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Abstract

Objective—Extending the duration of isoniazid preventive therapy (IPT) among people living 

with HIV (PLHIV) may improve its effectiveness at both the individual and population level, but 

could also increase selective pressure in favor of isoniazid resistant tuberculosis (TB) strains. The 

objective of this study was to determine the relative importance of these two effects.

Methods—Transmission dynamic model

Design—We created a mathematical model of TB transmission incorporating HIV incidence and 

treatment, mixed strain latent TB infections, and four different phenotypes of TB drug resistance 

(pan-susceptible, isoniazid mono-resistant, rifampicin mono-resistant, and multi-drug resistant). 

We used this model to project the effects of IPT duration on the incidence of isoniazid-sensitive 

and -resistant TB as well as mortality among PLHIV. We evaluated the sensitivity of our baseline 

model, which was calibrated to data from Botswana, to different assumptions about the future 

trajectory of the TB epidemic.

Results—Our model suggests that, in the context of a declining TB epidemic such as that 

currently observed in Botswana, the incidence and mortality benefits of continuous IPT for PLHIV 

are likely to outweigh the potential resistance risks associated with long duration IPT. However, 

should TB epidemics fail to remain in control, as was observed during the initial emergence of 

HIV, the selective pressure imposed by widespread use of continuous IPT on isoniazid resistant 

TB incidence may erode its initial benefits.
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Conclusions—Resistance concerns are likely insufficient to rule out use of continuous IPT 

when coupled with effective TB treatment, case finding, and HIV control.
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competition

Introduction

The World Health Organization currently recommends at least 6–9 months of isoniazid 

preventive therapy (IPT) for all people living with HIV (PLHIV) deemed unlikely to have 

active tuberculosis (TB) on the basis of symptom screening [1]. Several clinical trials have 

demonstrated an individual-level efficacy of IPT for preventing TB among PLHIV [2]. 

Longer follow-up studies on the risks of TB after stopping IPT, however, suggest that the 

duration of protection post-IPT varies based on setting and may be lost almost immediately 

[3–6]. Community-wide IPT was demonstrated to have no effect on TB incidence within the 

Thibela study, an observation that has been at least partly attributed to rapid loss of 

protection from re-infection after IPT and could also suggest that 9 months of IPT are 

insufficient to clear latent TB strains among PLHIV [7–10].

A continuous, lifelong course of IPT has been suggested as a potential way to increase the 

community-wide impact of IPT [7]. At the individual level, clinical trials have shown an 

increased efficacy of 36 months of IPT, intended as a proxy for lifelong treatment, compared 

to the standard 6-month regimen [11, 12]. Despite these potential benefits, prolonging the 

course of IPT could exacerbate concerns about the risk of side effects and potential for 

increased isoniazid resistance. Martinson et al. found a greater risk of serious adverse effects 

on continuous IPT as compared to shorter duration regimens [13]. While the analysis of 

published literature included in WHO IPT guidelines concluded that IPT does not increase 

the risk of isoniazid-resistant TB among IPT recipients (graded “strong recommendation, 

moderate quality of evidence”), this analysis was based on clinical trials of IPT that used 

stricter criteria to exclude active TB than the WHO recommended symptom-screening 

algorithm. Furthermore, the included studies were not powered to assess risks of resistance 

[1, 14]. This analysis also did not consider the potential competitive advantage that 

community-wide IPT could confer to isoniazid resistant TB strains at the population level 

[15–17].

Several modeling studies have previously assessed the potential impact of widespread IPT 

use among PLHIV on the incidence of both isoniazid sensitive and isoniazid resistant TB 

[16, 18, 19]. However, these studies have not specifically investigated the impact of different 

IPT durations, and have not accounted for multiple pathways to multi-drug resistant (MDR) 

TB. They have also typically offered little guidance as to the conditions under which the 

potential benefits of IPT are most likely to outweigh increased risks of resistance. Because 

many of these models were constructed and parameterized before widespread availability of 

antiretroviral therapy (ART) and at time when TB incidence was rising, the applicability of 

their findings to conditions in which TB incidence is declining is unclear.
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For this analysis, we created a mathematical model to assess the potential impact of variable 

durations of IPT on overall mortality among PLHIV over a range of epidemic scenarios. 

