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ABSTRACT

Background: In context of the rapidly expanding diabetes mellitus (DM) epidemic in India and
slowly declining tuberculosis (TB) incidence, we aimed to estimate the past, current, and future

impact of DM on TB epidemiology.

Methods: An age-structured TB-DM dynamical mathematical model was developed and
analyzed to assess the DM-on-TB impact. The model was calibrated using a literature review and
meta-analyses. The DM-on-TB impact was analyzed using population attributable fraction
metrics. Sensitivity analyses were conducted by accommodating less conservative effect sizes for
the TB-DM interactions, by factoring the age-dependence of the TB-DM association, and by

assuming different TB disease incidence rate trajectories.

Results: In 1990, 11.4% (95% uncertainty interval (Ul): 6.3%-14.4%) of new TB disease
incident cases were attributed to DM. This proportion increased to 21.9% (95% Ul: 12.1%-
26.4%) in 2017, and 33.3% (95% Ul: 19.0%-44.1%) in 2050. Similarly, in 1990, 14.5% (95%
Ul: 9.5%-18.2%) of TB-related deaths were attributed to DM. This proportion increased to
28.9% (95% Ul: 18.9%-34.1%) in 2017, and 42.8% (95% Ul: 28.7%-53.1%) in 2050. The
largest impacts originated from the effects of DM on TB disease progression and infectiousness.

Sensitivity analyses suggested that the impact could be even greater.

Conclusion: The burgeoning DM epidemic is predicted to become a leading driver of TB
disease incidence and mortality over the coming decades. By 2050, at least one-third of TB
incidence and almost half of TB mortality in India will be attributed to DM. This is likely

generalizable to other Asian Pacific countries with similar TB-DM burdens. Targeting the impact



of the increasing DM burden on TB control is critical to achieving the goal of TB elimination by

2050.
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INTRODUCTION

Although tuberculosis (TB) remains a public health concern globally, several countries are
disproportionally affected by TB [1]. India harbors the largest number of individuals with TB
worldwide, with at least twice as many cases as any other country [1]. In 2016, 2.8 million
incident TB disease cases (27% of global TB incidence) and 435,000 TB deaths (26% of global

TB deaths) were estimated in India [1].

TB disease incidence is affected by key risk factors such as diabetes mellitus (DM), HIV, under-
nutrition, and smoking [2]. In 2017, 73 million Indians were living with DM at a prevalence of
8.8% (95% confidence interval [CI]: 6.7%-10.9%) [3]. India was projected to account for the
highest number of DM cases globally by 2045 at 134 million cases [3]. With India burdened by
both TB and DM, their synergetic relationship is a major public health concern. A number of
TB-DM epidemiological studies have been conducted in this country [4-9], with recent data

reporting high DM prevalence among TB patients [10].

DM increases the risk of TB infection [11] and disease [12-14], and has adverse impact on TB
treatment outcomes (e.g., DM increases the risk of mortality during TB treatment, TB relapse,
and possibly multi-drug resistant TB) [14-20]. Several biological mechanisms appear to explain
the synergetic TB-DM association [21-33]. For example, the hypothesis that DM impairs the
innate and adaptive immune responses, such as interferon-C (IFN-c), necessary to prevent the
proliferation of TB, is supported by existing studies [13,30,34]. Studies showed that, compared
to people with no DM, IFN-c levels were significantly reduced in people with DM [30], and that

IFN-c levels were negatively associated with glycated hemoglobin levels [31].



A recent study of TB-DM interactions indicated large potential impact for DM on TB incidence
including both direct (e.g., DM increasing the risk of onset of TB disease) and indirect effects
(e.g., onward transmission of TB from people with and without DM) [20]. The study concluded
that the impact of DM on TB epidemiology could be underestimated, if assessed using more
conventional population attributable fraction (PAF) approaches such as Levin’s formula [35],

that capture only the direct impact of DM on TB [20].

Against this background, we aimed to estimate the past, current, and future impact of DM on TB
epidemiology in India using a dynamical mathematical model. A strength of this study is that it
accounts for the different pathways in which DM affects TB natural history and treatment
outcomes, and incorporates a detailed quantitative assessment of the effect sizes of each of the
DM-on-TB effects. The study also factors the projected rise of the DM epidemic in India over
the coming decades, and assesses both the direct and indirect population impacts of DM on TB.
The TB-DM model was applied to India to demonstrate the utility of our approach in a country

highly burdened with both diseases, however, can be implemented in additional countries.

METHODS

We constructed an age-structured deterministic compartmental model to characterize the impact
of DM on TB epidemiology in India by extending a recently developed analytical approach [20].
The model was also designed based on a recently developed conceptual framework for TB-DM

interactions [20]. The model was coded and analyzed in MATLAB R2015a [36].

Mathematical model



The model is described by a system of coupled nonlinear differential equations stratifying the
Indian population by age group, TB infection status, TB infection stage, TB disease form, TB
treatment status, TB recovery status, and DM status. Details of the model can be found in

Supplementary.

The population was stratified into 20 5-year age bands representing the age cohort 0-99 years.
Upon infection, TB progression was stratified into the two stages: latent-slow TB infection (LSI)
and latent-fast TB infection (LFI). TB disease was stratified into the three clinically-relevant
forms: smear-positive pulmonary (SP-PTB), smear-negative pulmonary (SN-PTB), and extra-
pulmonary (EP-TB) [37,38]. The proportion of individuals developing each infection and disease
form was age-dependent, and only the pulmonary forms were considered infectious. Treatment
was assumed to last for six-months reflecting the directly-observed treatment short-course

(DOTYS) therapy [39].

Individuals with DM followed a distinct TB natural history from that of non-DM individuals—
TB natural history was modulated by specific effects of having concurrent DM (Supplementary
Figure S1). Based on empirical evidence, DM was assumed to affect TB natural history and
treatment outcomes through 10 different pathways [20]. The effects, their definitions, their effect
sizes, and the evidence supporting them are summarized in Table 1 and discussed in

Supplementary.

Briefly, compared to non-DM individuals, DM increased susceptibility to TB infection (Effect 1-
Susceptibility), proportion of TB infections entering LFI versus LSI states (Effect 2-Fast
progression), proportion of those developing SP-PTB (versus SN-PTB) 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).

Amongst those with DM comparative to without, susceptibility to develop TB disease among
those with LSI (Effect 3-Reactivation), and susceptibility to TB reinfection among those with

LSI (Effect 4-Primary reinfection), were set as having no effect, as the impacts of these pathways
were captured by Effect 2—Fast progression (Supplementary Section 3.2). Also, given
heterogeneity of evidence [19], the proportion of successful treatment among those with DM
undergoing TB treatment (Effect 8-Treatment failure) was set as equal to those without DM

undergoing TB treatment (Supplementary Section 3.2).
Data sources and model fitting

TB natural history model parameters (in absence of DM) were based on available empirical
evidence [37], or through model fitting to empirical data. Supplementary Table S1 lists the

parameter values and their sources.

The key assumptions for the effect sizes of the 10 DM-on-TB effects were based mostly on
pooled evidence from systematic reviews and/or meta-analyses, or derived from specific
observational studies (Table 1 and Supplementary). Given heterogeneities and uncertainties
around the exact effect sizes, we opted for a conservative approach whereby each effect size was

modest, or set at the null value if the evidence is conflicting or not firmly established (i.e. DM



has no effect on TB). For example, the effect size for Effect 2-Fast progression was set as
derived using an effect size of only 2.00 for the TB-DM association—based on a conservative
meta-analysis that pooled studies of different study designs (Supplementary Section 3.2) [12].
The effect size for Effect 7-TB mortality was based on a recent meta-analysis estimating a pooled
mean crude odds ratio (OR) of 2.11 across 48 studies [19]. Despite evidence suggesting an effect
for TB on DM [40], we opted not to account for this bi-directionality given that current evidence
is not yet conclusive for this effect. Therefore, our estimates for the impact of the TB-DM
interactions on TB epidemiology are more likely to underestimate the impact, rather than

overestimate it.

The model was fitted using the following India-specific data: TB-incidence and mortality rates as
reported in the World Health Organization (WHO) Global Health Observatory data repository
[41], national and age-specific DM prevalence as reported by the International Diabetes
Federation [3,42-46], age-specific DM prevalence distribution as reported by the nationally-
representative Indian Council of Medical Research-India Diabetes study [47], and demographics
as reported in the database of the Population Division of the United Nations Department of
Economic and Social Affairs [48]. TB contact and case-detection rates were derived by model

fitting to the above data.

