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Text I—DESCRIPTION OF THE TB-DM INTERVENTION MODEL
We extended a recently developed mathematical model (Awad et al. 2019b) of the dynamics of tuberculosis-diabetes mellitus (TB-DM) interactions, to investigate the impact of different intervention scenarios on TB transmission in India. The model stratified the population by age (20 5-years age bands representing 0-99 years old), TB infection status, TB infection stage (latent-fast and latent-slow), TB disease form (pulmonary smear-positive, pulmonary smear-negative, and extra-pulmonary), TB treatment status, TB recovery status, DM status, and TB-DM intervention status. The model was described by a set of coupled nonlinear ordinary differential equations codded in MATLAB 2018b (The MathWorks et al. 2018). 
Figure S1. A schematic diagram of the tuberculosis-diabetes mellitus (TB-DM) intervention model. The different color-coded lines between TB natural history in people with DM but no intervention, and people with DM undergoing intervention(s), indicate the different modelled interventions (i.e. blue for vaccination, green for latent TB treatment, and orange for controlling DM in people with DM).

 





[bookmark: MTBlankEqn]The TB-DM model was a population-based deterministic compartmental model that accounts for the epidemiological dynamics and interactions between TB and DM (Figure S1). The flow from one age group to the next was dictated by the rate . Twenty 5-year age groups (indexed by ) were incorporated in the model, of which the first three were children (ages 0–14). All non-DM individuals were assumed at risk of developing DM at an age-dependent rate  (except those 0-4 years old; ).






Diabetes mellitus was assumed to affect TB natural history and treatment outcomes through 10 different effects that were included based on empirical evidence (Awad et al. 2019a;Awad et al. 2019b): Compared to non-DM individuals, DM increased susceptibility to TB infection (Effect 1-Susceptibility; ), proportion of TB infections entering latent fast (LFI) versus latent slow (LSI) states (Effect 2-Fast progression; ), susceptibility to develop TB disease among those with LSI (Effect 3-Reactivation; ), susceptibility to TB reinfection among those with LSI (Effect 4-Primary reinfection; ), proportion of those developing smear-positive pulmonary TB disease (versus smear-negative) for those with pulmonary TB disease (Effect 5-Smear positivity; ), and TB infectiousness among those with pulmonary TB disease (Effect 6-Disease infectiousness; ).




Furthermore, compared to non-DM individuals, DM increased the risk of TB-related mortality (Effect 7-TB mortality; ), reduced the proportion of successful treatment among those undergoing TB treatment (Effect 8-Treatment failure; ), delayed the resolution of TB disease (Effect 9-Recovery; ), and increased susceptibility to TB reinfection after recovery (Effect 10-Cured reinfection; ).

Interventions in the model (indexed ) were incorporated into TB natural history and disease dynamics, by generating a distinct and separate TB natural history for the proportion of individuals undergoing the intervention (Figure S1).
TB vaccination




Two different types of vaccination were incorporated in the model: pre-exposure (prophylactic) vaccine and post-exposure vaccine. The pre-exposure vaccine was administered to DM individuals who were uninfected but susceptible to TB, at a rate . Vaccinated individuals could become infected with TB at a rate . If infected, vaccinated individuals proceeded through TB disease stages that were analogous to those for non-vaccinated DM individuals. Vaccine efficacy waned with time, with vaccinated individuals moving back to the susceptible population category at a rate of . Once there, individuals would receive a vaccine boost to return to the vaccinated state at a rate , or they would become infected with TB, at which point they follow the TB natural history of non-vaccinated DM individuals. 


The post-exposure vaccine was administered to DM individuals who are latently TB infected, at a rate , moving them into the vaccinated latent TB infection category. Once vaccinated, individuals who received a post-exposure vaccine followed a similar TB natural history to those who received a pre-exposure vaccine. Vaccine efficacy waned with time with the vaccinated individuals moving back to the unvaccinated latent TB infection category at a rate . 



