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Comparisons of Data and Model Output

Here, we compare our model performance prior to IPT implementation in 2017 with the data used to inform the likelihoods for our posterior predictions.  Plots were created by running the model forwards from 1980 over the range of considered parameter sets (see Detailed Methods below for more details). 

HIV Plots


Comparison of model output (red) to UNAIDS (UNAIDS 2015, unpublished data) estimates of HIV prevalence (black) from 1990-2013.  Uncertainty in the estimates was assumed to be the same as from UNAIDS AIDSinfo estimates of HIV prevalence [1]. Solid lines display means and shaded regions display 95% quantiles of our posterior predictions.



Comparison of model output (red) to UNAIDS AIDSinfo estimates of ARV coverage (black) from 2010-2014 [1].  Solid lines display means and shaded regions display 95% quantiles of our posterior predictions.  ARVs were assumed to be unavailable prior to 2003, except for individuals with active TB.


Comparison of model output (red) to WHO global TB program estimates of HIV prevalence in TB cases (black) from 1990-2013 [2].  Solid lines display means and shaded regions display 95% quantiles of our posterior predictions.  



TB Plots


Comparison of model output (red) to WHO global TB program estimates of TB incidence (black) from 1990-2013 [2].  Solid lines display means and shaded regions display 95% quantiles of our posterior predictions.  


Comparison of model output (red) to WHO global TB program estimates of TB prevalence (black) from 1990-2013 [2].  Solid lines display means and shaded regions display 95% quantiles of our posterior predictions.  



Comparison of model output (solid and shaded lines) to the results of the TB drug resistance surveys from 1995, 1999, 2002, and 2008 in Botswana [3].  Solid lines display means and shaded regions display 95% quantiles of our posterior predictions.  


Detailed Methods Narrative

To assess the effects of varying IPT duration, we created a deterministic delay differential equation model with compartments representing both TB and HIV states. The model was parameterized to the TB and HIV epidemics in Botswana using Bayesian melding [4, 5]. 

HIV Model States

The model includes four distinct HIV states: HIV susceptible, infected with undetected HIV, infected with detected HIV and on IPT, and infected with detected HIV, not on IPT (here on, “HIV susceptible,” “HIV undetected,” “on IPT,” and “HIV detected”). The HIV undetected state represents individuals whose HIV status is unknown and who cannot access antiretroviral treatment. To simplify the model, we combine the effects of HIV detection and antiretroviral treatment, such that people with detected HIV experience better outcomes than those whose HIV remains undetected. Within the model, HIV increases the mortality rate, the probability of fast progression among individuals newly infected with TB, and the TB reactivation rate, and reduces the immunity produced by previous TB infection, rate of self cure from active TB, and infectiousness of TB cases per unit time.  We assume that the proportion of TB cases detected prior to death or self cure is independent of HIV status; as a result, TB cases with HIV infection are detected faster on average than those without HIV infection. 

All individuals enter the model HIV susceptible and are infected with rates reflecting UNAIDS estimates of historical HIV incidence in Botswana (UNAIDS 2015, unpublished data). If infected, they first enter the HIV undetected compartment. Their HIV may be detected either through routine testing or upon presentation for treatment of active TB. We assume that all people will receive symptom screening for TB upon routine HIV detection and that actively infected individuals detected through such screening will receive treatment. Otherwise, individuals either begin IPT or move directly into the HIV detected class. No individuals revert from detected to undetected HIV.  A brief catch-up IPT campaign in the first 6 months of 2017 is modeled to allow 75% of people already receiving ARVs to receive IPT; thereafter, only people initiating ARV treatment are eligible for IPT.

TB Model States

The TB portion of the model includes states for individuals who are TB susceptible, latently infected, actively infected, and on TB treatment. Infections may be fast-progressing, moving individuals from the susceptible class directly to active disease, or slow-progressing, moving individuals from the susceptible class into latency. Latent infections may lead to active infection through reactivation or reinfection. Latency provides partial immunity against reinfection. Individuals with active TB experience increased mortality rates, and may return to latency either through self-cure or treatment. People may receive either first-line treatment or appropriate treatment tailored to their resistance pattern.  We assume only first-line treatment is available prior to 2008, and that after 2008 alternative treatments are only available to individuals who have failed their initial treatment course [6]. Both actively infected, untreated individuals and the proportion of treated individuals who fail to achieve treatment success despite surviving therapy contribute to the force of TB infection.  

We assume individuals enter the model at age 15. We allow them to have been previously latently infected during childhood with at most 1 TB strain based on the annual risk of infection over the 15 years prior to model entry.  The calculations used to estimate the proportion of individuals entering the model in each latently infected compartments are provided in the parameter table below.

TB Resistance

We include four TB resistance phenotypes: drug susceptible (DS), isoniazid  (INH) mono-resistant, rifampicin (RMP) mono-resistant, and multi-drug resistant (MDR).  Our model allows for mixed infections with an unlimited number of TB strains during latency, but assumes that progression to active infection acts as a bottleneck with only a single dominant strain surviving and progressing to active disease.  

Within the model, each individual is initially infected with only one TB strain, and may be reinfected from the latent compartment with any strain.  Upon reinfection, the individual either immediately transitions to active disease with the infecting strain, or enters a latent state in which both strains are present. Theoretically, this process may be repeated any number of times, so that a single latently infected person could contain any number of strains with any pattern of resistance. We simplify the analysis by assuming the progression to active disease acts as a bottleneck, with only the dominant strain surviving and causing disease (similar to [7]). The dominant strain may be probabilistically determined at the time of each infecting event; for this analysis, we assume that the newly infecting strain always dominates any previously existing strains. We also assume that IPT is the only condition under which a non-dominant strain may become dominant, and that this will only occur in individuals with both dominant isoniazid sensitive and non-dominant isoniazid resistant strains. At any given time, each person has at most two strains of interest: the strain that will dominate under normal conditions, and (potentially) a second strain that will dominate under the selective pressure of IPT. We therefore restrict our latent states to eight resistance classes (see Table 1) and our active states to four resistance classes representing the four strain types.  We assume individuals with active infection cannot be reinfected until they are cured and return to latency.





 



Parameter Inference Summary

Uncertain model parameters (see Table 2 below) were inferred using data from the HIV and TB epidemics in Botswana using Bayesian melding [4, 5].  The posterior probability of each parameter set is proportional to the product of the prior probability of each parameter set and the likelihood of the observed data given those parameters.  Prior distributions for each parameter were determined based on a review of the literature and are described in more detail in Table 2.  We assumed that these parameters were independent except as otherwise specified.  The data used to define likelihoods are described in more detail below.  We used importance sampling to derive an estimate of the posterior probability distribution for each of the variable parameters.  

Likelihoods

This section describes the data and procedures used to define likelihood functions for our calibration procedure.  

TB prevalence and incidence

We compared model outputs for TB prevalence with WHO global TB program estimates of TB prevalence per 100,000 in Botswana from 1990-2013 [2]. Following [8], we assumed that the uncertainty around the TB prevalence estimates was distributed normally, with standard deviation estimated from the width of the reported confidence intervals. These standard deviations were used to calculate the likelihood of observing the WHO prevalence estimates given the model parameters.  The same procedure was used to derive the likelihood of observing WHO TB incidence estimates for the same years.

HIV parameters

Model estimates of HIV prevalence in TB patients were calculated for 1990-2013 and compared with WHO global TB program estimates [2]. As for TB incidence and prevalence, we assumed uncertainty around these estimates was normally distributed.

Model estimates of HIV prevalence in the general population were calculated for  1990-2013 and compared to UNAIDS estimates of HIV prevalence age 15+ (UNAIDS 2015, unpublished data).  The uncertainty was again assumed to be normally distributed and estimated based on the uncertainty from UNAIDS AIDSinfo estimates of HIV prevalence for the same years [1]. 

We estimated the rate at which people with HIV were started on ARVs from 2003-2009 based on the data reported in [9].  From 2010-2014, we compared model estimates to UNAIDS AIDSinfo estimates of adult coverage of antiretrovirals in Botswana, assuming the uncertainty was normally distributed as above [1].

Drug resistance

The prevalence of rifampicin mono-resistance, isoniazid mono-resistance, and multi-drug resistance among treatment-naive patients were obtained from four drug resistance surveys among new TB cases in Botswana (from 1995, 1999, 2002, and 2008) [3].  We assumed that survey observations were drawn from a multinomial distribution, with the number of observations given by the number of individuals sampled in each survey.  The likelihood of the model parameters was calculated by comparing the proportion of each resistance level among incident TB cases in the model at the time of each survey and the observed probabilities of isoniazid resistance (except MDR), rifampicin resistance (except MDR), and multi-drug resistance from each survey.

