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Sex differences in the risk of Mycobacterium tuberculosis 
infection: a systematic review and meta-analysis of 
population-based immunoreactivity surveys
Hannah M Rickman, Mphatso D Phiri, Helena R A Feasey, Maria Krutikov, Hui Shao, Katherine C Horton, David W Dowdy, Emily S Nightingale, 
Peter J Dodd, Elizabeth L Corbett*, Peter MacPherson*

Summary
Background Tuberculosis killed 1·25 million people globally in 2023. Men have a 1·7 times higher tuberculosis 
incidence than women, but it is not known to what extent this discrepancy is driven by greater exposure to 
Mycobacterium tuberculosis. We aimed to analyse the effect of age and sex on M tuberculosis immunoreactivity.

Methods In this systematic review and meta-analysis, we reviewed Embase, Global Health databases, Science Citation 
Index Expanded, and Global Index Medicus for population-based M tuberculosis immunoreactivity (with interferon-γ 
release assay or skin test) surveys done in high tuberculosis incidence settings from Jan 1, 1993, to Dec 31, 2022, with 
a sample size of at least 150 people. We included cross-sectional surveys, baseline surveys for interventional or cohort 
studies, and control groups of case–control studies with population-representative groups. We extracted data on 
M tuberculosis immunoreactivity prevalence, disaggregated by sex and age group. We constructed Bayesian hierarchical 
models, first of immunoreactivity prevalence by age and sex and second of the male-to-female (M:F) prevalence ratio 
by age. We analysed the effect of covariables including region, tuberculosis incidence, and study year. This study was 
registered on PROSPERO (CRD42022360483).

Findings We screened 26 517 studies, of which 167 met our inclusion criteria. Sex-disaggregated results were available 
from 80 studies (81 surveys), from 38 different countries, comprising data from 478 968 participants. We found little 
sex difference in M tuberculosis immunoreactivity in childhood (M:F prevalence ratio for children younger than 
10 years was 0·95; 95% credible interval 0·90–1·01). However, from adolescence onwards, men experienced higher 
immunoreactivity conversion than women (1·4 times higher by age 30 years). This higher conversion rate cumulatively 
drove a higher immunoreactivity prevalence in men,  with a prevalence ratio of 1·07 (95% credible interval 1·01–1·13) 
in those aged 10–19 years, 1·13 (1·06–1·20) in those aged 20–39 years, and 1·28 (1·19–1·37) for those aged 40 years 
and older. Adult men had consistently higher M tuberculosis prevalence across different settings, with low between-
study heterogeneity in M:F prevalence ratio.

Interpretation Men have higher M tuberculosis immunoreactivity risk than women, which is likely to be a key driver of 
the sex differences in global tuberculosis morbidity and mortality. This difference could be due to higher exposure 
through social and behavioural differences in time spent in congregate indoor spaces where tuberculosis transmission 
occurs, further amplified by longer duration of infectiousness in men, and age-assortative and sex-assortative mixing. 
Public health interventions addressing men’s determinants of M tuberculosis exposure will be crucial to ending the 
tuberculosis epidemic.

Funding Wellcome Trust and UK Foreign, Commonwealth & Development Office.

Copyright © 2025 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 
license.

Introduction
Tuberculosis killed 1·25 million people globally in 
2023, including 646 000 adult men and 410 000 adult 
women.1 Men have a 1·7 times higher tuberculosis 
incidence than women;1 this higher incidence combines 
with a longer duration of disease (due to gendered 
barriers to accessing care) to cause a higher tuberculosis 
prevalence.2–4 Men’s higher prevalence of undiagnosed 
infectious disease is a major driver of community 
transmission, with the majority of tuberculosis 
transmission in high-burden settings believed to be 

from adult men;5 age-assortative and sex-assortative 
mixing means that men are themselves more likely to 
be infected, further amplifying disparities.

