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Abstract
Background: The relationship between nutritional status and tuberculosis is critically important but poorly understood. We extended a 2009 
review characterizing the relationship between body mass index (BMI) and tuberculosis risk.
Methods: We systematically searched for new studies published between 2009 and 2024 investigating BMI and tuberculosis risk in adults. 
We extracted estimates of risk in BMI categories, used resampling to assign a median BMI ‘dose’ within each category, and included these in 
one-stage dose–response meta-analyses, stratifying results by population group and country tuberculosis burden. We fitted linear models for 
comparability with the 2009 review and restricted cubic spline models to investigate nonlinear relationships and piecewise linear models.
Results: Our analyses showed an inverse dose–response relationship between BMI and tuberculosis risk across all populations in the full under
weight to obese range (15.0–35.0 kg/m2). The spline and piecewise linear models showed a nonlinear relationship—in 22 general-population 
cohorts (n¼ 24 921 531), there was a steep per-unit reduction in risk for BMI of<25.0 kg/m2 [18.0%, 95% confidence interval (CI): 16.4–19.6], 
which decreased more gradually for BMI of≥25.0 kg/m2 (6.9%, 95% CI: 4.6–9.2). In 18 cohorts of people with HIV (n¼ 162 609), the reduction 
was 15.3% for BMI of<23.0 kg/m2 (95% CI: 13.1–17.5) and 2.6% (95% CI: –3.1–7.9) for BMI of≥23.0 kg/m2. In three cohorts of people 
with diabetes (n¼1 118 424), the reduction was 20.5% for BMI of<24.0 kg/m2 (95% CI: 18.4–22.6) and 13.4% (95% CI: 3.9–22.0) for 
BMI of≥24.0 kg/m2. Based on the global BMI distribution, we estimated a relative risk of tuberculosis associated with undernutrition 
(BMI< 18.5 kg/m2) of 5.0 (95% CI: 4.2–5.9).
Conclusion: Our results highlight the independent importance of nutritional status as a driver of the tuberculosis epidemic.
Keywords: tuberculosis; systematic review; body mass index; undernutrition, undernourishment; dose–response meta-analysis. 

Introduction
The global tuberculosis epidemic remains a leading cause of 
poor health and wellbeing [1]. In 2023, tuberculosis affected 
an estimated 10.8 million people and killed 1.25 million, 
>80% of whom lived in low- and middle-income countries 

(LMIC) [2]. Although the incidence has declined since 2010, 
the pace of the decline is inadequate to achieve World Health 
Organization (WHO) End TB Strategy targets and has been 
partially reversed by COVID-19 [2]. One potential reason for 
this is the lack of action on addressing social determinants 

Key Messages
� We aimed to address limitations of previous reviews and comprehensively characterize the relationship between body mass index 

(BMI) and tuberculosis risk in adults. 
� We demonstrated an inverse dose–response nonlinear relationship between BMI and tuberculosis risk in the full underweight to obese 

range (15.0–35.0 kg/m2), in general-population cohorts, people with HIV, and people with diabetes across a range of countries with high 
and lower tuberculosis burden. 

� Taken together, the empirical evidence demonstrates the fundamental independent importance of nutritional status as a determinant of 
tuberculosis, highlighting the need for social protection and other interventions to improve nutrition as part of a holistic global 
tuberculosis response. 
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such as undernutrition, which have been demonstrated con
sistently to be key drivers of tuberculosis incidence [3].

Both the WHO End TB Strategy and the United Nations 
Sustainable Development Goals conceptualize tuberculosis as a 
development challenge and call for poverty reduction interven
tions and action on social determinants, in addition to the equi
table expansion of biomedical interventions [4]. Undernutrition 
is the leading driver of tuberculosis, responsible for �10% of 
cases in 2023, which is higher than HIV, alcohol use disorders, 
smoking, and diabetes [2, 5]. In countries with a high preva
lence of undernutrition, including many with a high HIV preva
lence, the population attributable fraction (PAF) of tuberculosis 
due to undernutrition is considerably higher [6].

