed
from active non-infectious disease to active infectious dis-
ease. An identical submodel, with different parameter values,
describes those with HIV. Death can occur in any state, but
death rates are higher for patients with active disease.
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obtained from published studies (see supplementary
material at www.who.int/gtb and www.AIDSonline.
com), while prior distributions of the parameters
describing the HIV epidemic were obtained by fitting
the HIV model to HIV prevalence data from antenatal
clinics in the relevant countries [16]. The likelihood
function was determined by fitting the model output to
estimates of TB incidence from each country [3].
Posterior probability distributions for the parameters
were obtained using importance sampling, together
with a standard optimization routine [15,17–19].

With the Bayesian approach, if more information is
available from the prior distribution than from the new
data for a particular parameter, the posterior distribu-
tion will depend mainly on the prior information.
Conversely, if the prior information on a particular
parameter is weak and the data constrain the parameter
to a relatively small range of values, the posterior
distribution will depend mainly on the likelihood func-
tion.

Confidence intervals around each series of projected
TB incidence and death rates were obtained by carry-
ing out 1000 simulations using parameter values ran-
domly chosen from the posterior distributions.
Uncertainty analysis was used to identify the compo-
nents of the model that most influenced our results,
judging sensitivity from partial rank correlation coeffi-
cients calculated between each outcome measure and
each of the parameters in the model [20].

Partial rank correlation coefficients show that the
parameters responsible for most of the uncertainty in
model outputs are those for which there is least
information, i.e. those describing the effect of HIV
infection on the course of TB. They are, for those with
HIV, the rate of progression from coinfection to active
TB, the proportion infectious of those with active TB,
the death rate of those with TB and the relapse rate to
active TB among those who have failed treatment.

The accuracy of the results depends on the structure of
the TB–HIV model as well as the parameter values.
Although a simpler model may still have captured the
main features of the data, the model structure is the
simplest that could be used to explore all of the
interventions considered in this study.

Interventions
The TB case detection rate is the proportion of new,
active cases that are found and begin treatment during
a given time period. The cure rate is the proportion of
those who are treated that become non-infectious and
are at no additional risk of dying from TB. It is
assumed that cured TB patients uninfected with HIV,
or in the early stages of HIV infection, remain infected
with TB; those that have late-stage HIV infections

return to the TB uninfected state, which gives them
some immunity against developing active TB. Among
patients that fail treatment, a proportion remains
infectious; the remainder do not transmit TB but have
a high probability of relapsing to active disease, com-
pared with patients that were deemed to have been
cured at first treatment.

The main effect of TLTI is to eliminate the chance of
developing active TB for 70% of infected people who
receive it; the other 30% are assumed to receive no
benefit [21,22]. Ideally, TLTI is given only to those
who are already infected with TB (and never to those
with active disease); however, TB infections cannot
always be identified by tuberculin skin-testing, espe-
cially in anergic subjects coinfected with HIV [7].
Therefore HIV infection was used as the criterion for
the administration of TLTI, and coverage was meas-
ured as the fraction of patients that receive one course
of treatment between initial HIV infection and death.
It was assumed that those given TLTI are protected
from TB infection for the duration of treatment [23].
Treatment is either for 6 months or for life; patients
treated for 6 months return to the state whence they
came, either latent or uninfected.

By reducing TB prevalence among HIV-positive in-
dividuals, the death rate of those in late-stage HIV was
effectively reduced, thereby increasing the late-stage
HIV population. It is assumed, however, that this has a
negligible effect on HIV transmission and we do not
include a corresponding rise in HIV incidence.