Only the pre-exposure vaccine reduced the fraction of TB infected persons who were TB fast progressors, by a fraction . Both pre-exposure and post-exposure vaccines reduced the infectiousness of those vaccinated who became infected and developed pulmonary TB disease, by a fraction . Also, both vaccines reduced the rate of progression to TB disease for those latently infected (slow progressors), by a fraction . 
Treatment of latent TB as preventive therapy



Latent TB infection is a reservoir that serves as the source of new TB disease cases. In the model, preventive latent TB therapy was assumed to be administered to DM individuals with latent TB infection, to prevent development of active TB disease. Individuals with latent TB and DM were assumed to be treated at a rate . Those who are successfully treated (with  being the efficacy of TB latent therapy), move to the recovery state . Once there, they can be reinfected with TB and progress with the usual TB natural history for people with DM. 
Controlling DM for improved TB progression and treatment outcomes


To alleviate the impact of DM on TB, DM can be managed and controlled as an intervention (i.e. hemoglobin A1c [HbA1c] level of <8.0% (American Diabetes Association 2017)). One intervention is for a proportion  of DM individuals with TB disease to be dually treated for both TB and DM at the same time, to cure TB and to control DM. A second intervention is for all DM individuals whether unexposed to TB, latently infected with TB, with TB disease, treated TB disease, or recovered TB disease, to be treated at a rate .

For those DM individuals with controlled DM, the effects of DM on TB infection, TB disease, and TB treatment outcomes are reduced, relative to those with uncontrolled DM, through a fraction . For instance, the effect size for DM’s effect on the susceptibility to TB infection (Effect 1-Suceptibility), for those with controlled DM, is given by: 

 
[bookmark: _Toc439859899][bookmark: _Toc441675527]Text II—MODEL EQUATIONS
The TB-DM model was based on extension of the Awad et al. model (Awad et al. 2019b), to include interventions targeting people with DM. The model equations are listed below, with the key intervention-related terms highlighted in color—i.e. vaccination terms are in blue, latent therapy terms are in green, while DM control terms are in orange. Definitions of all symbols in these equations can be found in Table S1.
No intervention branch of the equations, for the population without DM
TB and DM susceptible:

 
TB latent infection:

 
TB disease:

 
Treated TB disease:

 
Recovered:

 

No intervention branch of the equations, for the population with DM (aged  years) 
TB susceptible with DM:

 
TB latent infection with DM:

 
TB disease with DM:

 
Treated TB disease with DM:

 
TB recovered with DM:

 

Intervention branch of the equations, for the population with DM (aged  years) 
TB susceptible with DM:

 
TB latent infection with DM:

 
TB disease with DM:

 
Treated TB disease with DM:

 
TB recovered with DM:

 

Here, total number of individuals in the population, , is given by:



The parameter  for the population with DM was determined according to:

 


while, 

,


and

.		


Here,  and  are the proportions of smear-positive pulmonary TB cases in the DM and non-DM groups, respectively, as found in Table S3. 

Table S1: Definitions of the symbols in the model 
	SYMPOL
	DEFINITION

	

	Susceptible to TB without and with DM, where index i marks the intervention status

	

	TB latent fast infection without and with DM, where index i marks the intervention status

	

	TB latent slow infection without and with DM, where index i marks the intervention status

	

	Smear-positive pulmonary TB disease without and with DM, where index i marks the intervention status 

	
..
	Smear-negative pulmonary TB disease without and with DM, where index i marks the intervention status

	

	Extra-pulmonary TB disease without and with DM, where index i marks the intervention status

	

	Treated smear-positive pulmonary TB disease without and with DM, where index i marks the intervention status

	

	Treated smear-negative pulmonary TB disease without and with DM, where index i marks the intervention status

	

	Treated extra-pulmonary TB disease without and with DM, where index i marks the intervention status

	

	Recovered without and with DM, where index i marks the intervention status

	
 
	Total population 

	
 
	Birth rate

	
 
	Natural mortality rate

	
 
	Transition rate from one age group to the next age group

	
 
	
A function that is 1 for age group  and 0 otherwise 

	
 
	Proportion of TB infections entering latent-fast state 

	
 
	Proportions of new TB disease cases in each of the three clinical disease categories#

	
 
	Fractional reduction in the susceptibility to TB reinfection due to prior exposure to TB 

	
 
	Progression rate from latency to TB disease for latent-fast progressors 

	
 
	Progression rate from latency to TB disease for latent-slow progressors  

	
 
	TB disease mortality rate per TB disease category for untreated and treated cases 

	
 
	Proportion of TB disease cases that are effectively treated 

	
 