Although undernutrition is generally considered to be vari
able for calculating a PAF, this is a simplification of a complex 
relationship between nutritional status and tuberculosis. A 
2009 review of six prospective studies demonstrated an inverse 
log-linear relationship between body mass index (BMI, 
expressed as kg/m2)—a widely used indicator of nutritional sta
tus—and tuberculosis risk in the normal to overweight BMI 
range (18.5–30.0 kg/m2): the tuberculosis risk declined by 
13.8% per unit increase in BMI [7]. This was limited to high- 
income countries (HIC) with a lower tuberculosis burden and 
only crudely illustrated uncertainty in tuberculosis risk, but not 
BMI. A more recent Cochrane review investigating the risk of 
tuberculosis associated with undernutrition (defined by an un
derweight BMI< 18.5 kg/m2) included studies from a wider 
range of settings but did not further investigate the log-linear re
lationship demonstrated previously and has methodological lim
itations that raise concerns around bias [8].

In this study, we aimed to address the limitations of previ
ous reviews and comprehensively characterize the relation
ship between nutritional status (defined through BMI) and 
tuberculosis risk in adults.

Methods
Search strategy and selection criteria
We systematically reviewed the literature for studies investi
gating the relationship between BMI and tuberculosis risk. As 
the 2009 review [7] covered literature published until 
December 2008, we searched Medline and Embase for addi
tional studies published between 1 January 2009 and 28 
March 2024. Search terms were developed in consultation 
with a librarian (Supplementary Table S1). We also screened 
the references of included articles, two related reviews [9, 
10], and the Cochrane review [8], and sought expert opinion 
on potential studies from our collaborators, including after 
peer review.

We included prospective and retrospective cohort studies that 
reported height and weight or BMI at baseline and had tubercu
losis as the outcome. We applied no restrictions on publication 
status or language. We excluded case–control studies (unless 
nested within a cohort); studies with self-reported tuberculosis, 
tuberculosis mortality, or Mycobacterium tuberculosis infection 
as the outcome; studies only undertaken in people aged<18
years because of differences in anthropometric measures and tu
berculosis diagnosis; studies performed in specific populations 
with limited generalizability (e.g. post gastrectomy); conference 
abstracts later published as full articles; and studies with insuffi
cient data to include in meta-analyses.

Two authors (M.J.S. and J.P.C.) reviewed the full texts of 
studies included in the 2009 review [7], as well as those 

returned by the updated search after removing duplicates and 
screening titles and abstracts. Further details on the selection 
process are described in the Supplementary Methods.

Data analysis
Data were extracted from published manuscripts and supple
mentary materials into an extraction form by M.J.S. and J.P. 
C. We classified studies by population (general population, 
people with HIV, and people with diabetes) and whether they 
were conducted in settings with a high tuberculosis burden or 
a lower tuberculosis burden, as defined by WHO [2]; we 
stratified our analyses by population and country tuberculo
sis burden (only possible for the general-population studies). 
For all studies, we extracted data on the number and type of 
study participants, the years of recruitment, the mean dura
tion of follow-up per participant, how tuberculosis was de
fined and ascertained, and which variables were controlled 
for in adjusted analyses. We did not quantitatively assess the 
risk of bias or clinical/methodological heterogeneity in the in
cluded studies. Analyses were performed by using RStudio 
(version 2023.03.1þ446) and all P values generated were 
two-sided.

To investigate the relationship between BMI and tuberculosis 
risk, we conducted one-stage dose–response meta-analyses [11]. 
To do this, we extracted estimates of the tuberculosis incidence 
rate ratios (IRRs) or hazard ratios (HRs) for the BMI categories 
reported in each study compared with a reference category (e.g. 
<18.5 versus 18.5–25.0 kg/m2), with their 95% confidence 
intervals (CIs) and the associated number of events and person- 
years. For pooling estimates, we considered the IRRs and HRs 
to be approximately equivalent and, from here on, refer to them 
as relative risks (RRs) [12]. To minimize the effect of confound
ers, we used adjusted estimates wherever possible. To select a 
midpoint BMI ‘dose’ corresponding to each RR for each BMI 
category, we used the median of 1000 randomly drawn BMI 
values for each BMI category in each study, assuming that the 
BMI in the overall study population followed a log-normal dis
tribution (Supplementary Methods and Supplementary Box S1).

