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Abstract 

Background Environmental or social changes and shocks that reduce access to adequate nutrition have poten-
tial consequences for tuberculosis (TB), as undernutrition is a major driver of TB incidence and poor TB treatment 
outcomes.

Methods We developed a transmission model of TB in India with an explicit body mass index (BMI) strata linked 
to disease progression and treatment outcomes, calibrated to country-specific TB estimates. We projected nutritional 
shock scenarios affecting supply chains, similar to those experienced at the beginning of the war in Ukraine, using 
the LandSyMM food system model, compared to a continuation of previous food system trends. Within each scenario, 
increases in food, fertiliser, and energy prices were linked to changes in the population BMI distribution by food avail-
ability and prices. We estimated the impact on TB incidence and mortality in India between 2022 and 2035 of these 
nutritional shock scenarios compared to maintenance of prior trends.

Results The worst-case scenario, involving sustained increases in food, fertiliser, and energy prices, predicted 
that shocks increasing undernutrition could result in a 5.0% (95% uncertainty interval = 4.4, 5.9) and 4.9% (4.2, 5.9) 
increase in TB incidence and mortality respectively in India in 2035 compared to continuation of previous food system 
trends. In this scenario, an additional 1.1 million (0.9, 1.3) TB episodes and 177.5 thousand (144.7, 224.3) TB deaths 
were predicted to occur between 2022 and 2035.

Conclusions Shocks affecting the population-level BMI distribution could lead to changes in the burden of TB dis-
ease. Our findings suggest that the impact of crises on TB disease may be underestimated if the impacts of external 
shocks on nutrition are not explicitly considered.
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Background
Tuberculosis (TB) disease is the largest cause of infec-
tious disease death globally. In 2023, there were 10.8 mil-
lion TB episodes, and 1.25 million deaths, of which India 
accounted for 26% of both [1]. Undernutrition is a key 
driver of TB [1], with more than one in five TB episodes 
attributable to undernourishment globally, rising to an 
estimated one-third to one-half in India [2]. Undernu-
trition increases the severity of TB disease [3], and leads 
to poorer treatment outcomes including adverse events, 
relapse, and death [4–7].
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Changes to population-level nutritional status are 
likely to affect TB burden but are seldom considered 
in TB modelling. Due to its infectious nature, indirect 
effects from even short-term nutritional shocks result-
ing in increased TB burden could have long-term conse-
quences through increasing TB infection transmission. 
Multiple pre-chemotherapy era ecological studies have 
shown the effect of reduced nutrition on increases in TB 
incidence [8]. For example, German blockades of road 
and water routes in the Netherlands in World War II led 
to a months-long nutritional shock and resulted in sharp 
increases in TB incidence and mortality [9]. Furthermore, 
recent analyses suggested that the Great Chinese Famine 
in 1958–1962 may have resulted in an increased risk of 
TB across multiple generations in affected communities. 
[10] Improvements in living standards have been credited 
with responsibility for the most rapid declines in TB mor-
tality ever witnessed, even prior to the availability of drugs 
and the Bacillus Calmette–Guérin (BCG) vaccine [11, 12].

Currently, the majority of countries are not on track 
to meet End TB Strategy goals to end the TB epidemic 
[13], and the ramifications of nutritional shocks may 
further reduce their ability to do so. With high TB bur-
den countries facing a multitude of food security issues, 
from climate change [14] to COVID-19 [15] and even 
the war in Ukraine [16], the potential implications for TB 
burden are critical. We explored the issue by combining 
food system modelling and TB transmission modelling to 
evaluate the potential effect of nutritional shocks on TB 
burden in India (a country with both the largest burden 
of TB, and a high proportion of TB cases attributable to 
undernutrition), accounting for long-term effects on TB 
infection transmission.

Methods
Our approach combined a TB infection transmission 
model [17–19] and a food system model [20] to project 
future trends in body mass index (BMI), linking these 
trends to the risk of TB disease and treatment outcomes 

(Fig.  1). While previously explored in studies of non-
communicable diseases [21], this novel approach for TB 
and infectious disease modelling in general allowed us to 
consider how important social determinants may change, 
and the likely effects of those changes on infectious dis-
eases which contain their own feedback mechanisms, 
providing a foundation for future analyses to build on.