TB-DM synergy metric

We estimated the impact of DM on each of TB disease incidence and mortality between 1990
and 2050 by calculating the “true” PAF [20]—i.e. the proportion of each of TB incidence and
mortality that is directly (etiologically) and indirectly (such as onward transmission) attributed to

DM (Supplementary). In contrast with Levin’s PAF [35] which only estimates the direct



population impact of DM on TB disease, “true” PAF (below noted only as PAF) was estimated
for each of TB incidence and mortality as the proportional reduction between the measures in a
scenario where the synergy in the TB-DM relationship is active, compared to a scenario where

the synergy is inactive. We assessed the impact of DM on TB epidemiology for each of the DM

effects in combinations and individually.

Uncertainty analysis

A multivariate uncertainty analysis was conducted factoring the uncertainty in our knowledge of
the DM-on-TB effect sizes (Table 1). We used Monte Carlo sampling from either the CI for the
TB-DM effect sizes, or assuming (if uncertainty is not captured by CI) £25% uncertainty around
the point estimates for the effect sizes. We implemented 500 uncertainty runs of the model. In
each run, the values of the effect sizes were randomly selected from their specified ranges, and
the model was refitted to India’s country-specific data. The mean and 95% uncertainty intervals
(UI) for the PAFs were derived from the likelihood distribution generated by the uncertainty

runs.
Sensitivity analyses

Given that our main estimates were generated using a conservative approach, we conducted two
sensitivity analyses with less conservative effect sizes for the TB-DM interactions. In the first
sensitivity analysis, we used, for Effect 2-Fast progression, the TB-DM association effect size of
3.59 based on the prospective cohort studies (Supplementary Section 3.2) [12], In the second
sensitivity analysis, we used, for Effect 7-TB mortality, the effect size of 4.95 based on the
pooled analysis that included studies that appropriately adjusted for confounders (Supplementary

Section 3.2) [19].



In a third sensitivity analysis, we explored the TB-DM synergy implications by factoring the
age-dependence of the TB-DM association, based on a cohort study that estimated the age-
specific relative risks (RRs) of the effect of DM on TB disease [49]. In doing so, we scaled down
(conservatively) the age effects reported by Kim et al [49], to reach the assumed two-fold overall

RR (Supplementary Section 3.2).

In a fourth sensitivity analysis, in context of uncertainty about the future trajectory of the TB
epidemic over the coming decades, we assessed the TB-DM synergy implications assuming 10
different TB disease incidence rate trajectories over the coming decades. The change in TB
incidence rate at 2050, relative to the baseline model scenario, was assumed to range between

+50%.

In a fifth sensitivity analysis, we accounted for the age-dependency in the proportion of
individuals developing each infection form (LSI versus LFI) for those aged 15 years and above.
Specifically, as informed by evidence [50], we assessed the TB-DM synergy implications
assuming that 25% of individuals who progress to TB infection aged 15-35 years develop LFlI,

while only 5% of individuals aged 35+ years develop LFI.

In a sixth sensitivity analysis, in context of uncertainty about the level of susceptibility to TB
reinfection with prior TB exposure [51,52], we assessed the TB-DM synergy implications
assuming different risk levels of TB reinfection compared to first TB infection. We compared a
65% fractional reduction (our baseline assumption [53,54]; Supplementary Table S1), no
reduction, and a 35% fractional increase in the susceptibility to TB reinfection. The different
risks of reinfection were assumed for 1) individuals with LSI (that is those in latent infection), 2)
individuals who successfully completed TB treatment, or 3) both individuals with LSI and those

who successfully completed TB treatment.
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Additional sensitivity analyses were conducted to assess the sensitivity of model predictions to
variations in the effect sizes of the DM-on-TB effects (Table 1). For each individual effect, we
used the lower and upper values from either the CI for the TB-DM effect sizes, or assuming (if

uncertainty is not captured by CI) £25% uncertainty around the point estimates.

RESULTS

The model fitted well the demographic (Supplementary Figure S4), TB incidence rate (Figure
1A), TB mortality rate (Figure 1C), and DM prevalence data for India (Figure 2A). From 2017 to
2050, TB disease incidence rate (defined as the ratio of total annual number of TB disease cases
over total Indian population) was projected to decrease from 215 to 116 per 100,000 persons per
year (Figure 1A). Meanwhile, the number of annual new (incident) cases was projected to
decrease from 2.8 to 2.0 million (Figure 1B). Likewise, TB mortality rate (defined as the ratio of
total annual number of TB-related deaths over total Indian population) was projected to decrease
from 40.7 to 15.7 per 100,000 persons per year (Figure 1C). Meanwhile, the number of annual
TB deaths was projected to decrease from 534,000 to 287,000 (Figure 1D). DM prevalence in
India was projected to increase from 8.5% in 2017 to 12.1% in 2050 (Figure 2A).

While DM prevalence increased (Figure 2A) and TB incidence rate decreased (Figure 1A), the
proportion of new TB incidence cases and proportion of TB-related deaths attributed to DM
increased steadily (Figure 2B). In 1990, 11.4% (95% Ul: 6.3%-14.4%) of new TB disease
incident cases were attributed to DM (Figure 2B). This proportion increased to 21.9% (95% Ul
12.1%-26.4%) in 2017, and was predicted to continue increasing to 33.3% (95% Ul: 19.0%-
44.1%) by 2050. Similarly, in 1990, 14.5% (95% Ul: 9.5%-18.2%) of TB-related deaths were
attributed to DM. This proportion increased to 28.9% (95% Ul: 18.9%-34.1%) in 2017, and was
predicted to continue increasing to 42.8% (95% Ul: 28.7%-53.1%) by 2050.

11



Relaxing the conservative approach by using, for Effect 2-Fast progression, the TB-DM
association effect size of 3.59 [12], resulted in a larger impact for the TB-DM synergy on TB
disease incidence and mortality (Figure 3A). In 1990, 17.2% of TB disease incident cases were
attributed to DM, and this proportion increased to 37.0% by 2017 and 55.4% by 2050.
Meanwhile, in 1990, 19.2% of TB-related deaths were attributed to DM, and this proportion
increased to 42.1% by 2017 and 60.8% by 2050.

Relaxing the conservative approach by using, for Effect 7-TB mortality, the effect size of 4.95
[19], resulted in a larger impact for the TB-DM synergy on TB mortality but slightly smaller
impact on TB disease incidence (Figure 3B). In 1990, 7.4% of new TB incident cases were
attributed to DM, and this proportion increased to 16.2% by 2017 and 28.2% by 2050.
Meanwhile, in 1990, 14.9% of TB-related deaths were attributed to DM, and this proportion
increased to 31.2% by 2017 and 47.5% by 2050.

Exploring the TB-DM synergy implications by factoring the age-dependence of the TB-DM
association, resulted in a larger impact on TB disease incidence and mortality (Figure 3A). In
1990, 13.2% of new TB incident cases were attributed to DM, and this proportion increased to
27.9% by 2017 and 39.2% by 2050. Meanwhile, in 1990, 15.3% of TB-related deaths were
attributed to DM, and this proportion increased to 33.3% by 2017 and 45.41% by 2050.

Assessing the TB-DM synergy implications at different TB disease incidence trajectories over
the coming decades resulted in minimal changes in the assessed impact of DM on TB incidence
and mortality (Supplementary Figure S5). In 2050, new TB incident cases attributed to DM
ranged between 26.5% and 34.5%, and TB-related deaths attributed to DM ranged between
37.2% and 43.7%.

Factoring the age-dependency in the proportion of individuals developing each infection form

(LSI versus LFI) for those aged 15 years and above, the impact of DM on TB disease incidence
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and mortality was smaller (Figure S6). In 1990, only 6.2% of new TB incident cases were
attributed to DM, and this proportion increased to 12.6% by 2017 and 20.4% by 2050.
Meanwhile, in 1990, 8.2% of TB-related deaths were attributed to DM, and this proportion
increased to 17.7% by 2017 and 28.6% by 2050.

Exploring the TB-DM synergy implications assuming no change in the susceptibility to TB
reinfection, resulted in slightly larger impact for DM on TB disease incidence and mortality
(Figure S7). By 2050, assuming no change in the susceptibility to TB reinfection among
individuals who successfully completed TB treatment, with LSI, and both with LSI and those
who successfully completed TB treatment, new TB incident cases attributed to DM were 33.8%,
38.6%, and 38.8%, respectively, and TB-related deaths attributed to DM were 42.1%, 44.9%,
and 45.7%, respectively (Figure S7). Exploring the TB-DM synergy implications assuming a
35% increase in the susceptibility to TB for reinfection, resulted in a relatively larger impact for
DM on TB disease incidence and mortality (Figure S7). By 2050, assuming 35% increase in the
susceptibility to TB reinfection among individuals who successfully completed TB treatment,
with LSI, and both with LSI and those who successfully completed TB treatment, new TB
incident cases attributed to DM were 33.5%, 47.7%, and 48.9%, respectively, and TB-related

deaths attributed to DM were 42.6%, 54.3%, and 57.1%, respectively (Figure S7).