Unlike previous models, our analysis explicitly explores the potential multi-faceted effects 

of IPT on the incidence of pan-sensitive, isoniazid mono-resistant, rifampicin mono-

resistant, and MDR TB. The motivation for this work was to understand whether the benefits 

of longer durations of IPT are likely to outweigh resistance risks in settings where HIV 

treatment has improved TB control. Our baseline scenario was chosen and the most 

uncertain parameters were estimated based on historical trends and future projections of the 

TB-HIV co-epidemic in Botswana.

Methods

To assess the potential impact of continuous vs. 6-month IPT on the incidence of isoniazid 

resistant TB in Botswana, we created a compartmental transmission model accounting for 

the natural history of TB, the incidence of HIV and uptake of ART, and the acquisition and 

transmission of TB drug resistance in this setting. Our modeling strategy is described briefly 

below and in more detail in the Appendix. The model was implemented in R version 3.2.0 as 

a series of delay differential equations numerically integrated using package deSolve.

Model Overview

The basic structure of our model is shown in Fig 1. With respect to TB, individuals in the 

model may be fully susceptible, latently infected, actively infected, or receiving treatment. 

Initial infection moves individuals from the susceptible compartment to either the active TB 

(fast progression) or latently infected (slow progression) compartment. People who are 

latently infected may become actively infected via either reactivation or reinfection. We 

assume that initial infection affords partial but incomplete protection against future 

reinfection.

Episodes of active TB in the model may result in death, spontaneous cure, or initiation on 

treatment. Treatment episodes may result in successful cure, leading to return to latent 

infection, or in treatment failure, resulting in relapse to active disease either with or without 

acquired resistance. The treatment a patient receives depends on their drug susceptibility 

profile and whether drug resistance is detected by their healthcare provider. We assume that 

all newly diagnosed patients initially receive first-line TB treatment, but starting in 2008 

allow a proportion of individuals failing their initial treatment course to receive drug 

susceptibility testing and appropriate retreatment [20].

With respect to HIV, individuals in the model may be uninfected, infected and undetected 

(i.e. not receiving ART), or infected and detected (i.e. receiving ART if eligible). Individuals 

with detected HIV are also eligible for IPT. Our model of HIV is not a transmission model in 

that the number of new HIV infections does not reflect the interaction between susceptible 

and infected individuals in the model, but is instead based on UNAIDS Botswana HIV 

incidence projections (UNAIDS 2015, unpublished data).

We account for four phenotypes of drug resistant TB in this model: pan-sensitive, isoniazid 

mono-resistant, rifampicin mono-resistant, and multi-drug resistant (MDR, resistant to both 
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isoniazid and rifampicin). We assume that patients receiving treatment are at risk of 

developing resistance to both isoniazid and rifampicin. We also assume that patients 

receiving IPT are at risk of developing resistance to isoniazid, with rates depending on 

whether they are latently infected or have active TB disease (we assume imperfect sensitivity 

of symptom screening such that a small number of individuals with active disease may be 

initiated on IPT [21]). During the latent stage, individuals in the model may be infected by 

multiple strains with the same or varying resistance types; however, we assume that 

progression to active infection acts as a bottleneck, with only one strain dominating (as in 

[16]). Specifically, we assume that the dominant strain is determined at the time of each 

(re)infection event, but may switch if IPT is applied to a latently infected individual with a 

dominant strain that is isoniazid sensitive and non-dominant strain that is isoniazid resistant.

All individuals are assumed to enter the model HIV susceptible at age 15. We allow 

individuals to be latently infected with at most one TB strain at the time of model entry, with 

rates determined by the annual risk of infection over the previous 15 years. We do not 

include a detailed demographic model, and instead allow for a rate of entry that maintains a 

fairly consistent population size throughout our predictions.

Historical IPT use in Botswana is incorporated from 2004–2008 by allowing patients started 

on ARVs during that time to receive IPT for a mean duration of 3 months [22, 23]. 