	TB treatment rate

	
 
	Spontaneous recovery rate 

	
 
	Rate of successful completion of treatment  

	
 
	TB incidence rate

	
 
	DM onset rate 

	

,  
	
DM increases susceptibility to TB infection (Effect 1-Susceptibility). Here  marks the intervention status 

	

,  
	
DM increases the proportion of TB infections entering latent-fast state as opposed to latent-slow state (Effect 2-Fast progression). Here  marks the intervention status

	

,  
	
DM increases the rate of developing TB disease among those with latent TB infection (Effect 3-Reactivation). Here  marks the intervention status

	

,  
	
DM increases the susceptibility to TB reinfection among those with latent-slow TB infection (Effect 4-Latent reinfection). Here  marks the intervention status

	

,  
	
DM increases the proportion of new pulmonary TB disease cases moving to smear-positive as opposed to smear-negative (Effect 5-Smear positivity). Here  marks the intervention status

	

,  
	
DM increases the infectiousness of PTB (SP-PTB and SN-PTB) for untreated and treated TB disease cases (Effect 6-Disease infectiousness). Here  marks the intervention status

	

, 
	
DM increases the hazard of TB-related mortality for untreated and treated TB disease cases (Effect 7-TB mortality). Here  marks the intervention status

	

, 
	
DM reduces the proportion of successful treatment (through increased risk of treatment failure and MDR-TB; Effect 8-Treatment failure). Here  marks the intervention status

	

,  
	
DM reduces the rate of TB recovery (i.e. prolongs the recovery time) for those who recover naturally or due to treatment (Effect 9-Recovery). Here  marks the intervention status

	

,  
	
DM increases susceptibility to TB reinfection among those treated or recovered from TB disease (Effect 10-Cured reinfection). Here  marks the intervention status

	
 
	Relative risk (RR) of developing DM in the population with a history of TB disease compared to the general population 

	
 
	RR of mortality in the DM population compared to the general population

	
 
	Pre-exposure vaccination rate

	
 
	Post-exposure vaccination rate

	
 
	Fractional reduction in the fraction of those who become fast progressors upon TB infection due to prior vaccination

	
 
	Fractional reduction in the infectiousness of TB diseases persons due to prior vaccination 

	
 
	Fractional reduction in the progression rate to TB disease among those who are slow progressors

	

	Waning rate of vaccine immunity (i.e. duration of vaccine protection) for pre-exposure vaccine

	
 
	Waning rate of vaccine immunity (i.e. duration of vaccine protection) for post-exposure vaccine

	
 
	Treatment rate of latent TB treatment 

	

	Drug efficacy of latent TB treatment 

	
 
	Rate at which DM cases are managed to achieve DM control (i.e. HbA1c <8.0%) in all DM individuals whether unexposed to TB, latently infected with TB, with TB disease, or recovered TB disease

	
 
	Proportion of DM individuals with TB disease who are dually treated for both TB and DM at the same time, to cure TB and to achieve DM control (i.e. HbA1c <8.0%) 

	
 
	Fractional reduction (due to intervention) in the effect size of DM-related effects on TB natural history and treatment outcomes 


#The three clinical categories are smear-positive pulmonary (SP), smear-negative pulmonary (SN), and extra-pulmonary (EP) tuberculosis. 

TB force of infection and TB contact rate







TB force of infection () was determined by the probability of transmission per respiratory contact (), the respiratory contact rate within a population (), the effect of DM on TB infectiousness (, ), the relative infectiousness of individuals with each type of TB disease compared to the infectiousness of individuals with smear-positive pulmonary TB (), and the fractional reduction in the infeciousness of TB disease due to pre- or post-exposure vaccination (): 



 

Given the evidence for declining TB incidence in India, the temporal variation of  was characterized by a Wood-Saxon function (Velicia 1987;Woods et al. 1954):

		







Here,  is the asymptotic value that describes the contact rate well after the transition, Z is the level of change in  during the transition from  before the transition to  after the transition,  describes the transition duration parameter, and  is the turning point year at which the contact rate crosses half way towards its asymptotic value of . 
These parameters were obtained by fitting the model to available country-specific TB-incidence and mortality data (World Health Organization 2017).
TB treatment and TB case detection rates
Treatment rate in the model depended on TB disease type and was determined by: 