Table 2 shows the individual impact of each of the DM-on-TB effects at six different time
points. Most effects resulted in a larger TB disease incidence and mortality, as DM prevalence
increased with time. The largest impact for TB incidence was for Effect 2-Fast progression
followed by Effect 6-Infectiousness (Table 2A). The proportion of TB incidence attributed to
Effect 2-Fast progression increased from 8.7% in 1990 to 25.1% by 2050. The proportion of TB
incidence attributed to Effect 6-Disease infectiousness increased from 4.5% in 1990 to 14.8% by
2050. The largest impact for TB mortality was also for Effect 2-Fast progression followed by

Effect 6-Infectiousness (Table 2B). The proportion of TB-related deaths attributed to Effect 2-
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Fast progression increased from 9.9% in 1990 to 28.5% by 2050. The proportion of TB-related
deaths attributed to Effect 6-Disease infectiousness increased from 4.3% in 1990 to 14.4% by

2050.

Effect 7-TB mortality increased TB-related deaths from 2.1% in 1990 to 10.3% by 2050, but it
reduced TB disease incidence with less TB trasnmission (due to the premature death of persons
with TB disease). The impact of Effect 5-Smear positivity and Effect 10-Cured reinfection on
both TB incidence and mortality changed in direction with time—a consequence of a complex
interplay between TB enhanced transmission, premature death of TB disease cases, and
demographic factors relating to DM age-specific prevalence distribution and TB exposure risk

variation in successive birth cohorts.

DISCUSSION

We provided a comprehensive quantitative assessment of the impact of DM on TB epidemiology
in India, a country heavily burdened by both diseases. Anchored on a solid foundation of current
empirical evidence, the assessment accounted for both direct and indirect impacts, and factored
the different effects by which DM can affect TB natural history and treatment outcomes. As DM
prevalence increased and TB disease incidence declined, DM was predicted to play a major and
growing role in TB epidemiology. While in 1990 only one in 10 TB disease cases was attributed
to DM, currently one in five is attributed to DM, and by 2050, one in three will be attributed to
DM. While in 1990 only one in seven TB-related deaths was attributed to DM, currently nearly
one in three is attributed to DM, and by 2050, nearly one in two will be attributed to DM. These
findings highlight how DM could be emerging as the leading driver of TB incidence and

mortality in India, and likely elsewhere.

The results support growing evidence highlighting the increasing role of DM on TB

epidemiology [2,55,56], but also suggest that DM impact could be underestimated. We
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investigated DM role using a conservative approach whereby the effect size for each DM-on-TB
effect was set at its lowest or null value. Setting effect sizes based on best quality evidence,
resulted in even larger impact of DM on TB, particularly so for TB mortality—half of TB

disease cases and TB-related deaths could be attributed to DM by 2050 (Figure 3).

Although the clinical effects of DM on TB treatment outcomes have been widely discussed and
researched [19], the population impact has been less investigated but shown in this study to play
an influential role (such as that of Effect 7-TB mortality). However, most of the impact of DM on
TB was driven by the effects of DM on TB natural history—in particular Effect 2-Fast
progression and Effect 6-Disease infectiousness (Table 2). These findings suggest that
intervention strategies should target DM patients before onset of TB disease. The population-
level impacts of different intervention strategies, such as screening, case-finding, and intensified

treatment, need to be investigated factoring the different DM-on-TB effects.

Our findings demonstrate that substantial reductions in TB disease incidence and mortality in
India, and likely in the countries burdened by both TB and DM, are difficult to achieve without
focusing on the high-level determinants and risk factors for TB including DM, as stressed in the
WHO?’s post-2015 TB strategy [57] and in The Collaborative Framework for Care and Control
of Tuberculosis and Diabetes launched in 2011 by the WHO and International Union Against
Tuberculosis and Lung Disease (The Union) [14], and as reinforced and expanded by the joint
Union’s and World Diabetes Foundation’s “2014 Call for Action” [58] and the TB-DM Bali
Declaration in 2015 [59]. Indeed, only a country-by-country approach, following the concept of
“know your epidemic” for managing TB, may advance TB efforts towards TB elimination by
2050. While historically TB has been a general population infection and disease, its
epidemiology could be transitioning into a new era driven by the dynamics of this infection in

high risk populations such people living with DM.
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Our study has limitations mostly related to incomplete knowledge of the TB-DM epidemiology.
We included different DM-on-TB effects based on extensive literature review and meta-analyses
of existing data (Supplementary Section 3.2), but we may have overlooked effects not yet
supported by evidence. For example, Effect 6-Disease infectiousness is an effect that has not
been directly investigated in the literature, but seems to have a major population-level impact on
TB epidemiology through its effect on the onward transmission of the infection. The
parametrization of Effect 6-Disease infectiousness was based on biologically-motivated plausible
assumptions that need to be investigated in details through further epidemiological/biological

studies.

Evidence suggests heterogeneities and uncertainties around the exact effect sizes of several
effects. For example, not all risk estimates were available by age strata, though age could be an
important factor in determining the population impact of DM on TB. Moreover, even though
evidence supports an increased risk of developing TB disease for those with DM [12], it does not
differentiate the precise biological mechanism(s) of whether DM is acting through Effect 2-Fast

progression, Effect 3-Reactivation, and/or Effect 4-Primary reinfection.

Our conclusion is predicated upon the assumption that the effect of DM on TB is causal. While
strongly plausible, the scale of TB-DM biological/epidemiological synergy is not completely
certain. The association could be affected by confounders, which are not controlled for given the
very complex overlap and interactions between TB and DM. For example, the TB-DM
interaction is paradoxical; while DM is known to be associated with obesity [60], TB is

reportedly associated with low body mass index [61].

We did not include all factors that may influence the impact of DM on TB, or the factors that
may affect directly each of TB or DM burdens individually [12,62-64]. For example, the impact

of HIV as a co-factor [62-64] was not incorporated. However, despite the potential public health
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implications, HIV prevalence is relatively low in India at less than 1.0% [65], hence, probably

minimally affecting our results and conclusions.

We modeled TB’s natural history and dynamics based on the canonical approach in the literature
[37,66], but TB’s complex natural history remains insufficiently-understood [50]. For instance,
based on studies by Heimbeck [53,54], we assumed a proportional reduction in the susceptibility
to TB reinfection with prior TB exposure (i.e., acquired protective immunity), however, this
immunity may be explained by selection bias as these studies were conducted among individuals
who may not have been representative of the wider population [52]. Other evidence suggests a
higher risk of reinfection rather than protective immunity [51]. Moreover, though we assumed
that the proportion of individuals developing LSI versus LFI was age dependent, this was
assumed for only children versus adults, but the variable age dependence perhaps affects also the

adult population [50].

We did not factor the effect of intermediate hyperglycemia (pre-DM) on TB, which may enhance
the impact of DM on TB [12,67]. We only included the DM-on-TB effects, but the links between
the two diseases could be bi-directional [40]. Last but not least, the impact of DM on TB
depends on the trajectory of the TB epidemic over the coming decades, but this trajectory may

change substantially with roll-out and scale-up of interventions in upcoming years [1].

Despite these limitations, our study has several strengths. Our model includes ten different
effects in which DM affects TB natural history and treatment outcomes, incorporates a detailed
guantitative assessment of the effect sizes for each effect, is age stratified to reflect the age-
specific trends, and assesses both the direct and indirect population impacts of DM on TB. In
addition, most of the potential limitations are likely to lead to underestimation rather than

overestimation of the impact of DM on TB.
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We also conducted sensitivity analyses to explore the potential impact of several mentioned
limitations, and these analyses confirmed our results, or suggested that the impact could be
underestimated (Figure 3 and Supplementary Figures S5 and S7), or slightly overestimated
(Supplementary Figure S6). Furthermore, our sensitivity analyses demonstrated that our results
are most sensitive to Effect 2-Fast progression, Effect 6-Disease infectiousness, and Effect 1-
Susceptibility (Supplementary Figure S9), as expected given the impact of these effects on TB-
epidemiology (Table 2). Otherwise, our results were largely insensitive to variations in the rest of
explored effects (Supplementary Figure S9). We further conducted a multivariate uncertainty
analysis by factoring the uncertainty in model parameters, and the uncertainty intervals of the
model outcomes affirmed the validity of our predictions (Supplementary Figure S8). Finally, it
bears notice that the aim of the present analysis was to assess the epidemiological implications of
the TB-DM interactions focusing on the core interaction effects and at the national level. Thus,
we resorted to a parsimonious model structure presenting “average” impact estimates of DM on

TB, rather than stratified estimates for specific population strata.