Otherwise we assume no individuals receive IPT until 2017. We focus our analysis on the 

potential impact of different IPT strategies from 2017 onwards.

Parameterization

We allow the rates of TB infection, progression, and other natural history parameters to vary 

depending on whether a person is HIV uninfected, HIV infected and undetected, or HIV 

infected and detected. Treatment success is also allowed to vary based on both HIV status 

and resistance pattern. We assume that the majority of these parameters are known with 

certainty, with values chosen based on a review of the literature. The remaining 18 

parameters were assigned prior distributions based on this literature review. Our estimates of 

these parameters were then refined using Bayesian melding [24, 25] by comparing model 

outputs to published estimates of TB incidence, TB prevalence, HIV prevalence, HIV 

prevalence in TB cases, and the coverage of antiretroviral therapy in Botswana from 1990–

2013, as well as data from four TB drug resistance surveys conducted over the same time 

period [26–28].

Several of our parameters were allowed to vary over time to reflect observed trends in TB 

and HIV control in Botswana. These parameters include the rate of HIV infection, the rate at 

which PLHIV are started on ART, the TB case detection rate, and the rate of second-line 

treatment, and are discussed in more detail in the Appendix.

IPT Implementation & Impact

Individuals receiving IPT experience several different effects (Table 1). First, we assume that 

individuals cannot be infected or reinfected by isoniazid sensitive TB strains while receiving 

IPT. Second, we assume that the reactivation rate of pre-existing isoniazid sensitive 

infections is reduced for individuals receiving IPT. IPT may either clear these strains 
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completely or suppress them only during the time that the individual is receiving IPT [8, 9]. 

If IPT is able to clear these strains, individuals may either retain or lose partial immunity to 

reinfection. Latently infected individuals may acquire resistance to isoniazid at a low rate; 

this rate is much higher for individuals with active TB inadvertently receiving IPT. Actively 

infected individuals receiving IPT may also be cured at low rates reflecting those of the 

initial trials of isoniazid alone [29, 30]. We allow individuals receiving IPT to experience a 

small excess mortality rate due to adverse effects, but do not assess other potentially 

burdensome aspects of long-term IPT use on individuals or the health system.

Beginning in 2017, we implement and compare four different IPT scenarios: no IPT, short-

term IPT (mean duration 6 months plus additional dropout), realistic continuous IPT 

accounting for dropout (median duration 4.7 years, similar to [13]), and perfect continuous 

IPT assuming no dropout. A sensitivity analysis assuming lower adherence rates is included 

in the Appendix. We introduce a brief catch-up period in the beginning of 2017 to allow 

individuals already started on ART to receive IPT; from that point forward, people may only 

receive IPT upon HIV detection. Individuals may choose not to receive IPT, and those with 

active TB may be detected by symptom screening prior to IPT initiation and instead started 

on treatment for active TB. This paper does not address the effect of secondary IPT after 

completion of treatment for active disease.

Outcomes

The outcomes we investigated included TB incidence (both overall and by resistance type), 

mortality rate among PLHIV, and cumulative mortality among PLHIV. Because population-

level changes in resistance may not be evident for several years, we present our results from 

the start of IPT in 2017 through 2050, recognizing that the recommended treatment 

regimens may very well change within that time. We present results both for a baseline 

scenario motivated by the epidemic in Botswana and for scenarios with higher future 

transmission, reflecting trends more similar to those seen in the pre-ART era.

Results

Here we describe the results of our analysis both for our baseline Botswana scenario, in 

which transmission is declining based on WHO estimates and our model predictions, and for 

scenarios with higher transmission post-2017.

Baseline Botswana Results

Figure 2 shows the projected incidence of pan-sensitive, rifampicin mono-resistant, isoniazid 

mono-resistant, and MDR TB in Botswana for the range of IPT durations. Our model 

projects that longer IPT durations will decrease the incidence of pan-sensitive and rifampicin 

mono-resistant TB through at least 2050 (assuming no changes in treatment, policy, etc). We 

also predict that longer durations of IPT will increase the incidence of isoniazid mono-

resistant and MDR TB.