							









Here, , , and  are the case detection rates (by disease type), , , and  are the TB-related mortality rates, and , , and  are the spontaneous recovery rates.
Given the evidence for increasing TB case detection in India (The World Bank 2015) and the likelihood of underreporting of treatment among TB cases, the temporal variation in TB case detection rate was parametrized through a logistic function:

.								




 are the reported case detection ratios (by disease type) obtained from the World Health Organization (Abu-Raddad et al. 2009)), while the parameters , , and  were obtained by fitting the model to available country-specific TB-incidence and mortality data (World Health Organization 2017).
DM onset rate 
Given that DM incidence and prevalence in India are increasing (International Diabetes Federation 2016), the rate of DM onset in the TB-DM model was assumed to be age and time dependent, and was parameterized through: 

.								





The parameters of this combined Gaussian-logistic function (, , , , and ) were obtained by fitting the model to the age- and time-specific DM prevalence data for India (Anjana et al. 2017;International Diabetes Federation 2016).
Demographic parameters


Population growth rate () and natural mortality rate () were described by the following functions (Ayoub et al. 2018):

 									
and 

			








The parameters , , , , , , , and  were obtained by fitting the model to the age-specific population data for India (United Nations Department of Economic and Social Affairs et al. 2012. available: http://esa.un.org/wpp/Excel-Data/population.htm ). 


Text III—DATA SOURCES
The TB-DM model was parameterized using empirical epidemiological and natural history data from multiple sources. The model’s parameter values for TB natural history in absence of DM, along with their references, are listed in Table S2. 
Table S2. Model assumptions in terms of parameter values.
	Symbol
	Definition
	Parameter value
	Sources

	
	
	0-14 years old
	15+ years old
	

	
 
	Proportion of TB infections entering latent-fast state 
	
 
	
 
	(Abu-Raddad et al. 2009;Dye et al. 1998) 

	
 
	Proportions of new TB disease cases in each of the three clinical disease categories#
	

	
 
	(Barnett GD et al. 1977)

	
 
	Fractional reduction in the susceptibility to TB reinfection due to prior exposure to TB 
	
 

	(Abu-Raddad et al. 2009;Dye et al. 2008) 

	
 
	Progression rate from latency to TB disease for latent-fast progressors (per year)
	
 

	(Abu-Raddad et al. 2009)

	
 
	Progression rate from latency to TB disease for latent-slow progressors (per year) 
	
   
	(Abu-Raddad et al. 2009;Dye et al. 2008)

	
 
	TB disease mortality rate per TB disease category for untreated and treated cases (per year)
	
 
	(Abu-Raddad et al. 2009;Springett 1971)

	
 
	Proportion of TB disease cases that are effectively treated 
	
 
	(World Health Organization 2008)

	
 
	Spontaneous recovery rate (per year)
	


, , 



, , 
	(Abu-Raddad et al. 2009;Dye et al. 1998;Dye et al. 2008)

	
 
	Rate of successful completion of treatment (per year) 
	
 
	(World Health Organization 2010)

	
 
	Transmission probability per respiratory contact 
	
 
	(Abu-Raddad et al. 2009)

	
 
	Relative infectiousness for each of the three disease categories and treatment categories with respect to smear-positive pulmonary disease
	
 
	(Abu-Raddad et al. 2009;Chang et al. 2011;Small et al. 1994)

	

	Reported case detection ratio per TB disease category
	
 
	(Abu-Raddad et al. 2009)

	

	Relative risk of mortality in people with DM (per age group) compared to the general population
	


 
	

	Calculated based on (International Diabetes Federation 2006;Nakagami et al. 2004)

	Country specific variables

	
 
	Total population 
	For each year per the database of the Population Division of the United Nations Department of Economic and Social Affairs 
	(United Nations et al. 2017)

	
 
	Birth rate
	Gaussian function 
	Fitting parameters

	
 
	Natural mortality rate
	Combination of logistic and Gaussian functions
	Fitting parameters

	

	Case detection rate per TB disease category 
	Logistic function
	Fitting parameters

	

	Respiratory contact rate (per year) 
	Wood Saxon (logistic function)
	Fitting parameters

	
 
	DM incidence rate (per year)
	Combination of logistic and Gaussian functions
	Fitting parameters