In conclusion, the burgeoning DM epidemic in India is predicted to become a leading driver of
TB disease incidence and mortality over the coming decades in India and possibly elsewhere. At
present, one in five TB disease cases is attributed to DM, and by 2050, one in three will be
attributed to DM. Nearly one in three TB-related deaths is attributed to DM currently, and by
2050, nearly one in two will be attributed to DM. The slowly declining TB incidence, in context
of rapidly expanding DM epidemic in multiple countries, could be driving a major turn in TB
epidemiology. Targeting the impact of the increasing DM burden on TB control is critical to

achieving the goal of TB elimination by 2050.
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Table 1. Key assumptions for the effects of diabetes mellitus (DM) on tuberculosis (TB) natural

history and treatment outcomes.

Effect Description Effects size Range f_or ) Dlstrlbqtlon used f_or Sources
uncertainty analysis uncertainty analysis
Effects of DM on TB natural history (TB infection and TB disease)
Effect 1- DM increases susceptibility to TB 1.50 1.0-2.2 Lognormal [68] [11]
Susceptibility infection
Effect 2-Fast DM increases the proportion of TB Fitting parameter - Lognormal [68] To fit the measured meta-
progression infections entering latent-fast state as analytically pooled TB-
opposed to latent-slow state DM assaciation of 2.00
(95% CI: 1.78-2.24) [12]
Effect 3- DM increases the rate of developing TB  1.00 (no effect) - -
Reactivation disease among those with latent TB
infection
Effect 4-Latent DM increases the susceptibility to TB 1.00 (no effect) - -
reinfection reinfection among those with latent-
slow TB infection
Effect 5-Smear DM increases the proportion of new K =1.25 K =[1.20-1.32] Normal Estimated based on meta-
positivity PTB* disease cases progressing to SP- analysis of existing data
PTB" as opposed to SN-PTB® ' =0.67 x' =[0.65—0.68] and Supplementary
Equation S1-S3
(Supplementary Section
3.2)
Effect 6-Disease DM increases the infectiousness of PTB  1.46 +25% Uniform Estimated based on
infectiousness (SP-PTB and SN-PTB) for untreated weighted average of
and treated TB disease cases existing data [69-75]
Effect 7-TB DM increases the hazard of TB-related 211 1.76-2.51 Lognormal [68] Estimated based on meta-
mortality mortality for untreated and treated TB analysis of existing data
disease cases [19]
Effects of DM on TB treatment outcomes
Effect 8- DM reduces the proportion of 1.00 (no effect) - - Estimated based on meta-
Treatment successful treatment (through increased analysis of existing data
failure risk of treatment failure and MDR-TB¥) (Supplementary Section
3.2)
Effect 9- DM reduces the rate of TB recovery 0.82 +25% Uniform Estimated based on
Recovery (i.e. prolongs the recovery time) for weighted average of
those who recover naturally or due to existing data [6,69,76]
treatment
Effect 10-Cured DM increases susceptibility to TB 1.80 1.40-2.30 Lognormal [68] Estimated based on meta-

reinfection

reinfection among those treated or
recovered from TB disease

analysis of existing data
[19]

PTB: Pulmonary TB; "SP-PTB: smear-positive pulmonary TB; *SN-PTB: smear-negative pulmonary TB; *MDR-TB: multi-drug resistant TB.
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Table 2. The epidemiologic impact of each of the individual diabetes mellitus (DM) effects on tuberculosis (TB) natural history and

treatment outcomes as measured by the population attributable fraction.

A. TB disease incident cases attributed to DM-on-TB effects

Population attributable fraction (%)

Time TB disease DM prevalence
Effect 1- Effect 2-Fast Effect 5-Smear Effect 6-Disease Effect 7-TB Effect 9- Effect 10-Cured |
(year) incident cases (%) : All effects
Susceptibility progression positivity* infectiousness mortality* Recovery reinfection” 1
1
1990 3,077,706 3.7 15 8.7 0.9 4.5 (2.0 0.2 0.9 i 11.4
1
2010 2,974,690 7.3 31 15.5 1.2 8.2 (3.2 0.4 1.7 I 20.2
1
2020 2,775,774 8.9 41 17.0 1.0 9.2 (3.1) 0.5 1.7 i 224
1
2030 2,528,050 10.2 5.6 18.3 0.5 10.2 (3.0) 0.5 1.6 I 24.3
1
2040 2,274,153 11.2 7.7 20.8 0.2) 11.9 (3.4) 0.6 14 I 27.8
I
2050 2,038,877 12.1 10.8 251 1.1) 14.8 (4.2) 0.8 15 I 33.3
B. TB-related deaths attributed to DM-on-TB effects
Population attributable fraction (%)
Time TB-related DM prevalence
Effect 1- Effect 2-Fast Effect 5-Smear Effect 6-Disease Effect 7-TB Effect 9- Effect 10-Cured
(year) deaths (%) All effects
Susceptibility progression positivity* infectiousness mortality Recovery reinfection”
1990 802,790 3.7 1.7 9.9 0.8 43 21 0.8 1.0 ] 145
]
2010 586,316 7.3 3.6 18.0 1.0 8.0 4.7 1.7 1.9 I 26.3
2020 491,094 8.9 48 20.0 0.5 9.0 6.4 2.2 2.0 29.9
2030 412,743 10.2 6.6 215 0.4) 9.9 8.1 2.6 1.8 : 329
1
2040 350,711 11.2 9.0 24.1 .7) 11.6 9.4 31 1.7 I 37.0
1
2050 302,349 12.1 12.4 285 (3.3 14.4 10.3 3.7 1.7 ! 42.7

*The impact of Effect 7-TB mortality on TB incidence is negative due to the fact that Effect 7-TB mortality reduced TB disease incidence due to the premature death of persons with TB disease.
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#The impact of Effect 5-Smear positivity and Effect 10-Cured reinfection on both TB incidence and mortality changed in direction with time as a consequence of a complex interplay between TB
enhanced transmission, premature death of persons with TB disease, and demographic factors relating to DM age-specific prevalence distribution and TB exposure risk variation in successive birth
cohorts.
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Figure 1. Model projections for (A) tuberculosis (TB) disease incidence rate, (B) number of annual new (incident) TB disease cases,
(C) TB mortality rate, and (D) number of annual TB deaths, in India between 1990 and 2050. The red astericks in panels A and C are

the data provided by the World Health Organization’s Global Health Observatory data repository [41].
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Figure 2. (A) Model projections for diabetes mellitus (DM) prevalence in India between 1990

and 2050. (B) Model predictions for the proportion of tuberculosis (TB) disease incident (solid

black line) and mortality (dashes blue line) cases attributed to DM in India between 1990 and

2050. The blue and red astericks in panel A are DM prevalence data provided by the

International Diabetes Federation (IDF) [44].
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Figure 3. Sensitivity analyses. Model predictions for the proportion of tuberculosis (TB) disease
incident (solid black line) and mortality (dashes blue line) cases attributed to DM in India
between 1990 and 2050 assuming (A) TB-DM association effect size of 3.59 based on pooling
the data only from the prospective cohort studies (Effect 2-Fast progression, Supplementary
Section 3.2) [12], (B) Effect 7-TB mortality effect size of 4.95 based on the pooled analysis that
included only studies that appropriately adjusted for confounders (Supplementary Section 3.2)
[15], and (C) age-dependence in the TB-DM association based on a cohort study that estimated
the age-specific relative risks of the effect of DM on TB disease (Effect 2-Fast progression,

Supplementary Section 3.2) [49].
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1. DETAILED DESCRIPTION OF THE TB-DM MATHEMATICAL MODEL

We extended an earlier population-level deterministic mathematical model of the dynamics of
tuberculosis-diabetes mellitus (TB-DM) interactions [1]. The model was described by sets of

coupled nonlinear ordinary differential equations (Section 1.3) coded in MATLAB 2015a [2].

We stratified the population of India into compartments according to five-year age groups

(indexed a=1,2,...,20 representing the 0—99 age cohort), DM status, and TB progression

states. We described TB natural history (for those with and without DM) by the progression

states of susceptible, latent TB infection, TB disease, treated TB disease, and recovered (Figure

S1).