IPT has the greatest impact in absolute terms on the incidence of drug sensitive TB. Figure 3 

shows projections of different IPT durations on overall TB incidence, mortality rate among 

PLHIV, and cumulative mortality among PLHIV relative to no IPT. Under our baseline 

KUNKEL et al. Page 5

AIDS. Author manuscript; available in PMC 2017 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



scenario, we predict that longer durations of IPT will decrease the overall incidence of TB 

through 2050 despite increases in the incidence of isoniazid mono-resistant and MDR TB. 

We similarly predict that longer durations of IPT will provide overall mortality benefits to 

our population through at least 2050, suggesting that the projected increases in isoniazid 

resistance are not sufficient to outweigh the benefits of decreased overall TB incidence 

under this scenario.

The initial program providing IPT to PLHIV in Botswana beginning in 2004 was stopped in 

2008 after an observed increase in isoniazid resistance between the 2002 and 2008 drug 

resistance surveys; it was unclear, however, how much of this increase could be attributed to 

the IPT program [22, 23, 26]. By comparing our baseline model results from these two time 

periods with a counterfactual scenario under which no IPT was provided, we estimate that 

12.8% (95% quantiles 9.2%, 16.9%) of the increase in drug resistance from 2002 to 2008 

was a result of the IPT program, with the remainder reflecting trends in treatment and 

transmission.

Sensitivity of Findings to Projected Epidemic Trajectory

Under our baseline scenario, we predict substantial decreases in overall TB incidence 

through 2050 even in the absence of IPT, reflecting UNAIDS HIV incidence projections and 

expanded access to antiretroviral therapy. However, these observed trends could be subject 

to unforeseen events or changes, whether technological, medical, or political; they also may 

limit the generalizability of our results to other settings. Therefore, we also explored the 

effect of IPT duration on the incidence of both isoniazid sensitive and isoniazid resistant TB 

under assumptions of constant or increasing TB transmission after 2017. Although the 

highest transmission scenario in particular is not reflected by current trends, we include 

these scenarios to facilitate comparison with the previous models that demonstrate the 

potential selective pressure exerted by IPT in favor of resistant strains [16, 18], and to 

provide projections for what could happen if conditions changed such that TB incidence was 

allowed to increase again.

Figure 4 shows the incidence of isoniazid resistant (mono-resistant plus MDR) and overall 

TB, as well as cumulative mortality among PLHIV, under different durations of IPT when 

the transmission parameter is increased 1.25x, 1.5x, or 1.75x that of our baseline scenario 

beginning in 2017. Longer durations of IPT have a stronger effect on the incidence of 

isoniazid resistant TB under these higher transmission scenarios. When transmission is 

sufficiently high, the expected increase in isoniazid resistant TB outpaces the decrease in 

isoniazid sensitive TB within 25 years or less. However, the average cumulative mortality 

remains lowest for the longest IPT duration scenario through 2050 even for the highest 

transmission scenario..

Discussion

We created a mathematical model to examine the potential impact of implementing IPT 

programs of varying durations among PLHIV in Botswana and explored the sensitivity of 

these results to assumptions about future TB transmission trends. Our model consistently 

predicts longer durations of IPT to decrease incidence of isoniazid sensitive TB and increase 
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incidence of isoniazid resistant TB. However the relative importance of these two effects 

varies depending on the future trajectory of the epidemic. In a declining epidemic such as 

our baseline Botswana scenario, we predict the benefits of continuous IPT for PLHIV to 

outweigh the risks of increases in isoniazid resistance through at least 2050. If we allow for 

greater future transmission, however, the initial incidence and mortality benefits of longer 

IPT durations may subsequently be eroded by substantial increases in the incidence of 

isoniazid resistant TB. This finding likely reflects an increased importance of the selective 

pressure imposed by IPT relative to other resistance mechanisms when transmission is high 

[17], and is consistent with the results of previous models constructed at an earlier phase of 

the HIV epidemic when TB incidence was increasing [16, 18].