Model Initialization 

We assume that TB prevalence had reached an equilibrium value in the pre-treatment, pre-HIV era.  The inferred parameter “equil_prev” represents the equilibrium prevalence of active TB that we would expect in the absence of TB treatment and HIV.  This parameter is then used to derive both the TB transmission parameter and the prevalence of latent TB for a given parameter set.  The model is started in 1980 with initial conditions given by these pre-HIV, pre-treatment equilibrium values.

The equations used to relate the equilibrium prevalence of TB to the transmission parameter and prevalence of latent TB are as follows (with parameters as defined in the following parameter tables):





 

Implementation

The model was numerically integrated forward from the initial conditions above in R using the function “dede” for delay differential equations in package deSolve.

57

Initial importance sampling distributions were derived based on the conditional distributions along each variable parameter near the mode of the posterior.  These distributions were refined based on the shape of the resulting marginal posterior distributions.  Our final results are based on 100,000 initial samples of the importance distributions, followed by 10,000 parameter sets resampled (with replacement) according to the importance weights.  Our final marginal posterior distributions for each parameter are provided below. Throughout the paper, we report mean projected outcomes for these 10,000 parameter sets as well as 2.5th and 97.5th percentiles.

Table 2: Prior distributions on variable parameters


	Parameter
	Description
	Distribution
	Lower (bound if uniform, else 2.5th percentile)
	Upper (bound if uniform, else 97.5th percentile)
	Median
	Citations

	General TB and HIV parameters

	equil_prev
	TB prevalence at equilibrium before treatment and HIV
	uniform(0.005, 0.02)
	500/100,000
	2000/100,000
	1250/100,000
	[10, 11]

	ac 
	ARV effectiveness parameter.
ac=1: ARVs have no effect
ac=0: On ARVs, functionally HIV-
	logitnormal(0, 0.707)
	0.2
	0.8
	0.5
	 [12-15]

	z_fixed
	rate starting ARVs post-2008
	lognormal(-1.092,0.411)
	0.15
	0.75
	0.34
	- 

	h_m
	multiplier on HIV incidence
	lognormal(0,0.114)
	0.8
	1.25
	1
	- 

	TB Treatment Parameters

	cmax
	maximum proportion of TB cases entering TB treatment prior to death or self-cure
(see cp in Table 3)
	logitnormal(0.793, 0.302)
	0.55
	0.8
	0.69
	[2]

	ε 
	proportion of treatment failures receiving immediate retreatment
	before 2008: 0
from 2008:
 logitnormal(0, 0.707)
	0.2
	0.8
	0.5
	[6]

	Resistance Parameters

	asi
	proportion of DS treatment failures who acquire INH mono-resistance 
	logitnormal(-2.165, 0.397)
	0.05
	0.2
	0.1
	[16-18] 

	asr
	proportion of DS treatment failures who acquire RMP mono-resistance
	logitnormal(-3.165, 0.73)
	0.01
	0.15
	0.04
	[16-18]

	asm
	proportion of DS treatment failures who acquire MDR 
	logitnormal(-3.165, 0.73)
	0.01
	0.15
	0.04
	[16-18]

	aim
	proportion of INH mono-resistant, 1st line treatment failures who acquire MDR
	logitnormal(-0.490, 0.457)
	0.2
	0.6
	0.38
	[17, 19]

	arm
	proportion of RMP mono-resistant, 1st line treatment failures who acquire MDR
	logitnormal(1.738, 0.887)
	0.5
	0.97
	0.85
	[20]

	xi
	transmission fitness of INH-resistant TB strains (relative to DS)
	lognormal(-0.081, 0.041)
	0.85
	1
	0.92
	[8, 21]

	xr_m
	transmission fitness of RMP mono-resistant TB strains (relative to INH mono-resistant)
	logitnormal(1.896, 0.535)
	0.7
	0.95
	0.87
	[8, 22, 23]

	xm_m
	transmission fitness of MDR TB strains (relative to RMP mono-resistant)
	logitnormal(1.472,  0.751)
	0.5
	0.95
	0.81
	[8, 21, 22, 24, 25]

	IPT Parameters

	v
	Risk ratio: DS reactivations allowed while on IPT
	lognormal(-1.263, 0.530)
	0.1
	0.8
	0.28
	[26] (positive TST)

	alipt
	rate of INH resistance on IPT among people with latent TB
	uniform(0, 0.05)
	0
	0.05
	0.025
	[27]; smaller than rate of acquired resistance on first line therapy

	γlipt
	Rate of removal of latent TB strains on IPT
	uniform(0, 5)
	0
	5
	2.5
	[28] 0.5-70% of people are cured by the end of 6 mo therapy 

	m_ipt_m
	Susceptibility to reinfection after removal of latent TB strains
1: same as susceptible
0: same as latently infected 
	 uniform(0, 1)
	0
	1
	0.5
	 






Marginal prior and posterior distributions (see also Table 2)
 

 
 
 



 




Table 3: Fixed and derived parameters

	Parameter
	Description
	Value or Calculation
	Citations

	Transmission Parameters

	β0
	TB transmission parameter (infections per HIV- active TB case per year)
	calculated from equil_prev
	-

	b
	see βh
	0.65
	[29]

	βh
	TB transmission parameter (infections per HIV+ active TB case per year)
	b*β0
	-

	λj(t)
	Force of infection with strain j at time t - see equations for details
	-
	-

	Treatment Success Parameters

	γs
	Proportion of DS TB cases cured by 1st line therapy (conditional on survival)
	0.85
	[6]

	γi1 
	Proportion of INH resistant TB cases cured by 1st line therapy (conditional on survival)
	γi1_m*γs
	-

	γi1_m 
	see γi1 
	0.85
	[19, 30, 31]

	γi2
	Proportion of INH resistant TB cases cured by appropriate therapy (conditional on survival)
	rc*γi1 + (1-rc)*γs
	Between treatment success of DS TB and INH resistant TB on 1st line therapy

	rc
	see γi2, γr2, γm2
	0.25
	[19, 32, 33]

	γr1 
	Proportion of RMP resistant TB cases cured by 1st line therapy (conditional on survival)
	γr1_m*γs
	-

	γr1_m 
	see γr1 
	0.6
	[20]; based on use of isoniazid alone

	γr2
	Proportion of RMP resistant TB cases cured by appropriate therapy (conditional on survival)
	rc*γr1 + (1-rc)*γs
	Between treatment success of DS TB and RMP-resistant TB on 1st line therapy

	γm1
	Proportion of MDR TB cases cured by 1st line therapy (conditional on survival)
	γm1_m*γs
	-

	γm1_m
	see γm1
	0.4
	[30, 34]

	γm2
	Proportion of INH resistant TB cases cured by appropriate therapy (conditional on survival)
	rc*γm1 +  (1-rc)*γs
	Between treatment success of DS TB and MDR TB on 1st line therapy

	General HIV parameters

	h(t)
	HIV infection rate 
		

	
	
	

	
	
	



	double logistic curve fit (by hand) to UNAIDS incidence estimates (2015, unpublished)

	z
	HIV detection rate
	Before 2003: 0                                          
2003-2009: 20,000 people/year             
 After 2009: constant at 80% treated before (non-TB) death
	[9]

	Model Entry Parameters

	Λ 
	rate of entry into population age 15+
	1.15*N(0)*μ0 
	chosen to keep population size relatively stable 

	Λs 
	rate of entry into TB susceptible population
	Λ - Λl 
	all who do not enter with latent infection

	Λl 
	rate of entry into latently infected
		

	
	
	

	
	
	



	entry rate * probability of escaping infection over previous 15 years

	Λls 
	rate of entry into population latently infected with DS TB
		

	
	
	

	
	
	



	approximation; based on relative force of infection by each strain 

	Λli 
	rate of entry into population latently infected with INH-resistant TB
		

	
	
	

	
	
	



	approximation; based on relative force of infection by each strain 

	Λlr 
	rate of entry into population latently infected with RMP-resistant TB
		

	
	
	

	
	
	



	approximation; based on relative force of infection by each strain 

	Λlm 
	rate of entry into population latently infected with MDR TB
		

	
	
	

	
	
	



	approximation; based on relative force of infection by each strain 

	N(0)
	initial population size
	1,200,000
	adult population mid-2000s [35]

	Treatment Duration Parameters

	k1
	rate completing first line treatment
	12/6
	[36]

	ki
	rate completing appropriate treatment for INH-resistant disease
	12/9
	[36]

	kr
	rate completing appropriate treatment for RMP-resistant disease
	12/18
	[36]

	km
	rate completing appropriate treatment for MDR disease
	12/21
	[36]

	Mortality Parameters

	μ0 
	background mortality rate without HIV
	0.025
	Average life expectancy = 40 years after model entry (55 years old)