Figure S1. A schematic diagram of the TB-DM model. The black and red lines indicate
different TB natural histories depending on DM status. The blue box/line indicates the potential
TB effect on DM.
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1.1.  TB transmission dynamics in absence of DM

All individuals were born (s(a)p(t)N,_, ; here ¢ is equal one for a =1 and zero otherwise)

total *
susceptible to TB and DM (S), and aged at a transition rate n (i.e. from one age group to the
next age group). In absence of DM, all individuals were at risk of developing DM at a rate
B(t,a) (except those 0-4 years old; a=1), and at risk of natural mortality at a rate x(t,a).TB
susceptible individuals were at risk of TB infection at a rate A(t) (force of infection). A

proportion p and 1- p of individuals move, upon TB infection, to the stage of TB latent fast

progression ( L™ ) and the stage of latent slow progression ( L*), respectively. The proportion
p(a) differed between children (<15 years old) and adults (>15 years old). Individuals in L
and L° were at risk of TB disease at a rate @ and @), respectively. Individuals in L° were
also at risk of reinfection (at a rate (1—q)i), but due to prior TB exposure and acquired

immunity there was a proportional reduction (q) in the susceptibility to TB infection.

TB disease individuals were characterized into the three states of smear-positive pulmonary ( 1

SN EP
| |

), smear-negative pulmonary (1), and extra-pulmonary disease (17 ). The parameter «(a)

identified the fraction of individuals going into each of these disease states, and differed between

children and adults [3]. We considered individuals with the pulmonary TB disease types (I

SN
|

and 1) infectious, but at varying levels. Individuals in the TB disease states could leave their

state by TB-related mortality at a rate £, by spontaneous natural recovery at a rate v (i.e. can
recover without medical treatment), or by diagnosis and effective treatment at a rate z¢ . Here,
¢ is TB treatment rate, and z is the proportion of new TB disease cases that successfully

completed treatment (with or without) bacteriologic evidence of success (“cured” or “treatment



completed”). This proportion was derived from seven treatment outcome measures given by the

World Health Organization (WHO) [4]:

"cure"+ "treatment completed "

= .
"cure"+ "treatment completed "+ " death "+ "treatment failure"+ default "+ transferred "+ " not evaluated "

Treated individuals were characterized according to the three TB disease types: T>, T*"  and

T . Individuals in the pulmonary treated states (T* and T*") were considered infectious, but

at varying levels. Individuals in the treated states were assumed at risk of TB reinfection at a rate

(1— q) A, TB-related mortality at a rate £, spontaneous recovery at a rate v, or successful

treatment completion at a rate .

Individuals who are successfully treated, or those who spontaneously recover, enter the recovery

stage (R ). Recovered TB individuals were assumed at risk of TB reinfection at a rate (1—q)/1 :

The model accommodates (in principle) the risk of developing DM at a rate RR;g 5, X 8 among

individuals with current or previous TB disease (1°7, 1", T, T™ and R ; Figure S1 blue
line). Here, RR;; s the relative risk (RR) of developing DM in the population with a history

of TB disease compared to the general population. However, given that our estimates were
generated using a conservative approach, we opted not to factor this effect in our analysis since

the evidence of this effect is still inconclusive.
1.2.  TB transmission dynamics in presence of DM

Individuals with DM were assumed at higher risk of mortality due to DM complications at a rate
RR,, (a)u(t,a) . Here, RR,,, is the RR of mortality in the DM population compared to the

general population.



Based on review of existing evidence , DM was assumed to affect 10 different stages of TB
natural history and treatment outcomes, denoted as E, to E,, in the equations in Section 1.3.

The summary of the effects and their effect sizes is found in Table 1 of main manuscript and

described in details in Section 3.1.
1.3. Model structure
TB transmission dynamics for the population without DM

TB and DM susceptible (i.e., TB susceptible individuals without DM):

ds(a)
dt

= 3(a)@(t)N,, +17[1-5()]S(a~1) = [+ A(t) + u(t,a) + A(t,a)] S(a)

TB latent infection:

dL” (a) E s sp SN EP
=n[1-5@)]L (a-1)+ p(a)A(t)S(a) + p(a)[1-q] A(t)L" (a) + p(a) [1—q]/1(t)[R(a)+T (@+T™(@)+T (a):l
~[n+a, +ut a)+ At a)]L (a)
dl (a s P SN EP
dt( )=77[1—5(a)]L (@a-1+[1- p@]2®s(@) +[1- p@][1-q]AM) [ R(@) + T (@) +T* (a) + T (a) |
~[n+p@)[1-q]At) + @, + u(t,a)+ A, a)|L (a)
TB disease:
dl ® (a) Sp LFtoSP F LStosP S P
=n[1-s@]1" (@a-1)+a™ (@, L (@)+a" (@, L (@)-[n+&, +2¢, +v, +put.a)+RR__ At,a)]17(a)
dl ™ (a) N LFtosN 3 LStoSN s SN
=n[1-6@)]1" (@-1)+a™ @, L @)+ ™" @, L @)-[n+&, +25, +v, +ut,a)+RR___ At a)]l™" (a)
dt
d1¥ (a)

=n[1-5@]17@-1)+a™ (@)w, L (@) +a" (@ L @)-[n+&, +2¢, +v, +ut,a)+RR___ At,a)]17(a)
dt



Treated TB disease:

dT ¥ (a) sP sp SP
- n[1-6@)]T " (@-1)+2{ 17 (@) - [n+v, +w,, +(1-0)AM) + &, +u(t,a)+RR . At,a)]TT (a)

dT * (a) SN SN SN
- n[l-s@]T™(@-D)+z5 1™ @) [+, +¥,o +(1-0) A + &, +u(t,a)+RR__ At,a)]T™(a)

dT = (a) EP EP EP

=n[1-6@)]T¥(@-1)+2{ 1% (@) - [+ vy + Vo +(1-0) A(t) + &, + u(t,0) +RR, . B(t,2)]T" (a)
Recovered:
dR(a) _

=7 [l_ 5(&)] R(@-1)+yeT ¥ @)ty T " () +y e T & (a)

Treatment success

dt

sP SN EP sP SN EP
Vel (@) vy 7 (@) + vl T (@) + v, T (@) +vig T (@) +v e T (3)

Spontaneous recovery

—[n+[1-a] ) + u(t,a) + Bt 2)]R(2)

TB transmission dynamics for the population with DM (aged >5 years)

TB susceptible with DM:

ds™ (a)

e n[1-5@]S™ (a-1)+ B(t,a)S(a) - [ + E,A(t) + RRy,, (@) u(t, @) ] s™ (a)

TB latent infection with DM:

E

dL™ (a) . . o .
=n[1-s@]L" (a-1)+ Bt Q)L () + E,p()EA1)S™ (a) + p(2)E, [1-a] AL (a)
+ p@)E, [1-a] A [T™ (@) +T™ () +T"™ () + R™ ()| - [ + E,o, +RR,, (a)u(t,2)] L™ (a)
dr™ (a) . . N
P n[1-s@]L (a-1)+ At a)L (a) +[1- E,p(a)|E,A(1)S™ (a)

+[1- p@]E, [1-a]2®)[T™ @ +T™ (@) +T"™ (@) +R™ @] - [+ E.p@[1-q] A1) + E,0, + RR, (@)u(t, )] L (a)

TB disease with DM:




dl > (a
" @ _ n[i-s@]1" (@-)+RR__, At a)l¥ (@) +a"" " (a)E,m L™ (a) + ™™ (a) E,m > (a)

—[n+Ezly + Eyvg + E&, + RR,, (@) u(t, @) 15 (a)

dl Mov (a) _ [1 S ISNDM 1 RR t ISN (LFtoSN ) gy E LFDM (LStoSN ) oy E LsDM

T = n|l- (a)] (a-D)+RR, WAt a)l  (a)+a () E o0, @)+ «a (a)E,o (a)

—[n+E,z{q + Evgy + B, + RRy, (@) u(t,@)] 17" ()

dl = (a)
dt

=n[1-8(@)]17" (a-1) + RRy B, )1 (@) + & (@) E,o0 . L™ (a) + """ (2) B, L™ (a)

—[7+Esz e + Egvee + E & + RR,, (@) ue(t, @) ] 155 (2)

Treated TB disease with DM:

dT SPom (a)
—Q [1-5(@)]T % (@—1) + RRyy o B, Q)T ¥ (@) + Egz¢0 1 ¥ (@)
_[77 + Egvrse + Egl/rsp + By [1_ C]]ﬂ(t) +E,&rsp + RRpy (@) 1(t, a)]TSPDM (a)
SNowm
dT dt (a) — 77[1—5(6.)]1_ SNpwm (a—l) + RRTB%DM ,B(t, a)T SN (a) + ESZ§SN | SNpy (a)