TB transmission trends may be affected by a large range of underlying parameters, including 

potential changes in HIV transmission, population structure, and standards of living, as well 

as the structural assumptions of our model. Our initial assumption was that the transmission 

parameter would remain fixed from 2017–2050, reflecting continued projected advances in 

HIV diagnosis and treatment as well as TB case detection and treatment policies that were 

assumed to be fairly well-functioning. If transmission were instead to increase as seen in the 

pre-ART era, the higher transmission scenarios may provide more realistic projections.

These results suggest that continuous IPT is likely to be most effective in preventing future 

TB transmission when coupled with strong TB and HIV control programs. Using continuous 

IPT in the absence of highly-effective TB and HIV case-finding and treatment, however, 

may result in substantial increases in the incidence of isoniazid resistant TB. Continuous IPT 

should be considered as one of a suite of tools that could be useful for more rapidly reducing 

the burden of HIV-associated TB, and does not decrease the importance of other 

interventions. We also suggest that IPT programs providing widespread and/or continuous 

IPT be accompanied by robust drug resistance surveillance, especially in settings with a high 

prevalence of HIV or where TB transmission is believed to be stable or increasing. Such 

surveillance programs should focus on the absolute incidence of isoniazid resistant TB, 

rather than the proportion of TB cases that are isoniazid resistant, as increases in the latter 

could also reflect expected declines in incidence of isoniazid sensitive TB.

Even under our most pessimistic high transmission scenario, however, the risks of increased 

isoniazid resistance seen in this analysis are not immediate. Longer durations of IPT are 

predicted to lower overall TB incidence and the mortality rate among PLHIV for at least 20 

years on average, and the cumulative mortality advantage of continuous IPT could last much 

longer. The risks of resistance driven by widespread, long duration IPT should therefore be 

weighed against its potential immediate benefits. These future risks could be mitigated by 

future trends in TB research and treatment, particularly in the area of TB drug development. 

Though the use of different drugs for prevention and treatment may not currently be possible 

given the limited number of TB drugs available, continued drug development could make 

this a highly appealing option, either through the development of an effective alternative 

first-line regimen without isoniazid or perhaps even the targeted use of a new drug for 

prevention only [31, 32].
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Apart from resistance, policymakers may have additional concerns about the feasibility of 

and costs associated with continuous IPT, which this model does not address. We allowed 

for a slightly increased mortality risk among people receiving IPT, but did not consider other 

side effects. We also did not fully explore the potential implications of poor adherence, 

though a sensitivity analysis (see Appendix) suggests mortality would be lowest assuming 

continuous IPT even if adherence were reduced.

IPT is a complicated intervention, with population-level impacts potentially affected by 

trends in TB, HIV, and drug resistance. We have attempted to strike a balance between 

simplicity and complexity in our analysis, with parameters informed by published estimates 

whenever possible and assigned wide prior ranges when not. The detailed structure of our 

model afforded us the opportunity to account for complexities avoided in previous models, 

such as the stepwise accumulation of mutations for resistance to isoniazid and rifampicin 

[16, 18, 19]. However, the increased complexity of this model also means that more 

parameters need to be specified, and many of the parameters assumed fixed may not actually 

be known with certainty. The uncertainty intervals presented here reflect these assumptions, 

and thus may underestimate the true uncertainty in our predictions. Similarly, the data used 

to estimate the most uncertain parameters were both limited in scope and based primarily on 

country-wide estimates rather than actual data points. Despite the complexity of the model, 

it also incorporates a number of strong simplifying assumptions and structural elements that 

may constrain the sorts of predictions we can make. In particular, this analysis does not 

incorporate a detailed model of demographic trends in Botswana. The HIV model is also 

simplified and does not fully account for the natural history of HIV infection. Furthermore, 

we relied on UNAIDS HIV incidence estimates rather than creating a full transmission 

model of HIV. These limitations suggest caution should be used in relying on the 

quantitative projections provided in this paper, but are less likely to affect the qualitative 

trends we report here.