Sex discrepancies in tuberculosis disease are age 
dependent. Little difference is seen in tuberculosis 
incidence or prevalence among children,1,3,6 but WHO 
estimates a male-to-female (M:F) incidence ratio of 
1·2 in people aged 15–24 years, 1·5 in those aged 
25–34 years, and 1·7 in those aged 35–44 years,1 with 
similar age dependence in prevalence ratios also 
observed.3
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Infection with Mycobacterium tuberculosis is the initial 
step in the tuberculosis pathogenic pathway. Although sex 
differences in the incidence and prevalence of tuberculosis 
disease are well established, disparities in M tuberculosis 
infection are less researched. As current tests cannot 
directly detect M tuberculosis infection, immunoreactivity 
is measured with tuberculin skin tests (TSTs) or 
interferon-γ release assays (IGRAs).7 Although immuno-
reactivity is an imperfect proxy for ongoing viable 
infection, and only a minority of people with M tuberculosis 
immunoreactivity go on to develop tuberculosis disease,8,9 
immunoreactivity serves as an epidemiological marker of 
M tuberculosis exposure.7,10,11 Traditionally, immunoreactivity 
has been assumed to be lifelong, although the importance 
of reversion is increasingly understood.12

Since the 1940s, surveys in sentinel groups 
(eg, schoolchildren) have measured M tuberculosis 
immunoreactivity prevalence as a marker of cumulative 
lifetime exposure, to estimate an annual risk of 
tuberculosis infection, infer tuberculosis burden, 
monitor population-level trends, and identify groups at 
high risk.10,11 Although previous systematic reviews have 
explored the overall burden of M tuberculosis immuno-
reactivity across populations,13,14 and other studies have 
noted sex differences therein,15–18 to our knowledge the 
M:F prevalence ratio of M tuberculosis immunoreactivity 
has not been systematically investigated across 
populations in the past few decades.

Fundamentally, men’s higher incidence of tuberculosis 
disease could occur from any one, or a combination, of 
higher M tuberculosis exposure, greater propensity to 
develop M tuberculosis infection if exposed, or increased 
progression from infection to disease. Higher exposure 
might arise from time spent in high-transmission 
venues, such as workplaces, educational facilities, prisons, 
social venues, and public transport,19,20 amplified by age-
assortative and sex-assortative social mixing.5 Lung damage 

due to smoking or air pollution could make M tuberculosis 
infection more probable in exposed individuals.21,22 If 
differential M tuberculosis exposure or infection are 
primary drivers of sex differences in tuberculosis 
incidence, we would expect this to be reflected in a higher 
prevalence of M tuberculosis immunoreactivity in adult 
men than adult women. Alternatively, higher progression 
from infection to disease could occur due to sex-related 
immunological differences23 or increased prevalence of 
risk factors for progression, such as cigarette smoking, 
alcohol consumption, diabetes, and untreated HIV.1,22,24

Understanding sex differences in M tuberculosis infection 
and their interaction with age is key to disentangling the 
complex causal mechanisms underlying the sex-specific 
epidemiology of tuberculosis. This knowledge will inform 
gender-sensitive public health responses and identify the 
groups at highest risk of infection who could benefit most 
from interventions such as screening, preventive treat-
ment, and vaccination. We therefore sought to meta- 
analyse age-dependent differences in the prevalence of 
M tuberculosis immunoreactivity between males and 
females in high-burden settings.

Methods
Search strategy and inclusion criteria
In this systematic review and meta-analysis, we 
systematically reviewed the literature for population-
representative surveys of M tuberculosis immunoreactivity. 
We included cross-sectional surveys, baseline surveys for 
interventional or cohort studies, and control groups of 
case–control studies if they were from a population-
representative sample. Surveys were excluded if they only 
included populations at high risk or that had been 
specifically selected, such as household contacts of people 
with tuberculosis, health-care workers, incarcerated 
individuals, people living with HIV, inpatients, and 
symptomatic individuals. We included surveys that 

Research in context

Evidence before this study 
Previous systematic reviews have found that globally men have 
a higher incidence and prevalence of tuberculosis, and 
experience higher tuberculosis mortality, than women. We 
searched MEDLINE, Embase, CAB Global Health database, 
Science Citation Index Expanded, and Global Index Medicus, 
using terms related to Mycobacterium tuberculosis 
immunoreactivity and epidemiological study type for surveys 
done between Jan 1, 1993, and Dec 31, 2022. Although we 
identified 167 individual M tuberculosis immunoreactivity 
surveys, just under half of which provided sex-disaggregated 
results, there were no systematic reviews or meta-analyses 
examining the prevalence of M tuberculosis immunoreactivity 
by age and sex in population-based surveys globally. A repeat 
search done on Dec 23, 2024, limited to only systematic reviews 
and meta-analyses, did not identify any new relevant analyses.