Data
We obtained demographic data for India from the United 
Nations Population Division (2019 revision) [22], the 
Global Health Observatory [23], and India National Fam-
ily Health Surveys [24–26]. TB disease and infection 
prevalence estimates were derived from the National TB 
Prevalence Survey in India 2019–2021 [27]. TB disease 
incidence, case notifications, mortality, and number of 
previous treatments were obtained from data available 
from the World Health Organization (WHO) [28–31]. 
Estimates of the population attributable fraction (PAF) 
of undernutrition for TB were obtained from WHO 
and Bhargava et  al. [2, 32, 33] Data to inform the BMI 
specific-risk of progressing to TB disease and TB treat-
ment outcomes were from Lönnroth et  al. [34], Cegiel-
ski et al. [35], and Sinha et al. [36], and BMI projections 
were obtained from the LandSyMM food system model 
[20]. These projections provided a case study of a nutri-
tional shock, exploring the potential effect of the war in 
Ukraine on TB in India due to supply chain disruptions 
and price increases of food, fertiliser and energy.

Model
We extended a previously published and described age-
stratified, compartmental transmission model for TB 
[17–19]. We defined four BMI strata: moderate to severe 
thinness (BMI < 17.0 kg/m2), mild thinness (17.0 kg/m2 ≤ 
BMI < 18.5 kg/m2), normal BMI (18.5 kg/m2 ≤ BMI < 25.0 
kg/m2) and overweight to obese BMI (BMI ≥ 25.0 kg/
m2). The risk of TB infection [37] and time to diagnosis 
[38] were assumed to be the same across BMI strata. We 

Fig. 1 Simplified flowchart showing how increases in energy prices and export restrictions impact nutritional status and TB
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varied the risks of progression and reversion to TB dis-
ease (similar to methods used by Oxlade et al [39]) and 
treatment outcomes by BMI strata as in Additional File: 
Table S3. Further information on our calculations of var-
ying TB risk by BMI strata is included in Additional File 
1.

Calibration
The model was fitted to 15 calibration targets to represent 
the TB epidemic in India: the TB incidence rate (overall 
and by age) in 2000 and 2020 [28, 31], the TB mortality 
rate (overall) in 2000 and 2020 [28], the TB case notifica-
tion rate (overall and by age) in 2000 and 2020 [29], the 
TB disease prevalence (overall and for adults) in 2015 and 
2021 [27, 40], the TB infection prevalence overall in 2021 
[27], and the fraction of asymptomatic TB among active 
TB [41]. The model was calibrated using history match-
ing with emulation and an Approximate Bayesian Com-
putation using the Markov Chain Monte Carlo method 
(ABC-MCMC) [42, 43]. We validated our calibration by 
comparing estimates of PAF due to thinness from our 
model to recent estimates [2, 32, 33].

Future scenarios
The LandSyMM food system model [20] was used to 
simulate four stylised scenarios of BMI trends represent-
ing potential nutritional shocks due to the war in Ukraine 
as in Alexander et al. [16]: (a) a counterfactual No Shocks 
scenario where energy and fertiliser prices and exports 
conditions were maintained at 2021 levels, (b) an Export 
Restriction Shock scenario that restricted food exports 
from Russia and Ukraine leading to increases in the price 
of food grains worldwide, (c) an Energy Price Shock sce-
nario that imposed an increase on energy and fertiliser 
prices, and (d) an Export and Energy Shocks scenario that 
combined both energy price increases and food export 
restriction shocks.

The mechanism by which food availability and price 
shocks influence the variations in BMI is as in Alexan-
der et  al. [16] and described in detail in Additional File 
1: Sect. 2 and 3. In brief, price increases are reflected in 
shifts in demands of certain types of food, which lead to 
changes in calorie intake, and consequently, BMI.

We assumed that all shocks were imposed in 2022 and 
remained in place until the end of the simulations in 2035 
and that the quality and coverage of current TB interven-
tions remained constant after 2019, with no new strate-
gies or tools introduced.

Outcomes
We estimated the TB incidence and mortality rates and 
the number of TB episodes and deaths for each year from 
2022 to 2035 for each of the scenarios. We estimated the 

relative difference in incidence and mortality rates in 
2035 for each scenario  compared to the No Shocks sce-
nario, and the cumulative difference in the number of TB 
episodes and deaths between 2035 and 2022 compared to 
the No Shocks scenario.

Results
The No Shocks scenario fit all calibration targets with at 
least 1000 parameter sets (Additional File 1: Fig. S2). The 
model estimate of the PAF for undernutrition in 2019 
was 18.4% (95% uncertainty interval = 17.8, 19.1), com-
pared to 45.2% (17.0, 71.0) estimated by Bhargava et  al. 
for India specifically.