	μu 
	background mortality rate with undetected HIV
	0.085
	[37-39]

	μd 
	background mortality rate with detected HIV
	0.0285
	average 35 years, or 5 years shorter than HIV-
[12, 40]

	μt 
	mortality with active TB, without HIV
	0.21
	[41]

	μtu 
	mortality rate with active TB, with undetected HIV
	1
	[42, 43]

	μtd 
	mortality rate with active TB, with detected HIV
	ac*μtu + (1-ac)*μt 
	between no HIV and undetected HIV

	μts_p 
	proportion of HIV- people with DS TB who die during 1st line therapy 
	0.032
	[44]

	μts 
	HIV- mortality rate on 1st line treatment with DS TB
	-log(1-μts_p )*k1
	converting proportion to rate

	μti1_p_m 
	DS multiplier: HIV- mortality rate  with INH-resistant TB 
	1.15
	assumed

	μti1 
	HIV- mortality rate on 1st line treatment with INH-resistant TB 
	-log(1-μts_p*μti1_p_m )*k1
	converting proportion to rate

	μti2 
	HIV- mortality rate on appropriate therapy for INH-resistant TB 
	-log(1-μts_p*μti1_p_m )*ki
	assumed same proportion as 1st line therapy (longer duration, so lower rate)

	μtr1_p_m 
	DS multiplier: HIV- mortality rate with RMP-resistant TB 
	2
	assumed

	μtr1 
	HIV- mortality rate on 1st line treatment with RMP-resistant TB 
	-log(1-μts_p*μtr1_p_m )*k1
	converting proportion to rate

	μtr2 
	HIV- mortality rate on appropriate therapy for RMP-resistant TB 
	-log(1-μts_p*μtr1_p_m )*kr
	assumed same proportion as 1st line therapy (longer duration, so lower rate)

	μtm2_p_m 
	DS multiplier: HIV- mortality rate on appropriate therapy for MDR TB 
	3
	[32, 33]

	μtm2 
	HIV- mortality rate on appropriate therapy for MDR TB 
	-log(1-μts_p*μtm2_p_m )*km
	converting proportion to rate

	μths_p 
	proportion of HIV+ people with DS TB who die during 1st line therapy 
	0.053
	[44-46]

	μths 
	HIV+ mortality rate on 1st line treatment with DS TB
	-log(1-μths_p )*k1
	converting proportion to rate

	μthi1 
	mortality with active INH-resistant TB, on 1st line treatment, with HIV
	-log(1-μths_p*μti1_p_m )*k1
	same multipliers, duration as applied to HIV-

	μthi2 
	mortality with active INH-resistant TB, on appropriate treatment, with HIV
	-log(1-μths_p*μti1_p_m )*ki
	same multipliers, duration as applied to HIV-

	μthr1 
	mortality with active RMP-resistant TB, on 1st line treatment, with HIV
	-log(1-μths_p*μtr1_p_m )*k1
	same multipliers, duration as applied to HIV-

	μthr2 
	mortality with active RMP-resistant TB, on appropriate treatment, with HIV
	-log(1-μths_p*μtr1_p_m )*kr
	same multipliers, duration as applied to HIV-

	μthm2 
	mortality with active MDR TB, on appropriate treatment, with HIV
	-log(1-μths_p*μtm2_p_m )*km
	same multipliers, duration as applied to HIV-

	TB Natural History Parameters

	ρ0 
	proportion of HIV- people with fast progressing TB upon infection
	0.11
	[47-50]

	ρm 
	HIV- multiplier: proportion of TB fast progressors among people with undetected HIV
	2.65
	[51-53]

	ρu 
	proportion of TB fast progressors among people with undetected HIV
	ρm*ρ0
	-

	ρd 
	proportion of TB fast progressors among people with detected HIV
	ac*ρu + (1-ac)*ρ0 
	between no HIV and undetected HIV

	q0
	probability the new infecting strain dominates in people who are HIV-
	1
	assumed; immunity affects transmission not progression

	qu
	probability the new infecting strain dominates in people with undetected HIV
	1
	assumed

	qd
	probability the new infecting strain dominates in people with detected HIV
	1
	assumed

	r
	probability infecting strain replaces subdominant strain, given it does not dominate
	0.5
	assumed (no effect when q=1)

	τ0
	TB reactivation rate, among people without HIV
	0.0003
	[47-50]

	τu
	TB reactivation rate, among people with undetected HIV
	0.03
	 [14, 43, 54]

	τd
	TB reactivation rate, among people with detected HIV
	ac*τu + (1-ac)*τ0 
	between no HIV and undetected HIV

	σ
	rate of TB self-cure among people without HIV
	0.14
	[41]

	σd
	rate of TB self-cure among people with detected HIV
	(1-ac)*σ
	assuming self cure rate is 0 for undetected HIV

	mu
	 susceptibility to reinfection, undetected HIV
	0.35
	[15, 55-57]

	m_0_m
	relative susceptibility to reinfection, HIV- 
(multiplier to mu)
	0.75
	[47, 49, 50, 57, 58]

	 m0
	relative susceptibility to TB infection after first infection, among HIV- people
	m_0_m*mu
	-

	md
	relative susceptibility to TB infection after first infection, with detected HIV
	ac*mu + (1-ac)*m0 
	between no HIV and undetected HIV

	TB case detection rates

	cfirst
	date TB treatment started
	1986
	[6] introduction of short-course chemotherapy 

	cp
	proportion entering TB treatment before death or self-cure
	Before cfirst: 0                                 
 cfirst-2005: cmax/(2005-cfirst)*(t-cfirst) 
After 2005: cmax
	[2] linear trend line fit to Botswana CDR before plateau in 2005 

	c0
	rate entering TB treatment for people without HIV
	cp(μt+σ)/(1-cp)
	converting to rate

	cu
	rate entering TB treatment for people with undetected HIV (not from HIV detection)
	cp*μtu/(1-cp) - εi*z
	converting to rate

	cd
	rate entering TB treatment for people with detected HIV (including on IPT)
	cp(μtd+σd)/(1-cp)
	converting to rate

	εi 
	proportion of active TB disease that is detected upon HIV detection
	0.79
	sensitivity of symptom screening from [59]

	fi
	proportion of patients whose INH resistance is undetected prior to initial treatment
	1
	assumed

	fr
	proportion of patients whose RMP resistance is undetected prior to initial treatment
	1
	assumed

	fm
	proportion of patients whose multi-drug resistance is undetected prior to initial treatment
	1
	assumed

	gi
	proportion of patients whose INH resistance is not detected prior to immediate retreatment after initial failure
	0
	assumed

	gr
	proportion of patients whose RMP resistance is not detected prior to immediate retreatment after initial failure
	0
	assumed

	gm
	proportion of patients whose multi-drug resistance is not prior to immediate retreatment after initial failure
	0
	assumed

	Resistance Parameters

	xr
	transmission fitness of RMP-resistant TB strains (relative to DS)
	xi*xr_m
	- 

	xm
	transmission fitness of MDR TB strains (relative to DS)
	xr*xm_m 
	 -

	IPT parameters

	μi 
	 mortality rate with detected HIV, on IPT
	0.0006 + μd 
	[26]

	μti 
	mortality rate with active TB, with detected HIV, on IPT
	μthr1 
	assumed same as 1st line treatment of RMP-resistant TB

	θs 
	proportion of TB susceptibles who receive IPT upon HIV detection (>1 dose)
	θl 
	WHO recommends not requiring TST prior to IPT initiation [60]

	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

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

	w
	rate of IPT completion/dropout
	 2.147 (6 month), 0.147 (realistic continuous), or 0 (ideal continuous)
	dropout based on [61]

	e
	Rate allowed to start IPT from detected HIV compartment
	Pre-2017: 0
2017-2017.5: 2.77
Post 2017.5: 0
(75% people already detected may start IPT)
	assumed

	γipt
	Cure rate active TB on IPT
	Same as rifampicin-resistant TB on 1st line therapy
	

	a
	Rate acquiring resistance on IPT
	Same as rifampicin-resistant TB on 1st line therapy
	






Effect of assumed susceptibility to reinfection on the relationship between IPT and drug resistance

As a secondary analysis, we explored how the assumed susceptibility to TB reinfection might affect the projected relationship between IPT and drug resistance.  Previous papers have shown that competition between drug sensitive and drug resistant strains is the major mechanism through which IPT might increase the prevalence of drug resistance [7, 62].  The degree of immunity after initial TB infection is a likely major driver of competition, and unlike other parameters such as fitness costs of resistance [57], its potential impact on resistance resulting from IPT has not yet been explored.