Added value of this study 
This systematic review and meta-analysis included results 
from 81 surveys, 38 countries, and almost half a million 
participants. We found that from adolescence onwards, men 
have higher M tuberculosis infection, resulting in a higher 
prevalence of immunoreactivity.

Implications of all the available evidence 
Men have higher M tuberculosis infection rates than women, 
with higher exposure likely to be an important driver of their 
higher incidence of tuberculosis disease, and to contribute to 
their higher mortality from tuberculosis. Gender-sensitive 
public health strategies are essential to address this disparity 
in tuberculosis transmission and end the global tuberculosis 
pandemic.



Articles

e590www.thelancet.com/public-health   Vol 10   July 2025

recruited from primary or secondary education, but not 
tertiary education (as in most settings this would no longer 
represent a population-representative group). We excluded 
surveys that solely or predominantly included participants 
of one sex (eg, male military recruits or pregnant women).

We (HMR) searched MEDLINE, Embase, CAB Global 
Health database, Science Citation Index Expanded, and 
Global Index Medicus, with terms related to M tuberculosis 
immunoreactivity and epidemiological study type 
(appendix p 6). We additionally screened the reference list 
of two systematic reviews of national M tuberculosis 
surveys,13,14 one systematic review of the performance of 
Diaskintest (a newer skin test widely used in Russia),25 
and an online document from the WHO Global Task 
Force on TB Impact Measurement.26 There were no 
language restrictions. The search strategy was reviewed 
by an information specialist against Peer Review of 
Electronic Search Strategies guidelines.27

We included surveys done between Jan 1, 1993 (the year 
of the WHO Directly Observed Treatment, short-course 
strategy, considered a defining moment in investment in 
global tuberculosis management with expected effects on 
transmission dynamics) and Dec 31, 2022 that included 
a minimum of 150 participants tested for M tuberculosis 
immunoreactivity through TST, IGRA, or newer skin 
tests (eg, C-Tb [Serum Institute of India, Pune, India] 
and Diaskintest [Generium, Moscow, Russia]). As our 
focus was on community transmission, rather than 
settings in which tuberculosis epidemiology is dominated 
by migration or key populations, we included only 
surveys from high tuberculosis incidence settings, 
defined as having a WHO-estimated national tuberculosis 
incidence of at least 40 cases per 100 000 people per year,28 
or subnational surveys which reported a regional 
incidence, prevalence, or case notification rate of at least 
40 cases per 100 000 people per year.

Deduplication was done in EndNote (version 20) and 
screening on the web-based rayyan platform (which 
facilitates masked screening between collaborating 
researchers). A single reviewer (HMR) initially pre-
screened titles based on filter terms related to 
non-human studies, non-tuberculous mycobacteria, and 
case reports or series. A random 10% sample of 
pre-screened titles and abstracts were screened in 
duplicate by two masked reviewers (either HMR, MDP, 
or HRAF). Once concordance was checked and conflicts 
resolved, the remaining titles and abstracts were 
screened by a single reviewer (either HMR, MDP, 
HRAF, MK, or HS). All articles identified for full-text 
screening were independently reviewed by two reviewers 
(HMR, MDP, HRAF, MK, or HS), with conflicts resolved 
by consensus and discussion with a third reviewer (PM), 
if required. Non-English language articles were reviewed 
by at least one reader proficient in that language.

Data extraction was done by a single reviewer 
(HMR) through an Open Data Kit tool. When a study 
met inclusion criteria but age-disaggregated or 

sex-disaggregated results were not published, authors 
were contacted by email and asked to share data.

This study is reported in accordance with the PRISMA 
statement (appendix pp 1–5). Our protocol was registered 
before study commencement (PROSPERO reference 
CRD42022360483).