In the No Shocks scenario, 8.5% (8.1, 9.1), 12.5% (11.8, 
13.4), 62.6% (62.2, 62.7), and 16.4% (15.2, 17.5) of the 
population were predicted to have moderate to severe 
thinness, mild thinness, a normal BMI, and an over-
weight BMI respectively in 2022, compared to 6.3% (6.0, 
6.7), 10.0% (9.5, 10.6), 61.9% (61.7, 62.0), and 21.8% (20.8, 
22.7) in 2035 (Additional File 1: Table S7). The No Shocks 
scenario predicted 33.7 million (30.5, 37.1) incident TB 
episodes and 6.6 million (6.1, 7.2) TB deaths between 
2022 and 2035, with an estimated 2.1 million (1.8, 2.3) 
episodes and 398.3 thousand (365.2, 438.8) deaths in 
2035 alone (Table 1).

In the Export Restriction Shock scenario, the population 
BMI distribution was similar to the No Shocks scenario 
(Additional File 1: Table S7). TB incidence and mortality 
were slightly higher, with an additional cumulative 37.2 
thousand (1.1, 75.2) TB episodes and 5.5 thousand (0.3, 
13.4) deaths between 2022 and 2035 compared to the No 
Shocks scenario (Table 1).

In the Energy Price Shock scenario, more individu-
als experienced thinness, while fewer were overweight 
(Additional File 1: Table S7). TB incidence and mortality 
increased more than for the Export Restriction Shock sce-
nario, with an additional cumulative 1.0 million (0.9, 1.2) 
TB episodes and 169.1 thousand (137.7, 201.0) deaths 
between 2022 and 2035 compared to the No Shocks sce-
nario (Table 1).

In the Export and Energy Shocks scenario, the largest 
difference in BMI distribution was observed compared 
to the No Shocks scenario (Additional File 1: Table  S7). 
TB incidence and mortality increased more than for the 
Export Restriction Shock and Energy Price Shock sce-
narios combined, with an additional 1.1 million (0.9, 1.3) 
TB episodes and 177.5 thousand (144.7, 224.3) deaths 
between 2022 and 2035 compared to the No Shocks sce-
nario (Table 1).

The relative difference in the predicted TB incidence 
and mortality rates in 2035 between the No Shocks and 
three shock scenarios is shown in Table 1 and Fig. 1. The 
largest predicted changes were observed in the Export 
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and Energy Shocks, where in a “worst-case scenario”, TB 
incidence and mortality could increase by 5.0% (4.4, 5.9) 
and 4.9% (4.2, 5.9), respectively, in 2035 compared to the 
No Shocks scenario (Table 1). A larger change in incidence 
and mortality was predicted from the Energy Price Shock 
scenario (~ 4.7–4.8% increase compared to the No Shocks 
scenario) than the Export Restriction Shock scenario (~ 
0.2% increase compared to the No Shocks scenario).

Within each scenario, the relative change in the pre-
dicted TB incidence and mortality rates in 2035 varied by 
BMI strata (Fig.  2). With the Export and Energy Shocks 
scenario, the overall relative increase in the TB incidence 
rate in 2035 compared to the No Shocks scenario was 
5.0% (4.4, 5.9) (Table  1). However, this included a 0.9% 
(0.4, 1.4) increase for moderate to severe thinness, 1.5% 
(0.9, 2.0) for mild thinness, 2.9% (2.4, 3.5) for normal 
BMI, and 2.0% (1.5, 2.6) for overweight BMI (Fig. 2). The 
largest increases in both TB incidence and mortality rates 
were seen for those with normal BMI.

Discussion
Nutritional shocks to the global food system, such as 
energy price increases and export restrictions similar 
to those due to the war in Ukraine, could have a last-
ing impact on the burden of TB. In a worst-case sce-
nario, our model predicted that in India alone such 
shocks could result in a 5.0% (4.4, 5.9) and 4.9% (4.2, 
5.9) increase in TB incidence and mortality respectively 
in 2035. Cumulatively, an additional 1.1 million (0.9, 

1.3) people were predicted to develop TB disease, and 
an additional 177.5 thousand (144.7, 224.3) deaths were 
predicted to occur between 2022 and 2035.

We evaluated the impact on TB cases and deaths of 
three scenarios assuming an increase in energy prices 
and export restrictions, both individually and combined, 
compared to a No Shocks scenario. With decreases 
in overall BMI from the shock scenarios, we observed 
increases in the number of people with mild and mod-
erate thinness. Consequently, more TB episodes and 
deaths were predicted, and the TB incidence and mor-
tality rates were increased in lower BMI strata in the 
shock scenarios compared to the No Shocks scenario.

Our approach combined two modelling frameworks, 
a TB infection transmission model and the LandSyMM 
food system model, to both project future trends in 
BMI and separately to link trends in BMI to TB disease 
[17–20]. This novel approach allows us to consider both 
how important social determinants may change, and 
the likely effects of those changes on infectious dis-
eases which contain their own feedback mechanisms, 
providing a foundation for future analyses to build on. 
However, this additional model complexity increases 
the number of assumptions, running the risk that the 
model overall becomes less easily interpretable. We 
also assumed current trends would continue, whereas 
in reality, scale-up of case-finding and other preventive 
treatment, intervention coverage is likely to improve 
with a consequent overall decrease in TB burden.