#The three clinical categories are smear-positive pulmonary (SP), smear-negative pulmonary (SN), and extra-pulmonary (EP) tuberculosis. 
We incorporated the 10 potential DM effects on TB’s natural history and treatment outcomes to which their effect sizes were based on epidemiological evidence as summarized in Table S3. Derivations, justifications, and summary of the evidence for each parameter can be found in Awad et al. (Awad et al. 2019b). 
Table S3. Effects of diabetes mellitus (DM) on tuberculosis (TB) natural history and treatment outcomes (Awad et al. 2019b).
	Symbol
	Definition
	Parameter value (range for sensitivity analysis)
	Sources

	
 
	DM increases susceptibility to TB infection (Effect 1-Susceptibility)
	1.50 (1.00-2.20)
	(Martinez et al. 2017)

	

	DM increases the proportion of TB infections entering latent-fast state as opposed to latent-slow state (Effect 2-Fast progression)
	1.61 (1.33-1.80)
	[bookmark: _Hlk25825630]To fit the pooled TB-DM association of 2.00 (95% CI: 1.78-2.24) (Al-Rifai et al. 2017)

	
 
	DM increases the rate of developing TB disease among those with latent TB infection (Effect 3-Reactivation)
	1.00 (no effect)
	(Awad et al. 2019b)

	
 
	DM increases the susceptibility to TB reinfection among those with latent-slow TB infection (Effect 4-Latent reinfection)
	1.80 (1.40-2.30)
	Estimated based on (Huangfu et al. 2019)

	
 
	DM increases the proportion of new PTB* disease cases progressing to SP-PTB as opposed to SN-PTB (Effect 5-Smear positivity)
	
 
	Estimated in (Awad et al. 2019b) based on epidemiological evidence provided by (Chiang et al. 2015;Chiang et al. 2014;Dooley et al. 2009;Gil-Santana et al. 2016;Hongguang et al. 2015;Magee et al. 2015;Magee et al. 2013;Mi et al. 2013;Prasad et al. 2014;Reis-Santos et al. 2013;Restrepo et al. 2008;Suwanpimolkul et al. 2014;Viswanathan et al. 2012;Wang et al. 2013;Workneh et al. 2016;Wu et al. 2016)

	
 
	DM increases the infectiousness of PTB (SP-PTB and SN-PTB) for untreated and treated TB disease cases (Effect 6-Disease infectiousness)
	1.46 (±25%)
	Estimated in (Awad et al. 2019b) based on epidemiological evidence provided by (Chang et al. 2011;Chiang et al. 2015;Dooley et al. 2009;Duangrithi et al. 2013;John et al. ;Restrepo et al. 2007;Singla et al. 2006)

	
 
	DM increases the hazard of TB-related mortality for untreated and treated TB disease cases (Effect 7-TB mortality)
	2.11 (1.76-2.51)
	Estimated based on (Huangfu et al. 2019)

	
 
	DM reduces the proportion of successful treatment (through increased risk of treatment failure and MDR-TB¥; Effect 8-Treatment failure)
	1.00 (no effect)
	Estimated in (Awad et al. 2019b) based on epidemiological evidence provided by (Alo et al. 2014;Ambrosetti et al. 1999a;Ambrosetti et al. 1999b;Ambrosetti et al. 1999c;Cavanaugh et al. 2015;Centis et al. 2000;Centis et al. 2002;Jimenez-Corona et al. 2013;K et al. 2013;Mboussa et al. 2003;Reis-Santos et al. 2013;Singla et al. 2006;Sulaiman et al. 2013;Tatar et al. 2009;Viswanathan et al. 2014a;Viswanathan et al. 2014b)

	
 
	DM reduces the rate of TB recovery (i.e. prolongs the recovery time) for those who recover naturally or due to treatment (Effect 9-Recovery)
	0.82 (±25%)
	Estimated in (Awad et al. 2019b) based on epidemiological evidence provided by (Chang et al. 2011;Suwanpimolkul et al. 2014;Viswanathan et al. 2014b)

	

	DM increases susceptibility to TB reinfection among those treated or recovered from TB disease (Effect 10-Cured reinfection)
	1.80 (1.40-2.30)
	Estimated based on (Huangfu et al. 2019)