In our model, HAART prevents patients from moving
from early- to late-stage HIV infection, effectively
preventing a patient’s HIV infection from progressing
so long as they continue to take the appropriate
combination of drugs. Since the increase in life ex-
pectancy of patients taking HAART (as currently
formulated) is estimated to be 5–7 years [24–26], or
less [27], this is an optimistic view of the effectiveness
of HAART. As yet, there are few data on compliance
with HAART; to explore the full potential of antire-
troviral therapy, plus one scenario that is more realistic,
annual dropout rates of 0% or 20% have been used
[28]. There is no explicit allowance for the emergence
of drug resistance under HAART, and it is assumed
that HAART has no impact on HIV transmission. The
coverage of interventions that do reduce HIV transmis-
sion (condoms, change of sexual behaviour, etc.) is
expressed in terms of the effects on HIV incidence
(e.g., reducing the annual HIV incidence rate by 1%
from the point of intervention onwards).

The impact of interventions were measured over and
above present levels of coverage. For the TB treatment
measures, it was assumed that 50% of the new
infectious TB cases that arise each year are detected

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Tuberculosis driven by HIV Currie et al. 2503



and 70% of these are cured, which is thought to be
typical for sub-Saharan Africa [3]. For HAART, cover-
age is measured as the fraction of HIV-infected persons
progressing to AIDS that receive antiretroviral drugs.
Similarly, the coverage of TLTI is measured as the
fraction of HIV-infected persons (including all TB and
HIV coinfected persons) given one course of treatment
between HIV infection and death. For condoms and
other measures designed to prevent infection, coverage
was express in terms of its effect on HIV incidence,
applying a fixed percentage reduction in annual HIV
incidence from the point of intervention onwards. For
all three of the preventive measures, it was assumed
that coverage was negligible prior to the modelled
interventions. Consequently, there is great potential to
improve on prevention, much less to improve on cure.

Analysing the model output
The model was first used to generate a reference TB
epidemic for a country with a high prevalence of HIV
infection. Kenya was chosen because reasonably good
data are available both for HIV and TB, and because
the epidemic is more advanced in Kenya than in some
African countries (such as South Africa), but less
advanced than in others (such as Uganda). It is not

known, and the data do not show, whether the
prevalence of HIV will continue to rise, remain steady
or fall, so three different underlying HIV epidemics
have been considered in which prevalence, in the
absence of any further intervention, levels off at its
current value, increases by half or falls by half.

To explore the generality of these findings, the model
was also fitted to data from Uganda and South Africa
[16], where the HIV epidemics are, respectively, more
and less advanced.

Results

Figure 2a gives three possible projections for the HIV
epidemic in Kenya, each of which is consistent with
the available data and corresponds to the HIV preva-
lence levelling off at 50%, 100% or 150% of current
levels. If HIV prevalence declines in Kenya, even
without additional interventions, TB incidence is ex-
pected to fall (Fig. 2b), with a time lag equal to the
estimated time lag between HIV infection and progres-
sion to WHO stage 3 (or late-stage HIV), approxi-
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Fig. 2. Projected tuberculosis (TB) incidence with varying trajectories for the Kenyan HIV epidemic. (a) Three possible
trajectories for the Kenyan HIV epidemic, expressed as adult HIV prevalence. Points are estimates of antenatal clinic prevalence
[16]. (b–d) Lines are projected TB incidence in adults (with 95% confidence limits for the fitted lines) when HIV prevalence
stabilizes at 50%, 100% or 150%, respectively, of its current value as shown in (a). Data points (with 95% confidence limits) give
the incidence of TB among adults [3].
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mately 4 years [11,12]. If HIV prevalence stabilizes or
continues to increase, then the number of TB cases is
also expected to increase (Fig. 2c,d), by about 20% for
constant HIV prevalence and by approximately 60% for
a 50% increase in HIV prevalence.

Figure 3a shows the impact on TB incidence and
Figure 4a the impact on TB deaths of a 10% increase in
coverage of each intervention for the epidemic in
which HIV prevalence stabilizes at its current level.
Note, in particular, that while reducing HIV incidence
has little impact on TB incidence in the short term it
has the greatest impact in the long term.