We calculated the natural logarithms of the extracted RRs and 
95% CIs, and estimated the standard error (SE) by using the for
mula: SE=[log(upper 95% CI) – log(lower 95% CI)]/3.92. We 
then fitted random-effects models by using the ‘dosresmeta’ pack
age in R with a restricted maximum-likelihood estimator and us
ing the Greenland and Longnecker method for approximating 
the covariance matrix based on the number of events and person- 
years in each BMI category [11]. For direct comparability with 
the 2009 review, we fitted a prespecified linear model for each 
population group to estimate the percentage reduction in tuber
culosis risk per unit increase in BMI [7]. Then, because we hy
pothesized that the relationship would be nonlinear, with the 
tuberculosis risk increasing the most at lower BMI values, we fit
ted a restricted cubic spline model with knots set at the 10th, 
50th, and 90th percentiles of the BMI ‘dose’ and compared the 
model fit by using the Akaike Information Criterion (AIC) and 
Bayesian Information Criterion (BIC). Finally, to provide a read
ily interpretable and usable output—the percentage reduction in 
tuberculosis risk per unit increase in BMI in different BMI 
ranges—we fitted a piecewise linear model with a single break
point for each population group, based on the shape of the spline 
model. We identified population-specific optimal breakpoints by 
testing the prespecified breakpoint BMI values between 18.5and 
25.0kg/m2 (because we hypothesized that the change in risk 
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would occur in the normal weight range) and used the whole- 
number value that minimized the AIC/BIC values.

We created plots visualizing these models and extracted 
estimates for the RRs of tuberculosis associated with under
nutrition (defined by an underweight BMI< 18.5 kg/m2). For 
comparability with previous RR estimates, we performed this 
for all population groups by comparing BMIs of 16.0 versus 
25.0 kg/m2 [6]. For general-population cohorts, we also 
extracted estimates for the RR based on the global BMI dis
tribution by comparing the estimated mean BMI between un
derweight (<18.5 kg/m2) people versus non-underweight 
(≥18.5 kg/m2) people, and versus the midpoint of the normal 
weight range (21.8 kg/m2) (Supplementary Methods).

Results
After the removal of duplicates, our search yielded 8881 
records, of which 127 articles were sought for full-text re
view. Forty studies describing 43 cohorts were included—34 

(37 cohorts) identified in our new search and 6 from the 
2009 review (Figure 1). All were cohort studies (some embed
ded in randomized trials), with recruitment undertaken be
tween 1949 and 2021. An overview of cohort characteristics 
is shown in Table 1 and the geographic distribution is shown 
in Figure 2.

The total sample size was 26 202 564. There were 14 
cohorts in the WHO Western Pacific Region (n¼ 23 367 091; 
89% of the total population), dominated by 2 large studies in 
South Korea [13–24], 2 in the European Region (n¼1 744  
630; 6.7%) [25, 26], 7 in the Region of the Americas 
(n¼ 929 140; 3.5%) [27–33], 16 in the African Region 
(n¼ 137 652; 0.53%) [34–48], and 4 in the South-East Asian 
region (n¼ 24 051; 0.09%) [49–52]. No eligible cohorts were 
identified from the Eastern Mediterranean Region. There 
were important differences in populations, which ranged 
from general-population-based cohorts among healthy indi
viduals (mostly in the Western Pacific Region) [13–16, 18–
20, 22–26, 29–31] to specific cohorts of people with HIV 