For the figure below, we set the susceptibility to TB reinfection to 30%, 60%, or 90% among people uninfected with HIV, and 90% for PLHIV.  All other parameters were re-estimated for these different reinfection values.  The incidence of isoniazid resistant TB is given as isoniazid mono-resistant plus MDR. In the absence of IPT, overall TB incidence continues to decline for all values of assumed susceptibility to reinfection, following the trends seen in Figure 2 of the main text.  Increasing durations of IPT do appear to increase the incidence of isoniazid resistant TB.  However, the extent to which this occurs varies depending on the assumed susceptibility to reinfection.  If we assume susceptibility to reinfection is high (90%), the increase in incidence of isoniazid resistance resulting from IPT is negligible even for perfect lifelong IPT.  If we assume susceptibility to reinfection is low (30%), the effect of IPT duration on the incidence of isoniazid resistant TB is more noticeable.  However, in this context of declining transmission, the increase in isoniazid resistant TB resulting from IPT is still minor compared to the corresponding decrease in isoniazid sensitive TB.  As a result, the incidence of overall TB through 2050 decreases with increasing IPT duration regardless of the assumed susceptibility to reinfection.

  

The following figure shows how the effect of varying IPT duration depends on the assumed susceptibility to reinfection in the context of higher transmission.  To create this figure, we added a multiplier to the transmission parameter after 2017 that would result in a prevalence of isoniazid resistant TB of approximately 150 per 100,000 in the absence of IPT.  The applied multipliers were 1.85 for 30% susceptibility to reinfection, 1.4 for 60% susceptibility to reinfection, and 1.35 for 90% susceptibility to reinfection, reflecting the differences in the inferred parameters for each value.   As in the low transmission scenario, longer IPT durations increase the prevalence of isoniazid resistance for low and moderate values of susceptibility to reinfection. There is no observable effect of IPT duration on resistance of isoniazid when the assumed susceptibility to reinfection is high (90%).  For all values of the susceptibility to reinfection, IPT produces an initial decrease in the overall incidence of TB, again as seen in the low transmission setting.  However, when susceptibility to reinfection is low (30%), this drop in overall TB incidence is short-lived.  In this relatively high immunity, high transmission scenario, the decline in isoniazid sensitive TB cases resulting from IPT is quickly counteracted by the corresponding increase in isoniazid resistant cases, such that by 2035 the overall incidence of TB is the same or slightly higher for longer durations of IPT.  



In summary, IPT is predicted to have a greater impact on the incidence of isoniazid resistant TB when initial TB infection provides strong protection against future infection.  This difference is less likely to be clinically relevant in the context of a declining epidemic.
Effect of low adherence on the relationship between IPT and drug resistance

As a sensitivity analysis, we sought to understand how the relationship between IPT and drug resistance could change if adherence were substantially lower than under our baseline assumptions, several of which were based on clinical trial observations with potentially limited generalizability.  Table 4 shows the direction and magnitude of the modifications we made to the IPT parameters for this analysis. 

Table 4: Direction and magnitude of parameters changed for low adherence sensitivity analysis.  Original values are provided in Table 1 of the main text as well as Tables 2&3 above.
	Parameter
	Description
	Modifications

	v
	Risk ratio: DS reactivations allowed while on IPT
	(1-RR) reduced by a factor of 2

	alipt
	rate of INH resistance on IPT among people with latent TB
	Increased by a factor of 2

	a
	Rate of INH resistance on IPT among people with active TB
	Increased by a factor of 2

	γlipt
	Rate of removal of latent TB strains on IPT
	Reduced by a factor of 2

	γipt
	Cure rate of active TB on IPT 
	Reduced by a factor of 2

	m_ipt_m
	Susceptibility to reinfection after removal of latent TB strains
1: same as susceptible
0: same as latently infected 
	 Held constant

	μi 
	 mortality rate with detected HIV, on IPT
	Held constant 

	μti 
	mortality rate with active TB, with detected HIV, on IPT
	Held constant

	θs 
	proportion of TB susceptibles who receive IPT upon HIV detection (>1 dose)
	Reduced by a factor of 2

	θl 
	proportion of people with latent TB who receive IPT upon HIV detection (>1 dose)
	Reduced by a factor of 2

	φ 
	proportion of people who start IPT after successfully finishing treatment
	Held constant (0)

	w
	rate of IPT completion/dropout
	Held constant (ideal continuous)
Increased by a factor of 2 (6 months and realistic continuous)

	e
	Rate allowed to start IPT from detected HIV compartment
	Reduced by a factor of 2





We varied all of the parameters from Table 4 simultaneously to obtain “worst-case scenario” predictions.  The figures below show the same information from Figures 2&3 of the main text re-created under these assumptions.  

Looking at each resistance pattern separately in the figure below, we predict IPT to have a smaller effect on drug sensitive and rifampicin mono-resistant TB if adherence is reduced compared to our baseline results.  The effects of IPT on isoniazid mono-resistant and MDR TB, however, are similar to those seen under our initial set of assumptions.  This finding likely reflects the assumption that fewer people would receive IPT, but those who do would be at higher risk of resistance.



When we combine the effects of IPT on the individual resistance patterns, shown in the figure below, we predict the longest durations of IPT to produce the lowest TB incidence (left), mortality rate among PLHIV (middle), and cumulative mortality (right).  Although these impacts of IPT are smaller than when we had assumed higher adherence, the directions are all consistent with the results seen in our baseline analysis.



Model equations

# R code containing model equations 
# Does not include time dependent parameters
# Can by run via R function "dede" from package deSolve

IPT_model_mixed <- function(times, yinit, pars) {
	
	with(as.list(c(yinit,pars)), {

		#####################################
		# Sums
		#####################################
		
		Ln = Ln_s + Ln_si + Ln_sm + Ln_r + Ln_ri + Ln_rm + Ln_i + Ln_m;
		Lu = Lu_s + Lu_si + Lu_sm + Lu_r + Lu_ri + Lu_rm + Lu_i + Lu_m;
		Lipt = Lipt_s + Lipt_i + Lipt_r + Lipt_m;
		Ld = Ld_s + Ld_si + Ld_sm + Ld_r + Ld_ri + Ld_rm + Ld_i + Ld_m;
		
		In = In_s + In_r + In_i + In_m;
		Iu = Iu_s + Iu_r + Iu_i + Iu_m;
		Iipt = Iipt_s + Iipt_r + Iipt_i + Iipt_m;
		Id = Id_s + Id_r +Id_i + Id_m;
		
		T1n = T1n_s + T1n_r + T1n_i + T1n_m;
		T1d = T1d_s + T1d_r + T1d_i + T1d_m;
		
		T2n = T2n_r + T2n_i + T2n_m;
		T2d = T2d_r + T2d_i + T2d_m;
		
		N = Sn + Su + Sipt +  Sd + Ln + Lu + Lipt + Ld +
			In + Iu + Iipt + Id +
			T1n + T1d + T2n + T2d + Sipt_postipt + Sd_postipt;
		
		N_hiv = Su + Sipt +  Sd + Lu + Lipt + Ld +
			Iu + Iipt + Id +
			T1d + T2d + Sipt_postipt + Sd_postipt;
		
		####################################
		# Force of infection by resistance type
		####################################
		
		beta_h = b*beta_0;
		
		lambda_s = (beta_h*(Iu_s + Iipt_s + Id_s + (1-gamma_s)*T1d_s) +
		beta_0*(In_s + (1- gamma_s)*T1n_s))/N;
		
		lambda_i = x_i*(beta_h*(Iu_i + Iipt_i + Id_i + (1-gamma_i1)*T1d_i + 
		(1-gamma_i2)*T2d_i) + beta_0*(In_i + (1-gamma_i1)*T1n_i + 
		(1-gamma_i2)*T2n_i))/N;
		 
		lambda_r = x_r*(beta_h*(Iu_r + Iipt_r + Id_r + (1-gamma_r1)*T1d_r + 
		(1-gamma_r2)*T2d_r) + beta_0*(In_r + (1-gamma_r1)*T1n_r + 
		(1-gamma_r2)*T2n_r))/N;
		  
		lambda_m = x_m*(beta_h*(Iu_m + Iipt_m + Id_m + 
		(1-gamma_m1)*T1d_m + (1-gamma_m2)*T2d_m) + 
		beta_0*(In_m + (1-gamma_m1)*T1n_m + (1-gamma_m2)*T2n_m ))/N;
		  
		  lambda = lambda_s + lambda_i + lambda_r + lambda_m;
		  