Table 1 Number and rate of incident episodes of TB and TB deaths under different model scenarios and relative difference compared 
to the No Shocks scenario

Abbreviations: TB tuberculosis, UI uncertainty interval

Scenario Indicator Number in 
2035 in 1000 s 
(95% UI)

Incremental 
number in 
2035 (vs No 
Shocks) in 
1000 s (95% 
UI)

Cumulative 
incremental 
number between 
2022–2035  
(vs No Shocks) in 
1000 s (95% UI)

Rate in 
2035 per 
100,000 (95% 
UI)

Relative rate 
difference in 
2035 (vs No 
Shocks) in % 
(95% UI)

Absolute rate 
difference in 
2035 (vs No 
Shocks) per 
100,000 (95% UI)

No Shocks Incident epi-
sodes of TB

2071.5 (1847.5, 
2300.5)

- - 133.4 (118.9, 
148.1)

- -

TB deaths 398.3 (365.2, 
438.8)

- - 25.6 (23.5, 28.3) - -

Export Restriction 
Shock

Incident epi-
sodes of TB

2076.4 (1852.2, 
2302.3)

4.2 (− 3.4, 9.7) 37.2 (1.1, 75.2) 133.7 (119.3, 
148.2)

0.2 (− 0.2, 0.5) 0.3 (− 0.2, 0.6)

TB deaths 399.2 (366.1, 
439.9)

0.7 (0.1, 1.3) 5.5 (0.3, 13.4) 25.7 (23.6, 28.3) 0.2 (0, 0.3) 0 (0, 0.1)

Energy Price 
Shock

Incident epi-
sodes of TB

2171.9 (1938.9, 
2410.9)

100.1 (82.9, 
116.9)

1034.6 (851.4, 
1220.5)

139.8 (124.8, 
155.2)

4.8 (4.1, 5.5) 6.4 (5.3, 7.5)

TB deaths 416.9 (382.3, 
459.8)

18.7 (15.1, 21.6) 169.1 (137.7, 
201.0)

26.8 (24.6, 29.6) 4.7 (3.9, 5.3) 1.2 (1.0, 1.4)

Export and 
Energy Shocks

Incident epi-
sodes of TB

2175.8 (1941.5, 
2416.1)

104.0 (88.1, 
125.3)

1083.9
(894.0, 1346.4)

140.1 (125.0, 
155.6)

5.0 (4.4, 5.9) 6.7 (5.7, 8.1)

TB deaths 417.8 (382.9, 
460.4)

19.6 (16.4, 23.9) 177.5 (144.7, 
224.3)

26.9 (24.7, 29.6) 4.9 (4.2, 5.9) 1.3 (1.1, 1.5)
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Our work has limitations. We accounted for differen-
tial risk due to BMI, but other factors have been identi-
fied that modify the risk of TB. Micronutrients, such as 
vitamins A and E, have been associated with an increased 
risk of disease progression independent of BMI [44, 45]. 
The model may have underestimated TB incidence and 
mortality as it did not account for TB progression related 
to reductions in micronutrient intake. Notably, rising 
food prices may result in reduced food diversity with 
decreased consumption of vegetables, dairy, and meat 
and increase the prevalence of micronutrient deficiencies 
without large BMI reductions. While BMI may be a crude 
measure of the nutritional deficiencies that lead to an 

increase in the risk of TB disease, it is the only measure 
for which there is a strong empirical evidence base [34, 
46]. Once more evidence to parameterise the increased 
risk of TB due to micronutrients is available, future work 
could extend TB models to include the effect of changes 
in micronutrients.

The risk of disease progression associated with very low 
BMI in our model is not well-informed by data, as previ-
ous reviews contained no studies with a BMI of less than 
17 kg/m2  [34]. It is possible that the log-linear relation-
ship between BMI and TB incidence does not hold here. 
If the TB incidence and mortality risk rises in a non-lin-
ear fashion at low BMIs, our model may underestimate 

Fig. 2 Relative change in TB incidence and mortality rates by BMI in 2035 for each shock scenario
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the burden of TB in individuals with moderate (BMI 
16–17 kg/m2) or severe undernutrition (BMI < 16 kg/
m2) [35]. However, an updated, unpublished review 
which includes more studies, more settings and partici-
pants across a wider range of BMI values (15–35 kg/m2) 
similarly found that the log-linear relationship with BMI 
holds, suggesting that this may not be the case [47]. More 
data on the nutritional status of populations and its asso-
ciation with TB, in particular from high TB burden coun-
tries, are critical to inform and validate future models of 
undernutrition and TB.