Figure 1. Study selection.
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(mostly in the African Region) [17, 28, 34–37, 39, 41–48, 50, 
52]. There were also six cohorts of household contacts of 
people with tuberculosis (three in Peru, two in India, and one 
in Southern Africa) [27, 32, 33, 40, 49, 51], which we 
grouped with general-population cohorts, and three cohorts 
of people with diabetes [16, 21, 38]. Most cohorts used a 
broad definition of all forms of tuberculosis as the outcome, 
which included both pulmonary and extra-pulmonary tuber
culosis diagnosed either microbiologically or clinically/radio
logically. Tuberculosis was mostly diagnosed by following 
local protocols and practices, and ascertained by researchers 
using clinic registers and by linking identification data to na
tional surveillance systems. Some studies undertook active 
follow-up that included home visits and tuberculosis testing. 
Tuberculosis diagnosed at baseline or early during follow-up 
was mostly excluded from the analyses. The mean follow-up 
time per participant ranged from 0.83 to 16.9 years, with a 
mean across all 43 cohorts of 4.2 years. The median number 
of BMI categories reported was three (interquartile range: 2– 
4), covering the full underweight to obese range (15.0– 
35.0 kg/m2) (Supplementary Table S2).

The key inputs and outputs for the dose–response meta- 
analyses are shown in Supplementary Tables S2 and S3. The 
meta-analyses showed an inverse dose–response relationship be
tween BMI and tuberculosis risk across all studied populations.

The reductions in tuberculosis risk per one-unit increase in 
BMI for the linear models are shown in Supplementary 
Figure S1. When fitting spline models, we found evidence for 

a nonlinear relationship with tuberculosis risk increasing 
faster at lower BMI values and decreasing more gradually at 
higher BMI values, particularly among people with HIV (e.g. 
coefficient for nonlinear term in the general pop
ulation¼0.12, P<0.001; Supplementary Table S3 and 
Figure 3). In the piecewise linear models, the reduction in tu
berculosis risk per one-unit increase in BMI was 18.0% 
(95% CI: 16.4–19.6) for BMI of<25.0 kg/m2 and 6.9% 
(95% CI: 4.6–9.2) for BMI of ≥25.0 kg/m2 in 22 general- 
population cohorts (n¼24 921 531); 15.3% (95% CI: 13.1– 
17.5) for BMI of<23.0 kg/m2 and 2.6% (95% CI: –3.1–7.9) 
for BMI of ≥23.0 kg/m2 in 18 cohorts of people with HIV 
(n¼ 162 609); and 20.5% (95% CI: 18.4–22.6) for BMI of 
<24.0 kg/m2 and 13.4% (95% CI: 3.9–22.0) for BMI 
of≥24.0 kg/m2 in three cohorts of people with diabetes 
(n¼ 1 118 424) (Figure 3). Similar values were obtained 
when including only studies performed in countries with a 
high tuberculosis burden or a lower tuberculosis burden 
(Supplementary Figure S2).

Across all studied populations, the spline and piecewise linear 
models had the lowest AIC/BIC values, indicating that they 
were the best fit for the data (Supplementary Table S3). For all 
models, the between-study random-effects components were rel
atively small (e.g. 0.043 for the linear term in the spline model 
in general-population cohorts), indicating consistency in find
ings across included studies (Supplementary Table S3).

The RR of tuberculosis associated with undernutrition in 
different population groups is shown in Table 2. Using the 

Figure 2. Geographic distribution of included cohorts. Some cohorts included participants from multiple countries; see Table 1.
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spline model and assuming a mean BMI of 17.0 kg/m2 among 
underweight people globally versus a BMI of 25.6 kg/m2 

among non-underweight people globally, the RR was 5.0 
(95% CI: 4.2–5.9).

Discussion
In this updated systematic literature review and dose–re
sponse meta-analysis, we refined and extended findings of the 
2009 review [7] demonstrating an inverse dose–response rela
tionship between BMI and tuberculosis risk. Through the in
clusion of over seven times the number of cohorts and 
comprehensively accounting for uncertainty in both BMI 
through resampling and tuberculosis risk through meta- 
analysis, we confirmed the relationship across the full under
weight to obese range (15.0–35.0 kg/m2). We now include 
cohorts from multiple countries with high and lower tubercu
losis burden, and demonstrated the relationship not only in 
general-population cohorts (mostly undertaken in areas with 
low HIV prevalence), but also in people with HIV and people 
with diabetes. Importantly, by fitting restricted cubic spline 
models, we demonstrated that the true relationship between 

BMI and tuberculosis risk is likely nonlinear and we approxi
mated this with piecewise linear models to provide an inter
pretable and easily usable percentage reduction in 
tuberculosis risk per one-unit increase in BMI above and be
low a breakpoint value. Tuberculosis risk is highest at the 
lowest BMI values and decreases nonlinearly as BMI 
increases, with the steepest reduction in risk occurring when 
moving through underweight and normal weight ranges, and 
more modest reductions continuing through overweight and 
obese ranges.