The relative effectiveness of the different interventions
is judged first by applying and maintaining the same,
small improvements in coverage and recording conse-
quent reductions, over 10 and 20 years, in the num-
bers of new TB cases (Fig. 3b,d) and TB deaths (Fig
4b,d). Larger HIV epidemics generate larger burdens
of TB, and more cases (Fig. 3) and deaths (Fig. 4) are
averted by each intervention. In all scenarios consid-
ered, the most effective way to reduce TB incidence is
by increasing TB case detection and cure rates (Fig.
3b,d); however, over 20 years, reducing HIV inci-
dence is not significantly worse than improving case

detection and cure rates for TB. The most effective
way to avert TB deaths (Fig. 4b,d) is by improving
case detection. For both TB cases and TB deaths,
TLTI is relatively ineffective, even with lifelong
treatment. HAART is also relatively ineffective, espe-
cially when compliance is less than 100%. While the
relative impact of the different interventions is similar
over 10 and 20 years, the benefits of reducing HIV
incidence become more pronounced over the longer
time scale, i.e. after a time delay exceeding the time
spent in the early stages (WHO stages 1 and 2) of
HIV (Figs 3a and 4a). Nonetheless, reducing HIV
incidence is not expected to have as great an impact
on TB incidence or deaths within the next 20 years as
finding and treating those with active TB (Figs 3d and
4d).

Since unit changes in the coverage of very different
interventions are unlikely to be equally feasible or
equally costly, their impacts were also compared when
each is exploited to its full potential and coverage is
increased to 100%. Under these circumstances,
HAART has the greatest impact on TB incidence (Fig.
3c) and is as good as 100% case detection in preventing
deaths (Fig. 4c). TLTI remains relatively ineffective
(Figs 3c and 4c).
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Fig. 3. Projected changes in tuberculosis (TB) incidence in Kenya when HIV prevalence stabilizes at its current value. (a) The
impact of interventions on TB incidence. The coverage of each intervention was increased by 10% from the start of 2002
onwards. (b) Expected reductions in the number of TB cases over 10 years when the coverage of interventions is increased by
1%, and when HIV prevalence stabilizes at 50% (red), 100% (blue) or 150% (green) of its present value. (c) Expected reductions
in the number of TB cases over 10 years when coverage is increased from baseline to 100%. (d) As (b) but with impact measured
over 20 years. HAART, highly active antiretroviral therapy; TLTI, treatment of latent TB infection. Error bars give 95% confidence
limits for the point estimates.
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A third way of comparing interventions is to ask what
improvement in coverage would be needed to match
the impact of a 5% increase in the case detection rate,
over the baseline level of 50%. The same reduction in
the number of TB cases over 10 years could be
obtained by any of the following means: reduce HIV
incidence by 24% (95% CL, 15–40); increase the
coverage of HAART from 0 to 21% (95% CL, 13–
29), assuming 20% dropout each year; provide 6
months’ TLTI to 33% (95% CL, 17–55) of all HIV-
infected persons; or increase the TB cure rate from 70
to 76% (95% CL, 75–78). Therefore, all interventions,
except augmenting the TB cure rate, require relatively
large increases in coverage to compete with a 5%
improvement in case detection.

A similar exercise was carried out for Uganda, where
the HIV epidemic occurred earlier than that in Kenya,
assuming that HIV prevalence would decline to 50% of
its peak, and for South Africa, with a later epidemic
than Kenya, assuming that HIV prevalence would
remain constant at its 1999 level; the results are shown
in Fig. 5. It was expected that the number of TB cases
in Uganda would start to fall in the near future,

irrespective of any change in control efforts, because
the prevalence of HIV peaked around 1991 and has
fallen by about 50% since then [29]. There are also
signs that TB incidence is no longer increasing as
quickly as in the 1990s (Fig. 5a). Despite the differences
between the Ugandan and Kenyan TB and HIV
epidemics, the preventive measures are, again, much
less effective than the curative measures at averting TB
cases and TB deaths (Fig. 5c,e). South Africa appears to
be on the threshold of a very large TB epidemic,
driven by HIV. With no additional interventions, a
twofold increase in TB incidence is forecast before
2010, above a rate that is already very high, whatever
the future course of the HIV epidemic. Nonetheless,
curative measures are, per unit improvement in cover-
age, still the best way to diminish TB incidence, as for
Uganda and Kenya (Fig. 5d).