The primary purpose of this paper was to demon-
strate that an understanding of the impact of external 
shocks on population-level BMI distribution can inform 
our understanding of the direct impact on TB and that 
without policy changes to address either the underly-
ing cause of the external shock or the effect, there could 
be an increase in TB burden. Other work has separately 
investigated the impact of improving population-level 
nutritional status or introducing nutritional support 
for TB-affected households [39, 48, 49]. Future work to 
further investigate possible mitigation pathways to the 
effects of external shocks, including societal or politi-
cal responses that would alleviate or reduce the impact 
of the food export restrictions or energy price increases, 
would be useful to inform policy. Additionally, we did not 
account for the differential impact of disruptions to BMI 
on the population by aspects such as socioeconomic sta-
tus, and therefore the resulting population-level effects 
may be underestimated. For example, the effect of exter-
nal shocks may be more severe for those with the low-
est BMI or low socioeconomic status, which we do not 
capture in this analysis. More data to parameterise the 
association between TB, BMI, and socioeconomic status 
is urgently needed to incorporate this in future models. 
We did not model the potential impact of changes in BMI 
on the risk of diabetes mellitus, which may additionally 
influence the risk of TB [50, 51]. The risk of TB by BMI 
has also been found to vary by age, but available data to 
quantify this relationship is sparse, and therefore was not 
included in our model. However, we did incorporate age-
specific BMI distributions and differential risks of TB by 
age independent of BMI.

Conclusions
Our analysis demonstrated a stylised exploration of the 
impact that changes in the population-level distribution 
of BMI could have on the burden of TB in the coun-
try with the largest global burden. Apparently, uncon-
nected events in one region, such as the war in Ukraine, 
have the potential to worsen the burden of infectious 
disease in another, such as TB in India, by affecting 
global food prices. Although we began our study with 

the assumption that the war in Ukraine would affect 
food access and availability in India, surplus grain 
reserves, reductions in grain export in response to ris-
ing prices, and a lack of oil boycott in India [52] suggest 
that despite reduced access to fertilisers [53], observed 
disruptions may have been more limited than in our 
model, particularly in the future, and as a consequence 
the effect on BMI less extreme. However, the effects of 
issues such as climate change, environmental degrada-
tion and food price inflation are more likely to increase 
undernutrition in India than the scenarios here, and it 
is vital that we understand this potential effect [54].

Although not intended to inform public health policy 
directly, our results show the importance of worldwide 
interactions and cascading risks, where a chain of con-
sequences across systems is distributed globally, wors-
ened through the multiplicative effect of transmission. 
These and other threats to food security have poten-
tially severe consequences for the ability to end TB in 
India and globally. If increased vulnerability to TB due 
to a rise in undernutrition is not explicitly considered, 
estimates of the impact of crises on TB are at risk of 
severely underestimating increases in burden.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s44263- 025- 00153-x.

Additional file 1. Additional File for Modelling the effect of nutritional 
shocks on tuberculosis in India. This additional file contains detailed meth-
ods for the TB transmission model, the climate and food systems models, 
and the future scenarios used within the manuscript. The additional 
file also contains epidemiological trends in the No Shocks scenario, and 
further results from the future scenarios.

Acknowledgements
Not applicable.

Authors’ contributions
CFM, RMGJH, and RAC conceived the study. RH, CFM, RAC, and RB acquired 
and prepared the data. RAC, CFM, and PS analysed the data. RAC, CFM, and 
RMGJH interpreted the results. RAC, CFM, RMGJH, RH, PA, PS, RGW, and RB 
drafted and revised the manuscript. All authors read and approved the final 
manuscript.

Funding
This work used the Cirrus United Kingdom (UK) National Tier- 2 High Per-
formance Computing Service at the Edinburgh Parallel Computing Centre 
(http://www.cirrus.ac.uk) funded by the University of Edinburgh and the 
Engineering and Physical Sciences Research Council) (EP/P020267/1). RAC was 
funded by the Bill and Melinda Gates Foundation (BMGF) (INV- 001754) and 
the National Institutes of Health (NIH) (G- 202303–69963, R- 202309–71190). 
PA and RH were supported by the UK Research and Innovation’s Global Food 
Security Programme (BB/N020707/1). RGW was funded by the Wellcome 
Trust (218261/Z/19/Z), NIH (1R01 AI147321 - 01), European and Developing 
Countries Clinical Trials Partnership (RIA208D- 2505B), UK Medical Research 
Council (CCF 17–7779 via SET Bloomsbury), Economic and Social Research 
Council (ES/P008011/1), BMGF (OPP1084276, OPP1135288 & INV- 001754), 
and WHO. RMGJH was funded by NIH (R- 202309–71190). CFM was funded 
by BMGF (OPP1135288, INV- 059518), NIH (R- 202309–71190), and the Unitaid 
Adherence Support Coalition to End TB project (20193–3-ASCENT).