_[77 + Egvron + EgWrsn + By [1_ Q]Z(t) +E;&sv + RRpy, (a)ult, a)]T How (a)
dT v (a)

pram [1-5(@)]T 5 (a—1) + RRg_ oy Bt, Q)T () + Egz& 1 % (a)

_[77 + Egvige + EgWpee + By [1— CI]/I('[) + E, & + RRyy, (8) p(t, a)]T EPom (a)

TB recovered with DM:

drR™ (a
T() =nR™ (a~1)+RRy o At 2)R(2) + Eq |:l//TSPT O (@) + g T (@) FYgepT (a)]

Treatment success

+ Eg [ Vol 0 (2) vy 1V (8) 4+ Vgp 1 5% (@) + 135 T2 (2) + vy T ¥ (@) + v T2 () |

Spontaneous recovery

—[ 7+ E[L-a] A(t) + RRy,, (@) (t, @) [R™ ()
Here, the parameter  for the population with DM was determined according to:

a(LFtoSP)DM (a) — a(LStoSP)DM (a) — E:P (a)aLFtoSP (a)’
a(LFtoSN)DM (a) — a(LStoSN)DM (a) — ESSN (a)aLFtOSN (a), (Sl)

a(LFtoEP)DM (a) — a(LStoEP)D,\,I (a) — aLFtoEP (a)



while,

a(LFtOSP) (a) + a(LFtOSN)(a)

SP _
E5 (a) =K I:KO((LFIOSP) (a) N K_,a(LFtoSN) (a):l
N o (LF105P) (a)_l_a(LFtoSN)(a) ’ (52)
E5 (a) =K [Ka(u:tosp) (a) + K/a(LFIOSN) (a)]
and
SP
o
PNDM (83)
' 1- PIDSl\j
K' =
1- PNSDPM

Here, PS° and Pyf,, are the proportions of smear-positive pulmonary TB cases in the DM and

non-DM groups, respectively. These proportions were obtained from observational studies

discussed in Section 3.1.

1.4.  Demographic parameters

Total number of individuals in the population, N, , was given by:

v _i S(@)+L (@)+L’(a)+ 17 @)+ 1™ (@)+1"(a)+T¥(a)+T™ (a) + T (a) + R(a)

a1\ +S™ (@) + L™ (@) + L (a) + 1°™ (a) + 1™ () + 1 > (@) + T°* (a) + T ™ (a) + T (a) + R™ (a)

The population growth rate (@(t) ) and the natural mortality rate ( x(t,a) ) were described by the

following functions, providing a robust fit of population growth and age structure in India:

=]

p(t) = aye

and



{5
u(t,a)= [1?2_[37%)]

Here the parameters a,, &,, a,, t,, t,, b,, b, and b, were obtained by fitting the model to
India’s demographic data from the database of the Population Division of the United Nations
Department of Economic and Social Affairs [5].

1.5. TB force of infection and temporal evolution of TB contact rate

Assuming that the mixing between individuals in the population was random, the TB force of
infection (1) was determined by the probability of transmission per respiratory contact (u ), the

respiratory contact rate within a population (¢ ), the effect of DM on TB infectiousness (E,), and

the relative infectiousness of individuals with each type of TB disease (whether untreated or

treated) compared to the infectiousness of individuals with smear-positive pulmonary TB (h):

20
us®) Y (he! ¥ (t, @) + hy 1™ (t,@) +h 1 (@) + h  T¥ (t,a) + h T™ (t,.2) +h T (t,a))
At) = 2=l

20
Eeug(t)Z(hspDM 1% (t, @) + hg, 17" (t,@) +hg, 17 (t,a) + hy, T (t,@)+hyg, T (t,a) +h, T (t, a))
a=1

+
Ntmal (t' a)

Given the evidence for declining TB incidence in India , a temporal change in & was
incorporated in the model. The temporal variation was characterized through a Wood-Saxon
function [6,7]. This function is mathematically designed to describe and characterize transitions.
It parameterizes a transition in terms of its scale or strength, smoothness or abruptness, duration,

and the turning year [6,7]. Using the Wood-Saxon parameterization, £(t) was given by:



VA

8(t) ) 80 1+ 1+ eXp |:(t - ‘§Turning )/gDuration] |

Here, &, is the asymptotic value that describes the contact rate well after the transition, Z is the
level of change in &(t) during the transition from &, (1+Z) before the transition to &, after the
transition, &p,.i0, describes the transition duration parameter, and Sruming 18 the turning point
year at which the contact rate crosses half way towards its asymptotic value of &,. The

parameters &y, Z, Spyation » aNd &ryming Were obtained by fitting the model to available empirical
data on TB-incidence and mortality from the WHO’s Global Health Observatory data repository
[8].

1.6. TB treatment rate and temporal evolution of TB case detection rate

Treatment rate in the model depended on TB disease type and was determined using the case

detection rates (Cpysp » Cpesy » aNd Cpoep ), TB-related mortality rates (Ve , Vg, Vep ), and

spontaneous recovery rates (&ep , oy s Eep):

Csp =Crusp (Vsp + E5p) [ (1-Crpisp)
Con = Coesn (Ven + Sen )/ (1-Crgsn)
Cer = Couep (VEP + é:EP)/(l_CDetEP)'

Given the evidence for increasing TB case detection in India [9], temporal changes in TB case
detection rates were incorporated in the model. Moreover, given the likelihood of underreporting
of treatment among TB cases, TB case detection rate for India was derived by fitting the model
to TB incidence rate and mortality rate. The temporal variation was parametrized through a

logistic function:



Coex (1) = [l+e+(t_p3)]

Here, the parameters p,, P,,and P, were obtained by fitting the model to available empirical
data on TB-incidence and mortality rates from the WHO’s Global Health Observatory data
repository [8].

1.7. DM incidence rate

Given the evidence for increasing DM incidence and prevalence in India [10], the DM incidence

rate in the TB-DM model was assumed to be time and age dependent, and was parameterized

through a combined Gaussian-logistic function:

4
B(t,a) = [;Zd—()] .

Here, C,, C,, t;, d;, and d, are fitting parameters obtained by fitting the TB-DM model to the

time series of DM prevalence in India as provided through the International Diabetes Federation
[10]. The shape of the age-distribution of DM prevalence was based on the national Indian

Council of Medical Research-India Diabetes study [11].



2. POPULATION ATTRIBUTABLE FRACTION

The epidemiologic implications of the TB-DM interactions in India were assessed using two
(incidence and mortality) “true” population attributable fraction (PAF) measures, representing
the proportions of all TB disease incidence or mortality that could be prevented if there was no

interaction between TB and DM. They were defined as:

DTB—DM -D

D Counter — factual
PAF>, =

True

DTB—DM
Here, D indicates the epidemiological measure of incidence or mortality. D.; ,, iS the measure

in a scenario where there is a biological synergy between TB and DM, while D, o factar 1S the

measure in a counter-factual scenario where the biological synergy between TB and DM is

absent.



3. DATA SOURCES

The TB-DM interaction model was parameterized using empirical epidemiological and natural

history data from multiple sources.

3.1. TB epidemiological and natural history data

The model’s parameter values for TB natural history in absence of DM, along with their

references, are listed in Table S1.

Table S1. Model assumptions in terms of parameter values.

Symbol Definition Parameter value Sources
0-14 years old 15+ years old
P Proportion of TB infections entering 15% [3,12]
latent-fast state
a Proportions of new TB disease cases X0 _ 1y, % —50% [13]
in each of the three clinical disease
categories’ o™ =65% a N = 40%
aXtoEP — 25% a)(toEp :10%
q Fractional reduction in the _ [3,14]
susceptibility to TB reinfection due to 0.65 (0'55 0'75)
prior exposure to TB
Progression rate from latency to TB _ [3]
)
LF disease for latent-fast progressors (per 0.90 (0'77 1'04)
year)
W Progression rate from latency to TB 0.00075 (0 00064 -0 00086) [3,14]
Ls disease for latent-slow progressors ' ' '
(per year)
£ TB disease mortality rate per TB £ =0.25 (0.21-0.29) [3,15]
disease category for untreated and
treated cases (per year) &, =0.10 (0.085-0.12)
£, =0.10 (0.085-0.12)
& =0.25 (0.21-0.29)
& =0.10 (0.085-0.12)
&ep =0.10 (0.085-0.12)
z Proportion of TB disease cases that 84% [4]
are effectively treated
14 Spontaneous recovery rate (per year) ve =0.10, v, =0.10, v, =0.10 [3,12,14]
Vise =0, vy =0, V7, =0
/4 Rate of successful completion of W = 2.00 (1.70-2.30) [16]

treatment (per year)

Wogy = 2.00 (1.70—2.30)
Voo = 2.00 (1.70 - 2.30)



u Transmission probability per 10% [3]
respiratory contact
h Relative infectiousness for each of the h.. =100% [3,17,18]
three disease categories and treatment SP
categories with respect to smear- hy, =25%
positive pulmonary disease hEP — 0%
hrsp =13%
hTSN =3.3%
hrep = 0%
RRA¢e-group  Relative risk of mortality in people RR%* =1.00 RRS-2 — 4 Calculated
oM with DM (per age group) compared to E'\L DM 83 based on
the general population RRp, =2.67 RRg‘;fg =4.46 [19,20]
40-49
RRyy,~ =2.67
50-59
RRRy™ =2.19
60-69
RRZ,, =1.85
70-79"
RRI%7 =1.59
Country specific variables
N Total population For each year per the database of the [5]
Population Division of the United Nations
Department of Economic and Social Affairs
0] Birth rate Gaussian function Fitting
parameters
7 Natural mortality rate Combination of logistic and Gaussian Fitting
functions parameters
C Case detection rate per TB disease Logistic function Fitting
category parameters
& Respiratory contact rate (per year) Wood Saxon (logistic function) Fitting
parameters
Y43 DM incidence rate (per year) Combination of logistic and Gaussian Fitting
functions parameters

#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).