The strength of the dose–response relationship across pop
ulations with varying background rates of tuberculosis inci
dence, even after adjusting for a range of potential 
confounders, is striking and highlights the fundamental inde
pendent importance of nutritional status in tuberculosis epi
demiology. This has been recently demonstrated in the 
RATIONS trial, which showed that nutritional support for 
household contacts of people with tuberculosis reduced the 
tuberculosis risk by �40% [53]. Importantly, because of the 
nonlinear relationship, our findings suggest that the protec
tive effects of BMI increases will be most pronounced among 
the most undernourished populations. We also found that the 

Figure 3. Dose–response meta-analyses fitting restricted cubic spline and piecewise linear models for the relationship between BMI and tuberculosis 
risk in general-population cohorts; people with HIV; and people with diabetes. General-population cohorts (22 cohorts, n¼24 921 531); people with HIV 
(18 cohorts, n¼162 609); people with diabetes (3 cohorts, n¼1 118 424). See Table 1 for characteristics of included cohorts and Supplementary Table S3
for the raw data included in the meta-analyses. The solid line represents predictions of RR from the models with reference to a BMI of 25.0 kg/m2 and 
the shaded grey area represents 95% CIs.

Body mass index and tuberculosis risk                                                                                                                                                                                13 

D
ow

nloaded from
 https://academ

ic.oup.com
/ije/article/54/5/dyaf154/8249439 by C

ity St G
eorge's, U

niversity of London Tooting user on 16 Septem
ber 2025

https://academic.oup.com/ije/article-lookup/doi/10.1093/ije/dyaf154#supplementary-data


magnitude of the RR of tuberculosis associated with under
nutrition is lower among people with HIV. If undernutrition 
causes tuberculosis through its effects on cell-mediated immu
nity [5], then this would be expected given that people with 
HIV have a competing cause of immune deficiency. 
Furthermore, we were able to characterize and confirm the 
dose–response relationship among people with diabetes and 
show that diabetes is unlikely to be a major contributor to 
nonlinearity in the general population (estimates for 10 of 22 
studies adjusted for diabetes in their multivariable analysis). 
People with HIV and/or diabetes, who were underrepresented 
in the RATIONS trial, require specific consideration in future 
interventional research. Both are more likely to be eligible for 
tuberculosis preventive treatment, which may modify the ef
fect of nutritional support, and nutritional interventions for 
people with diabetes need particularly careful design, as their 
needs and metabolism differ from those of the gen
eral population.

Our results should be used to inform WHO calculations of 
the PAF of tuberculosis due to undernutrition, which previ
ously used a RR estimate informed by the 2009 review [7] of 
3.2 when comparing a BMI of 16.0 versus 25.0 kg/m2 [6]. 
The recent Cochrane review, which estimated a RR closer to 
2 (HR¼2.2, 95% CI: 1.8–2.7), was undertaken to inform re
vised PAF calculations but is likely to have substantially 
underestimated the RR [8]. In its meta-analyses, studies that 
used different definitions of undernutrition and, more fre
quently, different comparator groups were inappropriately 
combined. Given the dose–response relationship between 
BMI and tuberculosis risk, using different comparator groups 
is likely to have biased the RR estimate towards 1. Indeed, in 
several of the studies included in the meta-analyses, the 
researchers demonstrated the dose–response relationship in 
their population (including several in which the reference cat
egory for the analysis was defined as ‘normal weight’), but 
these relationships were not considered [13, 19, 20, 22, 24, 
29, 47]. Furthermore, for the overall summary estimates, the 
review pooled together studies performed in the general pop
ulation in both adults and children with those performed in 
people with HIV, diabetes, and other rare health conditions 
(e.g. recent gastrectomy). This may have also biased the RR 
estimate towards 1 because our results show that the RR as
sociated with undernutrition in people with HIV is likely to 
be lower, and these accounted for a high relative number of 
studies in the review’s meta-analyses.