https://doi.org/10.1186/s44263-025-00153-x
https://doi.org/10.1186/s44263-025-00153-x
http://www.cirrus.ac.uk


Page 7 of 8Clark et al. BMC Global and Public Health            (2025) 3:56  

Data availability
The analytic code is publicly available from https:// doi. org/ 10. 5281/ zenodo. 
14160 777 [55]. The model code used for the future scenarios is publicly avail-
able from https:// git. ecdf. ed. ac. uk/ lul/ plumv 2/-/ tags/ Russi aUkra inePa per [56].

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 14 October 2024   Accepted: 2 April 2025

References
 1. World Health Organization. Global tuberculosis report. 2024.
 2. Bhargava A, et al. Attributable is preventable: corrected and revised 

estimates of population attributable fraction of TB related to under-
nutrition in 30 high TB burden countries. J Clin Tuberc Mycobact Dis. 
2022;27:100309.

 3. Hoyt KJ, et al. Effect of malnutrition on radiographic findings and 
mycobacterial burden in pulmonary tuberculosis. PLoS ONE. 
2019;14:e0214011.

 4. Ter Beek L, et al. Tuberculosis-related malnutrition: public health implica-
tions. J Infect Dis. 2019;220:340–1.

 5. Khan A, et al. Lack of weight gain and relapse risk in a large tuberculosis 
treatment trial. Am J Respir Crit Care Med. 2006;174:344–8.

 6. Pasipanodya JG, et al. Serum drug concentrations predictive of pulmo-
nary tuberculosis outcomes. J Infect Dis. 2013;208:1464–73.

 7. Bhargava A, et al. Nutritional status of adult patients with pulmonary 
tuberculosis in rural central india and its association with mortality. PLoS 
ONE. 2013;8:e77979.

 8. Cegielski JP, McMurray DN. The relationship between malnutrition and 
tuberculosis: evidence from studies in humans and experimental animals. 
Int J Tuberc Lung Dis Off J Int Union Tuberc Lung Dis. 2004;8:286–98.

 9. Carwile ME, et al. Undernutrition is feeding the tuberculosis pandemic: a 
perspective. J Clin Tuberc Mycobact Dis. 2022;27:100311.

 10. Cheng Q, et al. Prenatal and early-life exposure to the Great Chinese Fam-
ine increased the risk of tuberculosis in adulthood across two genera-
tions. PNAS. 2020;117:27549–55.

 11. McKeown T, Record RG. Reasons for the decline of mortality in England 
and Wales during the Nineteenth Century. Popul Stud. 1962;16:94–122.

 12. Bhargava A, et al. Can social interventions prevent tuberculosis? Am J 
Respir Crit Care Med. 2012;186:442–9.

 13. World Health Organization. WHO | WHO end TB strategy. 2015.
 14. Springmann M, et al. Global and regional health effects of future 

food production under climate change: a modelling study. Lancet. 
2016;387:1937–46.

 15. Maire J, et al. How different COVID-19 recovery paths affect human 
health, environmental sustainability, and food affordability: a modelling 
study. Lancet Planet Health. 2022;6:e565–76.

 16. Alexander P, et al. High energy and fertilizer prices are more damaging 
than food export curtailment from Ukraine and Russia for food prices, 
health and the environment. Nat Food. 2023;4:84–95.

 17. Clark RA, et al. New tuberculosis vaccines in India: modelling the poten-
tial health and economic impacts of adolescent/adult vaccination with 
M72/AS01E and BCG-revaccination. BMC Med. 2023;21:288.

 18. Clark RA, et al. The impact of alternative delivery strategies for novel 
tuberculosis vaccines in low- and middle-income countries: a modelling 
study. Lancet Glob Health. 2023;11(4):E546–55.

 19. Harris RC, et al. Potential impact of tuberculosis vaccines in China, South 
Africa, and India. Sci Transl Med. 2020;12:12eaax4607.

 20. Landsymm. https:// lands ymm. earth/. Accessed 19 Dec 2023.
 21. Basu S, et al. Averting obesity and type 2 diabetes in india through sugar-

sweetened beverage taxation: an economic-epidemiologic modeling 
study. PLoS Med. 2014;11(1):e1001582.