In summary, our results suggest that if interventions using longer duration IPT among 

PLHIV could be brought to scale in Botswana or similar settings, we would observe a 

decrease the incidence of isoniazid sensitive (including rifampicin mono-resistant) TB 

through at least 2050. In higher transmission settings, however, IPT could result in large 

increases in the incidence of isoniazid resistant TB that could erode the initial reductions in 

TB incidence, though cumulative mortality remained lowest under the continuous IPT policy 

through 2050 for all explored scenarios. The benefits of continuous IPT are most likely to 

outweigh any increase in resistance when coupled with strong HIV and TB case-finding and 

treatment programs, continued TB drug development, and robust TB drug resistance 

surveillance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Model structure
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Figure 2. 
The effect of IPT duration on TB incidence (new cases per year) by resistance phenotype 

under our baseline Botswana scenario. Solid lines display means and shaded regions display 

95% quantiles of our posterior predictions.
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Figure 3. 
The composite effects of IPT duration on overall TB incidence (left, new cases per year), 

mortality rate among PLHIV (middle, deaths per year), and cumulative mortality among 

PLHIV (right, cumulative deaths per 1,000 PLHIV relative to no IPT). Solid lines display 

means and shaded regions display 95% quantiles of our posterior predictions.

KUNKEL et al. Page 14

AIDS. Author manuscript; available in PMC 2017 November 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
The effects of IPT duration on the incidence of isoniazid resistant and overall TB (new cases 

per year) and cumulative mortality relative to no IPT (cumulative deaths per 1,000 PLHIV) 

when the transmission parameter post-2017 is increased 1.25x, 1.5x, and 1.75x compared to 

our baseline scenario. When transmission is relatively high, longer durations of IPT can 

produce large increases in the incidence of isoniazid resistant TB, eroding their initial 

overall incidence benefits. Solid lines display means and shaded regions display 95% 

quantiles of our posterior predictions.
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Table 1

IPT-related parameters.

Name Description Value References

v Risk ratio: DS reactivations allowed while on 
IPT

Prior: 0.28 (0.10 0.8)
Posterior: 0.29 (0.1,0.8) [11] (TST+)

(not coded) Proportion DS reinfections allowed on IPT 0 assumed

alipt
rate of INH resistance on IPT among people with 

latent TB (year−1)
Prior: 0.025 (0.001, 0.049)

Posterior: 0.025 (0.001, 0.05)
[14] (smaller than resistant rate 

on 1st line therapy)

a
Rate of INH resistance on IPT among people 

with active TB (year−1)
Same as rifampicin-resistant TB on 1st 

line therapy
[33]

γlipt
Rate of removal of latent TB strains on IPT 

(year−1)
Prior: 2.5 (0.125, 4.875)
Posterior: 1.0 (0.03, 4.4) [8]

γipt Cure rate of active TB on IPT (year−1) Same as rifampicin- resistant TB on 1st 

line therapy
[33]

m_ipt_m

Susceptibility to reinfection after removal of 
latent TB strains

1: same as susceptible
0: same as latently infected

Prior: 0.5 (0.025, 0.975)
Posterior: 0.52 (0.02, 0.97) Assume no information

μi mortality rate with detected HIV, on IPT (year−1)
0.0006 + baseline mortality rate with 

detected HIV [11]

μti
mortality rate with active TB, with detected HIV, 

on IPT (year−1)

Same as 1st line treatment rifampicin-
resistant TB (10.6% of people die 

during therapy)
[34–38]

θl
proportion of people with latent TB who receive 

IPT upon HIV detection (>1 dose)

Before 2004: 0
2004–2008: 0.9
2008–2017: 0

2017 on (IPT scenarios): 0.9

assumed

θs
proportion of TB susceptibles who receive IPT 

upon HIV detection (>1 dose)
Same as θl

[1]; WHO recommendations 
don’t require TST

ϕ proportion of people who start IPT after 
successfully finishing treatment 0 assumed

w rate of IPT completion/dropout (year−1)
2.147 (6 month), 0.147 (realistic 

continuous), or 0 (ideal continuous) Dropout based on [13]

e
Rate allowed to start IPT from detected HIV 

compartment (year−1)

Pre-2017: 0
2017-2017.5: 2.77

Post 2017.5: 0

Assume 75% of detected people 
may start IPT

Distributions are reported as median (2.5th percentile, 97.5th percentile). A complete list of all parameters can be found in the Appendix.
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