		  
		####################################
		# Recruitment rate (age 15+)
		####################################
		
		  dCum_ARI = lambda; # force of infection per capita
		  dCum_ARI_s = lambda_s;
		  dCum_ARI_r = lambda_r;
		  dCum_ARI_i = lambda_i;
		  dCum_ARI_m = lambda_m;
		  
		  year_15 = 1995 # assume starting code in 1980

		 # Cum_ARI is variable 54
		 if (times>year_15) { # if have run model for >15 years
		 	# latent infections determined by force of infection over previous 15 years
			 Lambda_l = Lambda*(1-exp(-(Cum_ARI - lagvalue(times-15,54)))) 
			 Lambda_s = Lambda-Lambda_l
			 prop_s = Cum_ARI_s - lagvalue(times-15,55)
			 prop_r = Cum_ARI_r - lagvalue(times-15,56)
			 prop_i = Cum_ARI_i - lagvalue(times-15,57)
			 prop_m = Cum_ARI_m - lagvalue(times-15,58)
		 } else { 
		 	# assume were at equilibrium prevalence before starting code in 1980
			 Lambda_l = Lambda*(1-exp(-(Cum_ARI + 
				(year_15-times)*equil_prev*beta_0))) 
			 Lambda_s = Lambda-Lambda_l
			 prop_s = Cum_ARI_s + (year_15-times)*equil_prev*beta_0
			 prop_r = Cum_ARI_r # no resistance prior to 1980
			 prop_i = Cum_ARI_i 
			 prop_m = Cum_ARI_m 
		 }
		 	 
		 tot_prop <- prop_s + prop_r + prop_i + prop_m
		 
		 # Assume everyone enters with only one strain, proportional to the
		 # amount that they have seen each
		 if (prop_s > 0) {
		 Lambda_ls <- prop_s/tot_prop*Lambda_l
		 	} else {Lambda_ls<-0
		}
		 if (prop_i > 0) {
		 Lambda_li <- prop_i/tot_prop*Lambda_l
		 	} else {Lambda_li=0
}
		 if (prop_r > 0) {
		 Lambda_lr <- prop_r/tot_prop*Lambda_l
		 	} else {Lambda_lr=0
}
		 if (prop_m > 0) {
		 Lambda_lm <- prop_m/tot_prop*Lambda_l
		 	} else {Lambda_lm=0
}
		 
		
		
		####################################
		# TB susceptibles
		####################################
		
		dSn = Sn*(-lambda - mu_0 - h) + Lambda_s
		
		dSu = Su*(-lambda - mu_u - z) + h*Sn;
		
		dSipt = Sipt*(-lambda_i - lambda_m - mu_i - w) +
		 theta_s*z*Su + theta_s*e*Sd;
		
		dSd = Sd*(-lambda - mu_d) + (1 - theta_s)*z*Su + 
		w*Sipt  - theta_s*e*Sd;
		
		# Strains cleared through IPT - also calling "S"
		
		dSipt_postipt = gamma_lipt*(Lipt_s+Lipt_r) + 
		Sipt_postipt*(-m_ipt*lambda_i - m_ipt*lambda_m - mu_i - w) + 
		theta_s*e*Sd_postipt;
		
		dSd_postipt = Sd_postipt*(-m_ipt*lambda - mu_d) +
		 w*Sipt_postipt - theta_s*e*Sd_postipt;
		
		####################################
		# TB latently infected
		####################################

		# HIV uninfected
		
		dLn_s = Lambda_ls + (1-rho_0)*Sn*lambda_s  + 
		 m_0*q_0*(Ln_s*(-lambda_r - rho_0*lambda_s) + 
		 (1-rho_0)*Ln_r*lambda_s) + gamma_s*k_1*T1n_s + sigma*In_s +
		 Ln_s*(-tau_0 - mu_0 - h - m_0*(lambda_m + lambda_i)) ;
		
		dLn_si = Ln_si*(-tau_0 - mu_0 - h) +
		m_0*q_0*(Ln_si*(-lambda_r - lambda_i - lambda_m - rho_0*lambda_s) + 
		(1-rho_0)*(Ln_i + Ln_ri)*lambda_s) +
		m_0*(1-q_0)*(-r*Ln_si*lambda_m + lambda_i*(Ln_s + r*Ln_sm));
 		
 		dLn_sm = Ln_sm*(-tau_0 - mu_0 - h) +
 		m_0*q_0*(Ln_sm*(-lambda_r - lambda_i - lambda_m - rho_0*lambda_s)  + 
 		(1-rho_0)*(Ln_m + Ln_rm)*lambda_s) +
 		 m_0*(1-q_0)*(-r*Ln_sm*lambda_i + lambda_m*(Ln_s + r*Ln_si));
 		
 		dLn_r = Lambda_lr + (1-rho_0)*Sn*lambda_r + gamma_r2*k_r*T2n_r - 
 		m_0*Ln_r*(lambda_m + lambda_i) +
 		m_0*q_0*(Ln_r*(-lambda_s - rho_0*lambda_r) + (1-rho_0)*Ln_s*lambda_r) +
 		Ln_r*(-tau_0 - mu_0 - h) + sigma*In_r + gamma_r1*k_1*T1n_r;
 		
 		dLn_ri = Ln_ri*(-tau_0 - mu_0 - h) +
 		m_0*q_0*(Ln_ri*(-lambda_s - lambda_i - lambda_m - rho_0*lambda_r)  +
 		(1-rho_0)*(Ln_i + Ln_si)*lambda_r) + 
		 m_0*(1-q_0)*(-r*Ln_ri*lambda_m + lambda_i*(Ln_r + r*Ln_rm)) ;
		
		dLn_rm = Ln_rm*(-tau_0 - mu_0 - h) +
		m_0*q_0*(Ln_rm* (-lambda_s - lambda_i - lambda_m - rho_0*lambda_r) + 
		(1-rho_0)*(Ln_m + Ln_sm)*lambda_r) +
 		 m_0*(1-q_0)*(-r*Ln_rm*lambda_i + lambda_m*(Ln_r + r*Ln_ri));
 		
 		dLn_i = Lambda_li + (1-rho_0)*Sn*lambda_i + 
 		m_0*q_0*((1-rho_0)*(Ln - Ln_i)*lambda_i +  gamma_i2*k_i*T2n_i +
 		Ln_i*(-lambda_s - lambda_r - lambda_m - rho_0*lambda_i)) +
		Ln_i*(-tau_0 - mu_0 - h) + sigma*In_i + gamma_i1*k_1*T1n_i;
 		
 		dLn_m = Lambda_lm + (1-rho_0)*Sn*lambda_m + 
 		m_0*q_0*((1-rho_0)*(Ln - Ln_m)*lambda_m + 
 		Ln_m*(- lambda_s - lambda_i - lambda_r - rho_0*lambda_m)) +
		Ln_m*(-tau_0 - mu_0 - h) + sigma*In_m + gamma_m1*k_1*T1n_m + 
		gamma_m2*k_m*T2n_m;
 		
 		# HIV undetected
 		
 		dLu_s = (1-rho_u)*Su*lambda_s - m_u*Lu_s*(lambda_i + lambda_m) + 
 		m_u*q_u*(Lu_s*(-lambda_r - rho_u*lambda_s) + 
 		(1-rho_u)*Lu_r*lambda_s) + Lu_s*(-tau_u - mu_u - z) + h*Ln_s;
 		
 		dLu_si = Lu_si*(-tau_u - mu_u - z) + h*Ln_si +
 		m_u*q_u*(Lu_si*(-lambda_r - lambda_i - lambda_m - rho_u*lambda_s) + 
 		(1-rho_u)*(Lu_i + Lu_ri)*lambda_s) + 
		m_u*(1-q_u)*(-r*Lu_si*lambda_m  + lambda_i*(Lu_s + r*Lu_sm));
		
		dLu_sm = Lu_sm*(-tau_u - mu_u - z) + h*Ln_sm +
		m_u*q_u*(Lu_sm*(-lambda_r - lambda_i - lambda_m - rho_u*lambda_s) + 
		(1-rho_u)*(Lu_m + Lu_rm)*lambda_s) +
 		m_u*(1-q_u)*(-r*Lu_sm*lambda_i  + lambda_m*(Lu_s + r*Lu_si));
 		
 		dLu_r = (1-rho_u)*Su*lambda_r - m_u*Lu_r*(lambda_m + lambda_i) +
 		m_u*q_u*(Lu_r*(-lambda_s - rho_u*lambda_r) + (1-rho_u)*Lu_s*lambda_r) +
 		Lu_r*(-tau_u - mu_u - z) + h*Ln_r;
 		
 		dLu_ri =  Lu_ri*(-tau_u - mu_u - z) +
 		m_u*q_u*(Lu_ri*(-lambda_s - lambda_i - lambda_m -rho_u*lambda_r) + 
 		(1-rho_u)*(Lu_i + Lu_si)*lambda_r) + h*Ln_ri +
 		m_u*(1-q_u)*(-r*Lu_ri*lambda_m  + lambda_i*(Lu_r + r*Lu_rm));
 		
 		dLu_rm =  Lu_rm*(-tau_u - mu_u - z) +
 		m_u*q_u*(Lu_rm*(-lambda_s - lambda_i - lambda_m -rho_u*lambda_r) + 
 		(1-rho_u)*(Lu_m + Lu_sm)*lambda_r) + h*Ln_rm +
 		m_u*(1-q_u)*(-r*Lu_rm*lambda_i + lambda_m*(Lu_r + r*Lu_ri));
		
		dLu_i = (1-rho_u)*Su*lambda_i + Lu_i*(-tau_u - mu_u - z) + h*Ln_i +
		m_u*q_u*((1-rho_u)*(Lu - Lu_i)*lambda_i + 
		Lu_i*(-lambda_s - lambda_r - lambda_m - rho_u*lambda_i));
		
		dLu_m = (1-rho_u)*Su*lambda_m +Lu_m*(-tau_u - mu_u - z) + h*Ln_m +
		 m_u*q_u*((1-rho_u)*(Lu - Lu_m)*lambda_m + 
		 Lu_m*(- lambda_s - lambda_i - lambda_r - rho_u*lambda_m)) ;
		