#The three clinical categories are smear-positive pulmonary (SP), smear-negative pulmonary (SN), and extra-pulmonary (EP) tuberculosis. X is latent slow (LS) or latent fast (LF). *PTB: Pulmonary TB; ¥MDR-TB: multi-drug resistant TB.
Two changes in the effects sizes of the DM-on-TB effects were necessary in the present work relative to our previous study (Awad et al. 2019b). The first change was to ensure symmetry in applying the effects. We assumed that both those in the slow-latent TB infection compartment and those in the TB disease recovered compartment, but with DM, have an increased susceptibility of 1.80 to TB reinfection, compared to those without DM (i.e. both Effect 4-Latent reinfection and Effect 10-Cured reinfection are equal 1.80).
The second change was done, but only in a sensitivity analysis, where we incorporated an effect size for Effect 3-Reactivation that was assumed equal in magnitude to Effect 2-Fast progression. This was done to assess whether we may have underestimated the impact of latent TB treatment for those with DM, since it is biologically plausible for this effect to exist (Awad et al. 2019a;Awad et al. 2019b).
In implementing these changes, we refitted the effect size for Effect 2-Fast progression to ensure that we always generate the pooled TB-DM association of 2.00 as per the meta-analysis of existing studies (Al-Rifai et al. 2017). 

TEXT IV—ADDITIONAL FIGURES
Figure S2. Model projections for A) overall and B) age-specific diabetes mellitus prevalence in India between 1995 and 2050.
B
Prevalence (%)
    Prevalence (%)



Figure S3. Model fitting and projections for A) tuberculosis (TB) disease incidence rate, B) TB mortality rate, and C) total population in India between 1995 and 2050. The red asterisks and confidence intervals (bars) in panels A and B are the data provided by the World Health Organization’s Global Health Observatory data repository (World Health Organization 2017). The red asterisks in panel C are the data provided by the Population Division of the United Nations Department of Economic and Social Affairs (United Nations et al. 2017).
[image: ]


Figure S4. Projected tuberculosis (TB) incidence rate for different intervention strategies targeting individuals with diabetes mellitus (DM): A) TB vaccination, B) latent tuberculosis (TB) treatment as a preventive therapy, C) managing and controlling DM for improved TB progression and treatment outcomes. Details of each intervention scenario can be found in Table 1 of main text. 
[image: ]

Figure S5. Sensitivity analyses to assess the impact of variations in key parameters for the combination of post- and pre-exposure vaccination scenario on A) TB incidence rate reduction and B) number of vaccinations needed to avert one TB disease case (effectiveness), both by 2050. Orange bars are based on the lower bound of parameter values and blue bars are based on the upper bound of parameter values. The reference line in this figure represents the impact of the intervention using the intervention’s original parameters as indicated in Table 1.
[image: ]


Figure S6. Projected outcomes of the impact of tuberculosis (TB) vaccination targeting individuals with diabetes mellitus (DM), assuming different DM prevalence trajectories. A) Reduction in TB disease incidence rate. B) Reduction in TB mortality rate. C) Number of vaccinations needed to avert one TB disease case (effectiveness) by 2025, 2030, 2040, and 2050. Vaccine coverage was scaled up to 50% by 2025 and then maintained at this level thereafter.
[image: ]
Figure S7. Sensitivity analyses to assess the impact of variations in the diabetes mellitus (DM)-on-tuberculosis (TB) effects for the combination of post- and pre-exposure vaccination scenario on A) TB incidence rate reduction and B) number of vaccinations needed to avert one TB disease case (effectiveness), both by 2050. Blue bars are based on the lower bound of parameter values (lower bound of the 95% confidence interval; CI) and red bars are based on the upper bound of parameter values (upper bound of the 95% CI; Table S3).
[bookmark: _GoBack][image: ]


Figure S8. Sensitivity analyses to assess the impact of variations in tuberculosis (TB) epidemiological and natural history parameters for the combination of post- and pre-exposure vaccination scenario on A) TB incidence rate reduction and B) number of vaccinations needed to avert one TB disease case (effectiveness), both by 2050. Blue bars are based on the lower bound of parameter values (lower bound of the 95% confidence interval; CI) and red bars are based on the upper bound of parameter values (upper bound of the 95% CI; Table S2).
[image: ]
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