 22. United Nations, Department of Economic and Social Affairs, Population 
Division. World Population Projections [2019 Revision]. 2019. https:// 
popul ation. un. org/ wpp/ Downl oad/ Stand ard/ Popul ation/. Accessed 2 
Nov 2022.

 23. Global Health Observatory.https:// www. who. int/ data/ gho. Accessed 19 
Dec 2023.

 24. International Institute for Population Sciences (IIPS) and Macro Inter-
national. 2007. National Family Health Survey (NFHS-3), 2005–06. India: 
Volume I. Mumbai: IIPS.

 25. International Institute for Population Sciences (IIPS) and ICF. 2017. 
National Family Health Survey (NFHS-4), 2015-16: India. Mumbai: IIPS.

 26. International Institute for Population Sciences (IIPS) and ICF. 2021. 
National Family Health Survey (NFHS-5), 2019-21: India: Volume I. Mum-
bai: IIPS.

 27. Indian Council of Medical Research (ICMR). National TB prevalence survey 
India 2019-2021. 2022.

 28. World Health Organization. WHO TB burden estimates. CSV Files 
Download. 2022. https:// www. who. int/ tb/ count ry/ data/ downl oad/ en/. 
Accessed 2 Nov 2022.

 29. World Health Organization. Case notifications. CSV Files Download. 2022. 
https:// www. who. int/ tb/ count ry/ data/ downl oad/ en/. Accessed 2 Nov 
2022.

 30. World Health Organization. Treatment Outcomes. CSV Files Download. 
2022. https:// www. who. int/ tb/ count ry/ data/ downl oad/ en/. Accessed 2 
Nov 2022.

 31. World Health Organization. WHO TB incidence estimates disaggregated 
by age group, sex and risk factor. CSV Files Download. 2022. https:// www. 
who. int/ tb/ count ry/ data/ downl oad/ en/. Accessed 2 Nov 2022.

 32. World Health Organization. WHO TB burden estimates. CSV Files 
Download. 2023. https:// www. who. int/ tb/ count ry/ data/ downl oad/ en/. 
Accessed 19 Dec 2023.

 33. World Health Organization. WHO TB incidence estimates disaggregated 
by age group, sex and risk factor. CSV Files Download. 2023. https:// www. 
who. int/ tb/ count ry/ data/ downl oad/ en/. Accessed 2 Nov 2022.

 34. Lönnroth K, Williams BG, Cegielski P, Dye C. A consistent log-linear 
relationship between tuberculosis incidence and body mass index. Int J 
Epidemiol. 2010;39:149–55.

 35. Cegielski JP, Arab L, Cornoni-Huntley J. Nutritional risk factors for tuber-
culosis among adults in the United States, 1971–1992. Am J Epidemiol. 
2012;176:409–22.

 36. Sinha P, Ponnuraja C, Gupte N, et al. Impact of undernutrition on tuber-
culosis treatment outcomes in India: a multicenter, prospective. Cohort 
Analysis Clin Infect Dis. 2023;76:1483–91.

 37. Saag LA, LaValley MP, Hochberg NS, et al. Low body mass index and latent 
tuberculous infection: a systematic review and meta-analysis. Int J Tuberc 
Lung Dis Off J Int Union Tuberc Lung Dis. 2018;22:358–65.

 38. Andrews JR, Basu S, Dowdy DW, Murray MB. The epidemiological advan-
tage of preferential targeting of tuberculosis control to the poor. Int J 
Tuberc Lung Dis Off J Int Union Tuberc Lung Dis. 2015;19:375–80.

 39. Oxlade O, Huang C-C, Murray M. Estimating the impact of reducing 
under-nutrition on the tuberculosis epidemic in the Central Eastern 
States of India: a dynamic modeling study. PLoS ONE. 2015;10:e0128187.

 40. Pandey S, Chadha VK, Laxminarayan R, Arinaminpathy N. Estimating 
tuberculosis incidence from primary survey data: a mathematical mod-
eling approach. Int J Tuberc Lung Dis. 2017;21:366–74.

 41. Frascella B, Richards AS, Sossen B, et al. Subclinical tuberculosis disease 
- a review and analysis of prevalence surveys to inform definitions, 
burden, associations and screening methodology. Clin Infect Dis. 
2021;73:e830–41.

 42. Iskauskas A. hmer: history matching and emulation package. 2022. 
https:// CRAN.R- proje ct. org/ packa ge= hmer. Accessed 2 Nov 2022.

 43. Jabot F, Faure T, Dumoulin N, Albert C. EasyABC: efficient approximate 
bayesian computation sampling schemes. 2015. https:// CRAN.R- proje ct. 
org/ packa ge= EasyA BC. Accessed 2 Nov 2022.