		# on IPT		
		dLipt_s = -m_d*Lipt_s*(lambda_m +lambda_i) - 
		v*tau_d*Lipt_s - mu_i*Lipt_s + gamma_ipt*Iipt_s - 
		a_lipt*Lipt_s +  phi*gamma_s*k_1*T1d_s + 
		theta_l*z*Lu_s - w*Lipt_s - gamma_lipt*Lipt_s  + theta_l*e*Ld_s;
		
		dLipt_r = -m_d*Lipt_r*(lambda_m +lambda_i) - v*tau_d*Lipt_r - 
		mu_i*Lipt_r + gamma_ipt*Iipt_r - a_lipt*Lipt_r + 
		phi*gamma_r1*k_1*T1d_r + theta_l*z*Lu_r - w*Lipt_r -
		 gamma_lipt*Lipt_r + phi*gamma_r2*k_r*T2d_r + theta_l*e*Ld_r;
		
		dLipt_i = (1-rho_d)*Sipt*lambda_i + 
		(1-rho_d)*m_ipt*Sipt_postipt*lambda_i + 
		m_d*q_d*(1-rho_d)*(Lipt_r + Lipt_s + Lipt_m)*lambda_i + 
		m_d*(1-q_d)*(Lipt_r + Lipt_s)*lambda_i - m_d*q_d*Lipt_i*lambda_m - 
		m_d*q_d*rho_d*Lipt_i*lambda_i - tau_d*Lipt_i - mu_i*Lipt_i + 
		sigma_d*Iipt_i +a_lipt*Lipt_s + phi*gamma_i1*k_1*T1d_i + 
		theta_l*z*(Lu_i + Lu_si + Lu_ri) - w*Lipt_i  + theta_l*e*(Ld_i + Ld_si + Ld_ri);
		
		dLipt_m = (1-rho_d)*Sipt*lambda_m + 
		(1-rho_d)*m_ipt*Sipt_postipt*lambda_m +
		m_d*q_d*(1-rho_d)*(Lipt_r + Lipt_s + Lipt_i)*lambda_m  + 
		m_d*(1-q_d)*(Lipt_r + Lipt_s)*lambda_m - m_d*q_d*Lipt_m*lambda_i - 
		m_d*q_d*rho_d*Lipt_m*lambda_m - tau_d*Lipt_m - mu_i*Lipt_m + 
		sigma_d*Iipt_m + a_lipt*Lipt_r + phi*gamma_m1*k_1*T1d_m +
		 theta_l*z*(Lu_m + Lu_sm + Lu_rm) -
		  w*Lipt_m + theta_l*e*(Ld_m + Ld_sm + Ld_rm);
		
		# HIV detected
		
		dLd_s = (1-rho_d)*Sd*lambda_s - m_d*Ld_s*(lambda_i+lambda_m) + 
		(1-rho_d)*m_ipt*Sd_postipt*lambda_s + w*Lipt_s  - theta_l*e*Ld_s +
		m_d*q_d*(Ld_s*(-lambda_r - rho_d*lambda_s) + 
		(1-rho_d)*Ld_r*lambda_s) + Ld_s*(-tau_d - mu_d) + 
		sigma_d*Id_s + k_1*(1-phi)*gamma_s*T1d_s + (1 - theta_l)*z*Lu_s;
		
		dLd_si =  (1 - theta_l)*z*Lu_si - theta_l*e*Ld_si +
		m_d*q_d*(Ld_si*(-lambda_r - lambda_i - lambda_m - rho_d*lambda_s) +
		 (1-rho_d)*(Ld_i+Ld_ri)*lambda_s) + Ld_si*(-tau_d - mu_d) +
		m_d*(1-q_d)*(-r*Ld_si*lambda_m + lambda_i*(Ld_s + r*Ld_sm))  ;
		
		dLd_sm =  (1 - theta_l)*z*Lu_sm - theta_l*e*Ld_sm +
		m_d*q_d*(Ld_sm*(-lambda_r - lambda_i - lambda_m - rho_d*lambda_s) + 
		(1-rho_d)*(Ld_m+Ld_rm)*lambda_s) + Ld_sm*(-tau_d - mu_d) +
		m_d*(1-q_d)*(-r*Ld_sm*lambda_i + lambda_m*(Ld_s + r*Ld_si)) ; 
		
		dLd_r = (1-rho_d)*Sd*lambda_r - m_d*Ld_r*(lambda_m+lambda_i) + 
		(1-rho_d)*m_ipt*Sd_postipt*lambda_r + 
		m_d*q_d*(Ld_r*(-lambda_s - rho_d*lambda_r) + 
		(1-rho_d)*Ld_s*lambda_r) + (1-phi)*gamma_r2*k_r*T2d_r +
		Ld_r*(-tau_d - mu_d) + sigma_d*Id_r + k_1*(1-phi)*gamma_r1*T1d_r + 
		(1 - theta_l)*z*Lu_r + w*Lipt_r - theta_l*e*Ld_r;
		
		dLd_ri = (1 - theta_l)*z*Lu_ri - theta_l*e*Ld_ri +
		m_d*q_d*(Ld_ri*(-lambda_s - lambda_i - lambda_m - rho_d*lambda_r) + 
		(1-rho_d)*(Ld_i+Ld_si)*lambda_r) + Ld_ri*(-tau_d - mu_d) +
		m_d*(1-q_d)*(-r*Ld_ri*lambda_m  + lambda_i*(Ld_r + r*Ld_rm));
		
		dLd_rm = (1 - theta_l)*z*Lu_rm - theta_l*e*Ld_rm +
		m_d*q_d*(Ld_rm*(-lambda_s - lambda_i - lambda_m - rho_d*lambda_r) + 
		(1-rho_d)*(Ld_m+Ld_sm)*lambda_r) + Ld_rm*(-tau_d - mu_d) +
		m_d*(1-q_d)*(-r*Ld_rm*lambda_i + lambda_m*(Ld_r + r*Ld_ri)) ;
		
		dLd_i = (1-rho_d)*Sd*lambda_i + (1 - theta_l)*z*Lu_i + 
		(1-rho_d)*m_ipt*Sd_postipt*lambda_i+ 
		m_d*q_d*((1-rho_d)*(Ld - Ld_i)*lambda_i + 
		Ld_i*(-lambda_s - lambda_r - lambda_m - rho_d*lambda_i)) +
		Ld_i*(-tau_d - mu_d) + sigma_d*Id_i + k_1*(1-phi)*gamma_i1*T1d_i + 
		w*Lipt_i + gamma_i2*k_i*T2d_i - theta_l*e*Ld_i;
		
		dLd_m = (1-rho_d)*Sd*lambda_m + (1 - theta_l)*z*Lu_m + 
		(1-rho_d)*m_ipt*Sd_postipt*lambda_m+
		m_d*q_d*((1-rho_d)*(Ld - Ld_m)*lambda_m + 
		Ld_m*(- lambda_s - lambda_i - lambda_r -rho_d*lambda_m)) +
		Ld_m*(-tau_d - mu_d) + sigma_d*Id_m + k_1*(1-phi)*gamma_m1*T1d_m + 
		w*Lipt_m + gamma_m2*k_m*T2d_m - theta_l*e*Ld_m;
		
		####################################
		# Infectious
		####################################
		