Moving forward, estimates of the PAF of tuberculosis due 
to undernutrition must account for the dose–response rela
tionship between BMI and tuberculosis risk, and the underly
ing distribution of BMI in the population. In populations in 
LMIC where undernutrition is common and tuberculosis 

burden is higher, the mean BMI among underweight people 
is likely to be lower than in populations from HIC where un
dernutrition is rare and the tuberculosis burden is lower. Our 
dose–response models, stratified by population group, explic
itly address these issues and can be used to extract estimates 
of RR appropriate for different populations.

Further strengths of our review are that we included four 
studies not published at the time of the Cochrane review [18, 
40, 45, 49], several studies for which we were either provided 
with data or were able to access the original data to calculate 
required estimates [32, 33, 41, 44, 50], and other important 
cohorts that were not included in the Cochrane review [21, 
25, 26, 30, 31, 34, 39]. This enabled the inclusion of data 
from >3 million people representing a range of populations/ 
geographies (Supplementary Table S4). Despite this, there 
remains a lack of evidence in settings with both a high tuber
culosis burden and a high prevalence of undernutrition—we 
found only three small general-population cohorts in the 
African and South-East Asian Regions.

Our study has other limitations. First, we focussed on 
adults because of challenges in tuberculosis diagnosis among 
children and differences in anthropometric measures. Only 
four studies including children and adolescents were included 
in the Cochrane review meta-analyses and further research is 
required in this population by using more standardized meas
ures. Second, our analyses were limited to adjusting for the 
variables originally adjusted for in each study. No studies ex
plicitly used causal inference methods and only one incorpo
rated sampling weights and survey design specifications, 
which demonstrated a much higher tuberculosis risk among 
underweight people [29]. Future studies should state the con
ceptual framework informing the adjusted analysis and con
sider methodologies such as propensity score approaches. 
Finally, despite the clarity of our results and the clinical and 
practical utility of BMI, research is required to characterize 
the macro- and micronutritional physiological pathways 
through which a lower BMI increases risk and, conversely, 
why a higher BMI decreases risks. Previous research has 
shown that the protective effect of a high BMI on tuberculo
sis is much stronger than the harmful effect of a high BMI 
mediated through an increased risk of diabetes [22]. The 
mechanisms underpinning this protective effect are poorly 
understood, but postulated reasons include higher leptin lev
els in obesity affecting host immunity and adipose tissue act
ing as a reservoir in which Mycobacterium tuberculosis may 
persist without causing disease [54, 55].

In conclusion, our updated review and dose–response 
meta-analysis confirms and substantially extends previous re
search demonstrating the importance of nutritional status for 
tuberculosis. Given that the historical evidence on improved 

Table 2. Relative risk of tuberculosis associated with undernutrition (BMI< 18.5 kg/m2).

General population People with HIV People with diabetes

Spline model  
RR (95% CI)

Piecewise linear  
model RR (95% CI)

Spline model  
RR (95% CI)

Piecewise linear  
model RR (95% CI)

Spline model  
RR (95% CI)

Piecewise linear  
model RR (95% CI)

16.0 vs 25.0 kg/m2 5.8 (4.8–7.0) 6.0 (5.0–7.1) 3.4 (2.8–4.1) 3.4 (2.8–4.1) 7.5 (5.7–9.8) 7.2 (5.4–9.8)
Mean BMI among underweight versus  

non-underweight people globally  
(17.0 vs 25.6 kg/m2)

5.0 (4.2–5.9) 5.1 (4.3–6.0)

Mean BMI among underweight  
versus midpoint of normal weight  
category (17.0 vs 21.8 kg/m2)

2.8 (2.5–3.1) 2.6 (2.4–2.9)
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nutrition and reduced tuberculosis has now been comple
mented by robust prospective observational, interventional, 
and modelling evidence, the global tuberculosis community 
must rapidly ensure that social protection and other interven
tions to improve nutrition become an integral component of 
the global tuberculosis response.
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