3.2. Parametrization of DM-on-TB effects

We incorporated seven out of ten potential DM effects on TB’s natural history and treatment

outcomes. These are, along with their parameter values, summarized in Table 1 of main text. A

brief justification and summary of the evidence for each parameter can be found below. Further

details can be found in reference [1].

Effect 1-Susceptibility: DM increases susceptibility to TB infection




Supported by existing evidence [21,22], and based on a recent population-based cross sectional
study using the 2011-12 National Health and Nutrition Examination Survey (NHANES) data
[23], a 1.5 (95% confidence interval (CI): 1.0-2.2) increased risk of TB infection for individuals

with DM, compared to individuals without DM, was incorporated in the model.

Effect 2-Fast progression: DM increases the proportion of TB infections entering latent-fast state

as opposed to latent-slow state

A recent meta-analysis of all available study designs (N=44) and four prospective cohort studies
found that DM was associated with a 2.00-fold (95% CI: 1.78-2.24) and a 3.59-fold (95% ClI:
2.25-5.73) increased risk of TB disease, respectively.[24] However, it is not possible to
determine from these studies whether DM increases i) the proportion of TB infections entering
latent-fast state as opposed to latent-slow state (Effect 2-Fast progression), or ii) reactivation of
latent slow TB cases (Effect 3-Reactivation), or iii) reinfection of latent slow TB cases (Effect 4-

Reinfection), or iv) a combination of the three effects.

Given that these potential effects could be acting simultaneously, and their individual effects
cannot be disentangled from each other [1], we included in the model only one of these effects
(Effect 2-Fast progression). The exact effect size for Effect 2-Fast progression was estimated by
fitting the model outcome to the more conservative pooled association of 2.00 (based on all
studies) [24]. The model was also fitted to the pooled hazard ratio of 3.59 (based only on the
prospective cohort studies) [24] in a sensitivity analysis. No effect sizes were assumed for Effect
3-Reactivation and Effect 4-Reinfection, as the impacts of these on TB natural history is

presumably implicitly captured by Effect 2-Fast progression.

Only two studies estimated the age-specific relative risks (RRs) of the effect of DM on TB

disease, and these demonstrated a decrease in the RR with age [25,26]. Among DM individuals,



the RR of TB disease was estimated at 7.79 among those aged 20-29, 9.98 among those aged
30-39, 4.72 among those aged 40-49, 2.30 among those aged 50-59, and 1.76 among those aged
60+ [25]. The age-specific RRs of the effect of DM on TB disease [25] were incorporated in the
model (as opposed to the overall effect regardless of age), but only in sensitivity analysis. When
this was done, the age effects reported in reference [25] were scaled down to reach the two-fold
overall RR of the effect of DM on TB disease in the total population (as determined in the meta-

analysis based on all studies [24]).

Effect 5-Smear positivity: DM increases the proportion of new pulmonary TB disease cases

going to smear-positive as opposed to smear-negative

Based on current evidence [27,28], the proportion of individuals with extra-pulmonary TB as
opposed to pulmonary (PTB) in the model was assumed not to differ based on DM status.
However, studies have demonstrated that individuals with concurrent PTB and DM were more
likely to be sputum acid-fast bacilli (AFB) smear-positive (i.e. have SP-PTB) as opposed to
smear-negative (SN-PTB) [29-44]. Based on this evidence, the fraction of individuals who
develop SP-PTB as opposed to SN-PTB was assumed to differ by DM status. These fractions
were estimated using the pooled mean proportions (out of all PTB cases) by DM status, with the

pooling done using a DerSimonian-Laird random-effects model [45] (Figure S2).



Figure S2. Forest plots presenting the outcomes of the pooled mean proportion of smear-
positive pulmonary tuberculosis in different populations (A) without diabetes mellitus and
(B) with concurrent diabetes mellitus.

(A) Events per 100
Author, Year Smear-positive in TBnDM Sample size observations W{Random) Prev (%) 95% ClI
Chiang, 2014 wr 575 = 5%  53.39 [49.22; 57.53]
Hashim, 2017 121 132 i = 54%  91.67 [85.58, 95.77)
Dooley, 2009 105 146 e = S54%  71.92 [63.89% 79.03]
Viswanathan, 2012 149 253 = 56%  58.80 [52.56; 65.02)
Suwanpimelkul, 2014 1492 574 = | 5.7%  33.45 [29.80; 37.47)
Restrepo, 2008 162 300 = 56%  54.00 [48.18, 59.74]
Magee, 2015 220 269 : = SE%  81.78 [76.64; 86.21)
Chiang, 2015 393 696 = 5.7%  56.47 [52.69; 60.19)
Hongguang, 2015 47 944 ! 5.7% 2617 [23.39; 20.00)
Magee, 2013 1059 1387 ; 5.7%  77.47 [75.16; 79.66]
Gil-Santana, 2016 186 269 R 3 56% 6914 [63.25 74.61]
Wang, 2013 2750 5799 Z 5.8% 47.42 [46.13; 48.72]
Wu, 2016 ag 161 —— 54%  BOBT [52.88; 6B.45)
Workneh, 2016 322 70O e 57%  46.00 [4228; 49.77)
Reis-Santos, 2013 15282 22835 i 5.8% B6.92 [B86.31; 67.53]
Mi, 2013 548 1380 i 5.7% 18.42 [36.84; 42.08]
Pablo-Villamor, 2014 12 3 —— 44%  38.71 [21.85 57.81]
Prasad, 2014 258 495 - 5.7% 5212 [47.62; 56.60]
Random effects model 22411 36936 - 100.0%  57.54 [50.27; 64.86]
1

Hetarogenaity: ¥ = 98%, «° = 0.0245, p = 0 ! ' J | L
0 20 40 &0 80 100
Pravalence of smear-positive in TBnDM{S5%C1)

(B) Events per 100

Author, Year Smear-positive TB-DM Sample size observations WiRandom) Prav (%) 95% ClI
Chiang, 2014 391 539 L 6.6% T2.54 [68.56; 76.27)
Hashim, 2017 &7 73 - S4% 9178 [82.96; 96.92)
Doalay, 2009 23 38 —_— 4.5% 6053 [43.39; 75.96)
\iswanathan, 2012 96 150 = B.0%  64.00 [55.77; 71.67)
Suwanpimalkul, 2014 51 118 —= 5.8% 4322 [3413; 52.686)
Restrapo, 2008 95 144 - 6.0% 6597 [57.62 73.65)
Magee, 2015 a5 36 i — 4.4%  97.22 [B5.4T; 99.93)
Chiang, 2015 469 G465 - B.6% 72,60 [68.99; 76.01)
Hongguang, 2015 98 182 - 6.2% 53.85 [46.32; 61.25)
Mages, 2013 138 162 I 6.1%  B5.19 [F8.76; 20.27]
Gil-Santana, 2016 111 1231 - 59%  B4.T3 [77.41;9042)
Wang, 2013 188 21 - | B4%  61.68 [56.12; 67.03)
Wu, 2016 37 40 i 46%  92.50 [79.61,28.43]
Warkneh, 2016 28 TO —=— i 53% 4000 [28.47; 52.41)
Reis-Santos, 2013 1144 1561 B.7% 73,29 [71.02; 75.47)
Mi, 2013 118 188 = B.2%  G2.77 [55.43 69.69]
Pable-Villamer, 2014 G 7 —— 1.9%  B5.71 [42.13; 99.64)
Prasad, 2014 81 85 —— §,3% TEA46 [656.51; 87.69)
Random effects model 3156 4471 - . 100.0%  71.81 [66.33; 76.99]

] T T T T

0 20 40 B0 80 100
Prevalence of smear-positive in TBDM (95% CI)

Heterogeneity: I° = 92%, ¢ = 00129, p < 0,01

Accordingly using Equations S1-S3 in Section 1.3, for adults upon progressing to TB disease

from both L® and L, 63.1% of those with DM will develop SP-PTB compared to 50.0% of

those without DM; 26.9% of those with DM will develop SN-PTB compared to 40.0% of those

without DM. For children, upon progressing to TB disease from both L* and L™, 16.8% of those



with DM will develop SP-PTB compared to 10.0% of those without DM; 58.2% of those with
DM will be develop SN-PTB compared to 65.0% of those without DM. The proportions without

DM (for adults and children) were based on earlier work [3].