		# HIV negative
		
		dIn_s = lambda_s*rho_0*(Sn + m_0*q_0*Ln) + 
		tau_0*(Ln_s + Ln_si + Ln_sm) + In_s*(-mu_t - c_0 - sigma -h) + 
		(1-epsilon)*k_1*(1-a_si-a_sr-a_sm)*(1-gamma_s)*T1n_s;
		
		dIn_r = lambda_r*rho_0*(Sn + m_0*q_0*Ln) + 
		tau_0*(Ln_r + Ln_ri + Ln_rm) + In_r*(-mu_t - c_0 - sigma -h) + 
		(1-epsilon)*k_1*(a_sr*(1-gamma_s)*T1n_s + 
		(1-a_rm)*(1-gamma_r1)*T1n_r) +
		(1-epsilon)*(1-a_si)*(1-gamma_r2)*k_r*T2n_r;
		
		dIn_i = lambda_i*rho_0*(Sn + m_0*q_0*Ln) + tau_0*Ln_i + 
		In_i*(-mu_t - c_0 - sigma -h) + 
		(1-epsilon)*k_1*(a_si*(1-gamma_s)*T1n_s +
		(1-a_im)*(1-gamma_i1)*T1n_i) +
		(1-epsilon)*(1-a_sr)*(1-gamma_i2)*k_i*T2n_i;
		
		dIn_m = lambda_m*rho_0*(Sn + m_0*q_0*Ln) + tau_0*Ln_m + 
		In_m*(-mu_t - c_0 - sigma -h) + 
		(1-epsilon)*k_1*((1-gamma_m1)*T1n_m + a_sm*(1-gamma_s)*T1n_s + 
		a_rm*(1-gamma_r1)*T1n_r + a_im*(1-gamma_i1)*T1n_i) + 
		(1-epsilon)*a_sr*(1-gamma_i2)*k_i*T2n_i + 
		(1-epsilon)*a_si*(1-gamma_r2)*k_r*T2n_r + 
		(1-epsilon)*(1-gamma_m2)*k_m*T2n_m;
		

		# HIV undetected
		
		dIu_s = lambda_s*rho_u*(Su + m_u*q_u*Lu) + 
		tau_u*(Lu_s + Lu_si + Lu_sm) + Iu_s*(-mu_tu - c_u - z) + h*In_s;
 		
 		dIu_r = lambda_r*rho_u*(Su + m_u*q_u*Lu) + 
 		tau_u*(Lu_r + Lu_ri + Lu_rm) + Iu_r*(-mu_tu - c_u - z) + h*In_r;
		
		dIu_i =  lambda_i*rho_u*(Su + m_u*q_u*Lu) + tau_u*Lu_i + 
		Iu_i*(-mu_tu - c_u - z) + h*In_i;
		
		dIu_m = lambda_m*rho_u*(Su + m_u*q_u*Lu) + tau_u*Lu_m + 
		Iu_m*(-mu_tu - c_u - z) + h*In_m;
		
		
		# on IPT
		
		dIipt_s = v*tau_d*Lipt_s - mu_ti*Iipt_s - c_d*Iipt_s - 
		gamma_ipt*Iipt_s - a_ipt*Iipt_s +
		(1-epsilon_i)*theta_l*z*Iu_s - w*Iipt_s + 
		phi*(1-epsilon)*(1-a_si-a_sr-a_sm)*(1-gamma_s)*k_1*T1d_s  + 
		(1-epsilon_i)*theta_l*e*Id_s;
		
		dIipt_r = v*tau_d*Lipt_r - mu_ti*Iipt_r - c_d*Iipt_r - 
		gamma_ipt*Iipt_r - a_ipt*Iipt_r + (1-epsilon_i)*theta_l*z*Iu_r - 
		w*Iipt_r + phi*(1-epsilon)*a_sr*(1-gamma_s)*k_1*T1d_s +
		phi*(1-epsilon)*(1-a_rm)*(1-gamma_r1)*k_1*T1d_r + 
		phi*(1-epsilon)*(1-a_si)*(1-gamma_r2)*k_r*T2d_r  + 
		(1-epsilon_i)*theta_l*e*Id_r;
		
		dIipt_i = rho_d*Sipt*lambda_i + rho_d*m_ipt*Sipt_postipt*lambda_i + 
		m_d*q_d*rho_d*Lipt*lambda_i + tau_d*Lipt_i -
		mu_td*Iipt_i - c_d*Iipt_i - sigma_d*Iipt_i + a_ipt*Iipt_s + 
		(1-epsilon_i)*theta_l*z*Iu_i - w*Iipt_i +
		phi*(1-epsilon)*a_si*(1-gamma_s)*k_1*T1d_s + 
		phi*(1-epsilon)*(1-a_im)*(1-gamma_i1)*k_1*T1d_i  + 
		(1-epsilon_i)*theta_l*e*Id_i;
		
		dIipt_m = rho_d*Sipt*lambda_m + rho_d*m_ipt*Sipt_postipt*lambda_m + 
		m_d*q_d*rho_d*Lipt*lambda_m + tau_d*Lipt_m -
		mu_td*Iipt_m - c_d*Iipt_m - sigma_d*Iipt_m + a_ipt*Iipt_r + 
		(1-epsilon_i)*theta_l*z*Iu_m - w*Iipt_m +
		phi*(1-epsilon)*(1-gamma_m1)*k_1*T1d_m + 
		phi*(1-epsilon)*a_sm*(1-gamma_s)*k_1*T1d_s +
		phi*(1-epsilon)*a_rm*(1-gamma_r1)*k_1*T1d_r + 
		phi*(1-epsilon)*a_im*(1-gamma_i1)*k_1*T1d_i +
		phi*(1-epsilon)*a_si*(1-gamma_r2)*k_r*T2d_r  + 
		(1-epsilon_i)*theta_l*e*Id_m;
	
		# HIV detected
		
		dId_s = lambda_s*rho_d*(Sd + m_d*q_d*Ld + m_ipt*Sd_postipt) + 
		tau_d*(Ld_s + Ld_si + Ld_sm) + Id_s*(-mu_td - c_d - sigma_d) + 
		(1-phi)*(1-epsilon)*k_1*(1-a_si-a_sr-a_sm)*(1-gamma_s)*T1d_s +
		(1-epsilon_i)*(1-theta_l)*z*Iu_s + w*Iipt_s  - 
		(1-epsilon_i)*theta_l*e*Id_s - epsilon_i*e*Id_s;
		
		dId_r = lambda_r*rho_d*(Sd + m_d*q_d*Ld + m_ipt*Sd_postipt) + 
		tau_d*(Ld_r + Ld_ri + Ld_rm) + Id_r*(-mu_td - c_d - sigma_d) + 
		(1-phi)*(1-epsilon)*k_1*(a_sr*(1-gamma_s)*T1d_s +
		(1-a_rm)*(1-gamma_r1)*T1d_r) + (1-epsilon_i)*(1-theta_l)*z*Iu_r+
		(1-phi)*(1-epsilon)*(1-a_si)*(1-gamma_r2)*k_r*T2d_r  - 
		(1-epsilon_i)*theta_l*e*Id_r - epsilon_i*e*Id_r + w*Iipt_r ;
		
		dId_i =  lambda_i*rho_d*(Sd + m_d*q_d*Ld + m_ipt*Sd_postipt) + 
		tau_d*Ld_i + Id_i* (-mu_td - c_d - sigma_d) + 
		(1-phi)*(1-epsilon)*k_1*(a_si*(1-gamma_s)*T1d_s + 
		(1-a_im)*(1-gamma_i1)*T1d_i) +
		(1-epsilon_i)*(1-theta_l)*z*Iu_i + w*Iipt_i + 
		(1-epsilon)*(1-a_sr)*(1-gamma_i2)*k_i*T2d_i  - 
		(1-epsilon_i)*theta_l*e*Id_i - epsilon_i*e*Id_i;
		
		dId_m = lambda_m*rho_d*(Sd + m_d*q_d*Ld + m_ipt*Sd_postipt) + 
		tau_d*Ld_m + Id_m*(-mu_td - c_d - sigma_d) +
		(1-phi)*(1-epsilon)*k_1*((1-gamma_m1)*T1d_m + 
		a_sm*(1-gamma_s)*T1d_s + a_rm*(1-gamma_r1)*T1d_r +
		a_im*(1-gamma_i1)*T1d_i) + (1-epsilon_i)*(1-theta_l)*z*Iu_m+ 
		w*Iipt_m + (1-epsilon)*a_sr*(1-gamma_i2)*k_i*T2d_i +
		(1-phi)*(1-epsilon)*a_si*(1-gamma_r2)*k_r*T2d_r + 
		(1-epsilon)*(1-gamma_m2)*k_m*T2d_m - 
		(1-epsilon_i)*theta_l*e*Id_m - epsilon_i*e*Id_m;
		
		####################################
		# Treated First-Line
		####################################
		