 44. Aibana O, et al. Impact of vitamin A and carotenoids on the risk of 
tuberculosis progression. Clin Infect Dis Off Publ Infect Dis Soc Am. 
2017;65:900–9.

https://doi.org/10.5281/zenodo.14160777
https://doi.org/10.5281/zenodo.14160777
https://git.ecdf.ed.ac.uk/lul/plumv2/-/tags/RussiaUkrainePaper
https://landsymm.earth/
https://population.un.org/wpp/Download/Standard/Population/
https://population.un.org/wpp/Download/Standard/Population/
https://www.who.int/data/gho
https://www.who.int/tb/country/data/download/en/
https://www.who.int/tb/country/data/download/en/
https://www.who.int/tb/country/data/download/en/
https://www.who.int/tb/country/data/download/en/
https://www.who.int/tb/country/data/download/en/
https://www.who.int/tb/country/data/download/en/
https://www.who.int/tb/country/data/download/en/
https://www.who.int/tb/country/data/download/en/
https://CRAN.R-project.org/package=hmer
https://CRAN.R-project.org/package=EasyABC
https://CRAN.R-project.org/package=EasyABC


Page 8 of 8Clark et al. BMC Global and Public Health            (2025) 3:56 

 45. Aibana O, et al. Vitamin E status is inversely associated with risk of 
incident tuberculosis disease among household contacts. J Nutr. 
2018;148:56–62.

 46. Bhargava A, et al. Nutritional supplementation to prevent tuberculosis 
incidence in household contacts of patients with pulmonary tubercu-
losis in India (RATIONS): a field-based, open-label, cluster-randomised, 
controlled trial. Lancet. 2023;402(10402):627–40.

 47. Saunders MJ, Cegielski JP, Clark RA, et al. Tuberculosis incidence and body 
mass index – an updated systematic literature review and global analysis. 
2024. Available at SSRN: https:// ssrn. com/ abstr act= 50326 87.

 48. McQuaid CF, Clark RA, White RG, et al. Estimating the epidemiological 
and economic impact of providing nutritional care for tuberculosis-
affected households across India: a modelling study. Lancet Glob Health. 
2025;13:e488–96.

 49. Mandal S, Bhatia V, Bhargava A, et al. The potential impact on tubercu-
losis of interventions to reduce undernutrition in the WHO South-East 
Asian Region: a modelling analysis. Lancet Reg Health – Southeast Asia. 
2024;31:100423.

 50. Al-Rifai, et al. Association between diabetes mellitus and active 
tuberculosis: a systematic review and meta-analysis. PLoS ONE. 
2017;12(11):e0187967.

 51. Jeon CY, Murray MB. Diabetes mellitus increases the risk of active 
tuberculosis: a systematic review of 13 observational studies. PLoS Med. 
2008;5(7):e152.

 52. Gamio L, Abraham L, Swanson A, Travelli A. How India profits from its 
neutrality in the Ukraine War. N. Y. Times. 2023; published online June 22. 
https:// www. nytim es. com/ inter active/ 2023/ 06/ 22/ busin ess/ india- russia- 
oil. html. Accessed 7 Dec 2023.

 53. Zhang Z, Abdullah MJ, Xu G, Matsubae K, Zeng X. Countries’ vulnerability 
to food supply disruptions caused by the Russia-Ukraine war from a trade 
dependency perspective. Sci Rep. 2023;13:16591.

 54. Nutrition and Food Security | United Nations in India. https:// india. un. 
org/ en/ 171969- nutri tion- and- food- secur ity. Accessed 7 Dec 2023.

 55. Clark RA. lshtm-tbmg/tbmod-pub-undernutrition: v31032025-tbmod-
pub-undernutrition. Zenodo; 2025. https:// doi. org/ 10. 5281/ zenodo. 
14160 777.

 56. Land Use Lab. PLUM, Russia Ukraine Paper. GitHub Repository. 2022. 
https:// git. ecdf. ed. ac. uk/ lul/ plumv 2/-/ tags/ Russi aUkra inePa per.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://ssrn.com/abstract=5032687
https://www.nytimes.com/interactive/2023/06/22/business/india-russia-oil.html
https://www.nytimes.com/interactive/2023/06/22/business/india-russia-oil.html
https://india.un.org/en/171969-nutrition-and-food-security
https://india.un.org/en/171969-nutrition-and-food-security
https://doi.org/10.5281/zenodo.14160777
https://doi.org/10.5281/zenodo.14160777
https://git.ecdf.ed.ac.uk/lul/plumv2/-/tags/RussiaUkrainePaper

	Modelling the effect of a nutritional shock on tuberculosis in India
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Data
	Model
	Calibration
	Future scenarios
	Outcomes

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