Effect 6-Disease infectiousness: DM increases the infectiousness of PTB (SP-PTB and SN-PTB)

for untreated and treated TB disease cases

DM was found to be an independent risk factor associated with increased M. tuberculosis
bacterial load (based on AFB sputum smear examination) [18,28,29,31,46-48]. Based on this
evidence, this effect was incorporated in the model by increasing TB infectiousness among those
with concurrent PTB and DM. First, TB infectiousness was assumed to be linearly proportional
to M. tuberculosis bacterial load. Second, the ratio of TB bacterial load between concurrent TB
and DM and TB with no DM individuals was assumed to be equal to the ratio of infectiousness
between concurrent TB and DM and TB with no DM individuals. We used available studies to
estimate a weighted average of the ratio of bacterial load between concurrent TB and DM and
TB with no DM. Accordingly, infectiousness of TB among those with DM was assumed to

increase by 1.46-fold compared to those without DM.

Effect 7-TB mortality: DM increases the hazard of TB-related mortality for TB disease cases

Evidence supports an association between DM and TB-related mortality [27,31,49-53]. A recent
systematic review and meta-analysis estimated a pooled mean crude odds ratio (OR) of 2.11
(95% CI: 1.76-2.51) across 48 studies, and an adjusted pooled mean OR of 4.95 (95% CI: 2.69-
9.10) across four studies that appropriately adjusted for confounders [53]. Based on this
evidence, an effect size of 2.11 was incorporated in the TB-DM model as part of our
conservative approach for estimating the impact of DM on TB, and an effect size of 4.95 was

incorporated as part of a sensitivity analysis. We assumed that, among those who have TB



disease, DM affected (relatively) TB mortality rate similarly for those treated and untreated for
TB. The OR of 2.11 was converted to a hazard ratio (HR) using the following equation for Effect
7-TB mortality for untreated TB-DM cases:

_ OR(E;z¢, +E5'vy )

28y T vy

E7

Here, X is SP, SN, or EP, while E; and E, are the effects of DM on TB cure and recovery,

respectively (see below). The OR was also converted to a HR using the following equation for

Effect 7-TB mortality for treated TB-DM cases:

o OR[ EX (v +wy) +Ey (1-0) A ] |
! vx+t//x+(1—q)l

Here, X is TSP, TSN, or TEP, while E,, is the effect of DM on TB reinfection after recovery (see

below).

Effect 8-Treatment failure: DM reduces the proportion of successful treatment

Several studies reported on “cure” and “treatment completed” as well as the other treatment
outcome measures to calculate the proportion of successful treatment with and without DM
[42,47,54-67]. Pooling the RR across these studies using a DerSimonian-Laird random-effects
model [45], the RR for treatment success was 0.96 (95% CI: 0.93-1.00; Figure S3). Because the
RR was not statistically significant, this effect was not included in the TB-DM model—the RR

for Effect 8-Treatment failure was assumed to equal 1.



Figure S3. Forest plot presenting the outcome of the pooled mean crude relative risk of
tuberculosis treatment success with or with no DM in different populations.

DM non-DM
Author, Year TB curedTB not cured TB curedTB not cured Relative Risk [95% CI]
Ambrosetti, 1999 22 10 601 136 '—-| 0.84 [0.67, 1.07]
Ambrosetti, 1999 36 14 656 117 e 0.853[0.71,1.01]
Ambrosetti, 1999 33 7 519 148 - 1.06 [0.91. 1.23]
Centis, 2000 26 15 603 366 .--| 0.97 [0.76, 1.23]
Centis, 2002 28 12 649 203 = 0.92[0.75,1.13]
Mboussa, 2003 17 23 77 15 i 0.51[0.35, 0.74]
singla, 2006 130 7 367 16 l 0.99 [0.95, 1.03]
Tatar, 2009 70 3 72 6 n 1.04 [0.96, 1.13]
Sangral, 2012 19 4 213 46 i 1.00 [0.83,1.22]
Jiménez-Corona, 2013 308 55 711 136 l 1.01 [0.96, 1.07]
Sulaiman, 2013 258 84 7 197 L 0.96 [0.90, 1.03]
KV N, 2013 554 113 1839 287 u 0.96 [0.92, 1.00]
Reis-Santos, 2013 441 262 12826 4221 m 0.83[0.79, 0.88]
Viswanathan, 2014 80 9 115 5 l 0.94 [0.87,1.02]
Alo, 2014 47 6 272 60 - 1.08 [0.97,1.21]
Viswanathan, 2014 91 5 142 7 o 0.99[0.94, 1.05]
Cavanaugh, 2015 a3 8 162 12 l 0.99 [0.92, 1.06]
Random effect model u 0.96 [0.93, 1.00]
I T I 1
0.05 0.25 1 4

Risk Ratio (log scale)

Effect 9-Recovery: DM reduces the rate of TB recovery (prolonging the recovery time) for those

who recover naturally or due to treatment

Three studies reported on and compared the number of days it takes to convert from smear
positive to smear negative among treated concurrent TB-DM cases and TB-non-DM cases
[18,33,61]. The average ratio of the inverse duration (with DM compared to no DM) was pooled
across studies by weighting by sample size. The pooled inverse duration ratio was 0.82 implying

that DM reduces TB recovery rates (i and v) by 18%.

Effect 10-Cured reinfection: DM increases susceptibility to TB reinfection among those treated

or recovered from TB disease

TB reinfection was defined as a subsequent episode of TB disease in a TB patient treated

successfully for at least 6 months (i.e. smear or sputum culture was negative at the end of the



treatment period), but developed subsequently active TB. If this new TB episode is due to the
same strain as the previous TB episode, this is considered TB relapse, otherwise it is considered
TB “recurrence”. Due to the variable definitions for reinfection, recurrence, and relapse in the

literature, we opted to define broadly relapse + recurrence as simply “reinfection”.

A recent meta-analysis reported that the risk of TB reinfection is higher (RR of 1.80 95% CI:
1.40-2.30) among those with DM compared to those without DM [53]. This effect size was

accordingly incorporated in the TB-DM model.



ADDITIONAL FIGURES

Figure S4. India demographics. (A) Estimated population size between 1980-2050, compared
to the projections by the Population Division of the United Nations (UN) Department of
Economic and Social Affairs [5]. (B) Estimated population size by age group between 1980-
2050, compared to the UN projections.
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Figure S5. Model projections for the proportion of tuberculosis (TB) disease (A) incident
and (B) mortality cases attributed to diabetes mellitus in India at 10 different TB disease
incidence rate trajectories. The change in TB incidence rate at 2050, relative to the baseline
model scenario, was assumed to range between -50% to +50%.
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Figure S6. Model predictions for the proportion of tuberculosis (TB) disease incident (solid
black line) and mortality (dashes blue line) cases attributed to diabetes mellitus (DM) in
India between 1990 and 2050, assuming age-dependency in the proportion of individuals
developing latent slow versus latent fast TB infection.
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Figure S7. Model predictions for the proportion of tuberculosis (TB) (A) disease incident
and (B) mortality cases attributed to diabetes mellitus (DM) in India by 2050, assuming
different risk levels of the susceptibility to TB reinfection among individuals i) latently
infected with TB, ii) who successfully completed TB treatment, and iii) both latently
infected with TB or who successfully completed TB treatment.
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Figure S8. Uncertainty intervals for the proportion of tuberculosis (TB) disease (A)
incident and (B) mortality cases attributed to diabetes mellitus in India between 1990
and 2050. The solid red lines represent the mean, while the dashed lines bracket the 95%
uncertainty interval.
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Figure S9. Sensitivity analyses to assess the sensitivity of the proportion of tuberculosis
(TB) disease (A) incident and (B) mortality cases attributed to diabetes mellitus in 2050, to
variations in the key parameters in the model. 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 1).
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