		# HIV negative
		
		dT1n_s = T1n_s*(-mu_ts - k_1) + c_0*In_s + 
		epsilon*k_1*(1-a_si-a_sr-a_sm)*(1-gamma_s)*T1n_s;
		
		dT1n_r = T1n_r*(-mu_tr1 - k_1) + f_r*c_0*In_r  + 
		g_r*epsilon*k_1*(a_sr*(1-gamma_s)*T1n_s + 
		(1-a_rm)*(1-gamma_r1)*T1n_r);
		
		dT1n_i = T1n_i*(-mu_ti1 - k_1) + f_i*c_0*In_i + 
		g_i*epsilon*k_1*(a_si*(1-gamma_s)*T1n_s + 
		(1-a_im)*(1-gamma_i1)*T1n_i);
		
		dT1n_m = T1n_m*(-mu_t - k_1) + f_m*c_0*In_m  + 
		g_m*epsilon*k_1*((1-gamma_m1)*T1n_m +
		a_sm*(1-gamma_s)*T1n_s + a_rm*(1-gamma_r1)*T1n_r + 
		a_im*(1-gamma_i1)*T1n_i) 
		
		
		# HIV detected
		
		dT1d_s = T1d_s*(-mu_ths - k_1 + 
		epsilon*(1-a_si-a_sr-a_sm)*(1-gamma_s)*k_1) + 
		c_d*(Id_s + Iipt_s) + c_u*Iu_s + epsilon_i*z*Iu_s + 
		epsilon_i*e*Id_s;
		
		dT1d_r = T1d_r*(-mu_thr1 - k_1) + 
		f_r*(c_d*(Id_r + Iipt_r) + c_u*Iu_r)  + f_r*epsilon_i*z*Iu_r +
		g_r*epsilon*k_1*(a_sr*(1-gamma_s)*T1d_s + 
		(1-a_rm)*(1-gamma_r1)*T1d_r) + f_r*epsilon_i*e*Id_r;
		
		dT1d_i = T1d_i*(-mu_thi1 - k_1) + 
		f_i*(c_d*(Id_i + Iipt_i) + c_u*Iu_i) + f_i*epsilon_i*z*Iu_i +
		g_i*epsilon*k_1*(a_si*(1-gamma_s)*T1d_s + 
		(1-a_im)*(1-gamma_i1)*T1d_i) + f_i*epsilon_i*e*Id_i;
		
		dT1d_m = T1d_m*(-mu_td - k_1) + 
		f_m*(c_d*(Id_m + Iipt_m) + c_u*Iu_m)  + f_m*epsilon_i*z*Iu_m +
		g_m*epsilon*k_1*((1-gamma_m1)*T1d_m + 
		a_sm*(1-gamma_s)*T1d_s + a_rm*(1-gamma_r1)*T1d_r + 
		a_im*(1-gamma_i1)*T1d_i) + f_m*epsilon_i*e*Id_m;
		
		
		####################################
		# Treated Second-Line
		####################################
		
		# HIV negative
		
		dT2n_r = -mu_tr2*T2n_r + (1-f_r)*c_0*In_r - k_r*T2n_r + 
		(1-g_r)*epsilon*a_sr*(1-gamma_s)*k_1*T1n_s +
		(1-g_r)*epsilon*(1-a_rm)*(1-gamma_r1)*k_1*T1n_r + 
		epsilon*(1-a_si)*(1-gamma_r2)*k_r*T2n_r;
		
		dT2n_i = -mu_ti2*T2n_i + (1-f_i)*c_0*In_i - k_i*T2n_i + 
		(1-g_i)*epsilon*a_si*(1-gamma_s)*k_1*T1n_s +
		(1-g_i)*epsilon*(1-a_im)*(1-gamma_i1)*k_1*T1n_i + 
		epsilon*(1-a_sr)*(1-gamma_i2)*k_i*T2n_i;
		
		dT2n_m = -mu_tm2*T2n_m + (1-f_m)*c_0*In_m - k_m*T2n_m + 
		(1-g_m)*epsilon*(1-gamma_m1)*k_1*T1n_m +
		(1-g_m)*epsilon*a_sm*(1-gamma_s)*k_1*T1n_s + 
		(1-g_m)*epsilon*a_rm*(1-gamma_r1)*k_1*T1n_r + 
		(1-g_m)*epsilon*a_im*(1-gamma_i1)*k_1*T1n_i + 
		epsilon*a_sr*(1-gamma_i2)*k_i*T2n_i +
		epsilon*a_si*(1-gamma_r2)*k_r*T2n_r + 
		epsilon*(1-gamma_m2)*k_m*T2n_m;
		
		# HIV detected
		
		dT2d_r = -mu_thr2*T2d_r - k_r*T2d_r +
		(1-f_r)*(c_d*Id_r + c_d*Iipt_r + c_u*Iu_r)  + 
		(1-g_r)*epsilon*a_sr*(1-gamma_s)*k_1*T1d_s + 
		(1-g_r)*epsilon*(1-a_rm)*(1-gamma_r1)*k_1*T1d_r + 
		epsilon*(1-a_si)*(1-gamma_r2)*k_r*T2d_r + 
		(1-f_r)*epsilon_i*z*Iu_r + (1-f_r)*epsilon_i*e*Id_r;
		
		dT2d_i = -mu_thi2*T2d_i  - k_i*T2d_i + 
		(1-f_i)*(c_d*Id_i + c_d*Iipt_i + c_u*Iu_i) + 
		(1-g_i)*epsilon*a_si*(1-gamma_s)*k_1*T1d_s + 
		(1-g_i)*epsilon*(1-a_im)*(1-gamma_i1)*k_1*T1d_i + 
		epsilon*(1-a_sr)*(1-gamma_i2)*k_i*T2d_i + 
		(1-f_i)*epsilon_i*z*Iu_i + (1-f_i)*epsilon_i*e*Id_i;
		
		dT2d_m = -mu_thm2*T2d_m - k_m*T2d_m + 
		(1-f_m)*(c_d*Id_m + c_d*Iipt_m + c_u*Iu_m)  + 
		(1-g_m)*epsilon*(1-gamma_m1)*k_1*T1d_m + 
		(1-g_m)*epsilon*a_sm*(1-gamma_s)*k_1*T1d_s + 
		(1-g_m)*epsilon*a_rm*(1-gamma_r1)*k_1*T1d_r + 
		(1-g_m)*epsilon*a_im*(1-gamma_i1)*k_1*T1d_i + 
		epsilon*a_sr*(1-gamma_i2)*k_i*T2d_i + 
		epsilon*a_si*(1-gamma_r2)*k_r*T2d_r + 
		epsilon*(1-gamma_m2)*k_m*T2d_m + 
		(1-f_m)*epsilon_i*z*Iu_m  + (1-f_m)*epsilon_i*e*Id_m;
		
		
		####################################
		# Mortality
		#################################### 
		    # HIV deaths
		 # ALL deaths to people with HIV
		 # Per 1000 people with HIV
		 if (N_hiv > 1) {
		 dM_hiv = (mu_u*(Su + Lu) + mu_i*(Sipt + Sipt_postipt + Lipt) +
		  mu_d*(Sd + Sd_postipt + Ld) + mu_tu*Iu + 
		  mu_ti*(Iipt_s + Iipt_r) + mu_td*(Iipt_m + Iipt_i + Id + T1d_m) + 
		  mu_ths*T1d_s + mu_thi1*T1d_i + mu_thr1*T1d_r + 
		  mu_thr2*T2d_r + mu_thi2*T2d_i + mu_thm2*T2d_m)/N_hiv*1000
		 } else {
		 	dM_hiv = 0
		 }
		 
		return(list(c(dSn, dSu, dSd, #3
			 dLn_s, dLn_si, dLn_sm, dLn_i, dLn_r, dLn_ri, dLn_rm, dLn_m, #11
			 dLu_s, dLu_si, dLu_sm, dLu_i, dLu_r, dLu_ri, dLu_rm, dLu_m, #19
			 dLd_s, dLd_si, dLd_sm, dLd_i, dLd_r, dLd_ri, dLd_rm, dLd_m, #27
			 dIn_s, dIn_r, dIn_i, dIn_m, #31
			 dIu_s, dIu_r, dIu_i, dIu_m, #35
			 dId_s, dId_r, dId_i, dId_m, #39
			 dT1n_s, dT1n_r, dT1n_i, dT1n_m, #43
			 dT1d_s, dT1d_r, dT1d_i, dT1d_m, #47
			 dT2n_r, dT2n_i, dT2n_m, #50
			 dT2d_r, dT2d_i, dT2d_m, #53
			 dCum_ARI, dCum_ARI_s, dCum_ARI_r, dCum_ARI_i, dCum_ARI_m, #58
			 dSipt, dLipt_s, dLipt_i, dLipt_r, dLipt_m,
			 dIipt_s, dIipt_r, dIipt_i, dIipt_m,
			 dSipt_postipt,dSd_postipt, dM_hiv))) 
	})	
	
}
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