Discussion

At first sight, these results appear paradoxical. Three
different analytical approaches all indicate that the best
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Fig. 4. Projected changes in tuberculosis (TB) deaths in Kenya when HIV prevalence stabilizes at its current value. (a) The
impact of interventions on TB deaths per 100 000 population. The coverage of each intervention was increased by 10% from the
start of 2002 onwards. (b) Expected reductions in the number of TB deaths over 10 years when the coverage of interventions is
increased by 1%, and when HIV prevalence stabilizes at 50% (red), 100% (blue) or 150% (green) of its present value. (c)
Expected reductions in the number of TB deaths over 10 years when coverage is increased from baseline to 100%. (d) As (b) but
with impact measured over 20 years. HAART, highly active antiretroviral therapy; TLTI, treatment of latent TB infection. Error
bars give 95% confidence limits for the point estimates.
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way to manage TB epidemics driven by HIV is to find
and treat TB cases rather than to prevent or mitigate
the effects of HIV infection. These results are robust to
uncertainties in the values of model parameters and are
similar for early (Uganda), intermediate (Kenya) and
late (South Africa) epidemics. The principal explanation
for this finding is that curative measures reduce deaths
and decrease transmission in all patients with TB,
irrespective of whether patients are infected with HIV.
By contrast, the preventive methods are directed at
people coinfected with TB and HIV, who typically
represent only one-third to one-half of the sources of
new TB cases in eastern and southern Africa [1]. In
addition, while preventing HIV infection removes the
underlying cause of rising TB incidence, the benefits
only begin to appear after approximately 4 years

[10,11], the time lag between HIV infection and late-
stage HIV (WHO stage 3). Taken together, these
arguments suggest that preventive measures will work
best when intervening early in the course of a large
HIV epidemic

The short-term practical advantage of pursuing curative
measures is that national TB control programmes in
many African countries are already implementing the
WHO DOTS strategy [3]. Coverage can, therefore, be
improved by strengthening existing programmes. In
Uganda, increasing case detection by only 1% could
avert 3200 cases and prevent 2000 deaths from TB over
the next 10 years. In Kenya, where the HIV epidemic
has not yet started to decline, this could avert 6700
cases and 4900 deaths from TB; in South Africa, where
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Fig. 5. Expected numbers of tuberculosis (TB) cases and deaths averted under different interventions in Uganda (left) and
South Africa (right). (a,b) Fitted and projected trends in TB incidence; error bars show 95% confidence limits, the upper and
lower lines are 95% confidence limits for the fitted lines. (c,d) Expected reductions in the number of TB cases over 10 years
when the coverage of interventions is increased by 1%. (e,f) Expected reductions in the number of TB deaths over 10 years when
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give 95% confidence limits for the point estimates.
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HIV is much more prevalent and where the back-
ground rate of TB is already high, a 1% increase in case
detection could avert approximately 29 000 cases of TB
and 22 000 TB deaths over the next 10 years. Greater
improvements in case detection would, of course, lead
to even greater impacts, and improving cure rates
would also increase the impact.

However, even if DOTS is necessary to contain the
HIV-related epidemics of TB, it may not be sufficient
to bring such epidemics under control for two reasons.
First, although curing TB is relatively effective, the
results of this analysis suggest that curative programmes
on their own will stabilize, but not reverse, TB
incidence and deaths. Second, methods for preventing
and ameliorating the effects of HIV infection will be
essential for tackling AIDS in general, as distinct from
HIV-related TB in particular.

We have not attempted here to evaluate the wider
benefits of HAART, or of reducing HIV transmission.
Rather, our goal has been to reconsider the balance of
activities undertaken by national TB control pro-
grammes and to provide guidance on the advantages of
prevention as compared with cure. Our principal
recommendation is that these programmes should con-
tinue to strengthen their curative services, using pre-
ventive measures in addition to, but not as a substitute
for, finding and treating those with active TB.
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