Figure 1: Studies identified and included in the systematic review
Additional references from Houben and Dodd,13 Cohen and colleagues,14 Starshinova and colleagues,25 and 
an online WHO document of tuberculosis surveys.26

56 304 studies were collated

283 studies were found through other sources
 23 from references of Houben and Dodd
 88 from references of Cohen and colleagues 
 38 from references of Starshinova and 

colleagues
 132 from WHO library of tuberculosis surveys 
 2 from data provided by authors when 

contacted about other studies
 

56 021 studies were found through database searches
 12 971 from Medline
 21 495 from Embase
 10 490 from CAB Global Health database
 10 354 from Science Citation Index Expanded
 711 from Global Index Medicus 

26 517 studies were pre-screened
 

29 787 studies were duplicates

18 096 studies had titles and abstracts screened 
 

8421 were identified as reports, case series, and 
non-human infection at pre-screening

668 studies had full-text screening

17 428 studies were excluded

       80 studies had sex-disaggregated data 
             available

      81 unique surveys

87 studies did not have sex-disaggregated data

       167 studies met inclusion criteria
       181 unique surveys

501 studies were excluded
 167 were in low-incidence settings
 105 were duplicates or results presented in 

another paper
 97 were not population-representative 

surveys
 55 were from before 1993
 24 were correspondences, reviews, or 

modelling studies
 21 were not an immunoreactivity survey
 17 had fewer than 150 participants
 15 did not have a full text accessible or 

only had a conference abstract

See Online for appendix

For the rayyan software see 
https://rayyan.ai

For Open Data Kit see https://
getodk.org

https://rayyan.ai
https://getodk.org
https://rayyan.ai
https://getodk.org
https://getodk.org
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Data analysis
The outcome of interest was the proportion of people 
in each reported age–sex group that had a positive 

M tuberculosis immunoreactivity test (eg, TST or IGRA). 
If the numerator and denominator were not published 
but could be back-calculated from the data presented, 
including from graphs via an online plot-digitiser, this 
was done. When indeterminate test results were 
reported, these were excluded from the denominator. 
The cutoff to define a positive test followed the authors’ 
own definition; when multiple cutoffs were used in the 
same study, we extracted data according to standard 
cutoffs (eg, 0·35 IU/mL for QuantiFERON-TB or 10 mm 
for TST).29 When surveys used both IGRA and TST, 
IGRA results were used; the exception was the analysis 
comparing assays, in which surveys could contribute 
both TST and IGRA data to the comparison. We extracted 
age-disaggregated results using the same age categories 
used by the authors of individual studies.

The central estimate of each age group was defined 
through the mean age, when available, or the midpoint 
when the mean was unavailable. Populations were defined 
as rural, urban, or mixed according to the original studies. 
We used WHO estimates of country-level tuberculosis 
incidence; as these are only published from 2000 onwards, 
we used linear extrapolation of post-2000 estimates for 
studies done between 1993 and 1999.28

Risk of bias was assessed by one reviewer (HMR) 
through Hoy and colleagues’ Risk of Bias Tool for 
Prevalence Studies, with modified test-specific items for 
skin tests and IGRAs30 (appendix p 8). We compared 
studies with and without sex-disaggregated data, 
constructed a funnel plot based on the study-level M:F 
prevalence ratio, and used Egger’s test to assess for 
publication bias or small study effects.

We did a meta-analysis of age–sex-disaggregated 
prevalence by fitting a hierarchical Bayesian regression 
model (appendix p 9) with a binomial distribution, 
survey-level random intercepts, and covariables of sex, 
age-group mean or midpoint (natural cubic spline with 
one internal knot), and their interaction. In sensitivity 
analyses, model fits for linear and non-linear age trends 
with different numbers of knots were compared through 

Surveys, n=81 Participants, n=478 968

Mycobacterium 
tuberculosis positive

·· 90 833 (19·0%)

Sex

Male ·· 237 677 (49·6%)

Female ·· 241 291 (50·4%)

Age <15 years ·· 367 749 (76·8%)

Male ·· 187 593/367 749 (51·0%)

Female 180 156/367 749 (49·0%)

Age ≥15 years ·· 111 219 (23·2%)

Male ·· 50 084/111 219 (45·0%)

Female ·· 61 135/111 219 (55·0%)

Number of age groups per survey

1 47 (58·0%) ··

2– 5 19 (23·5%) ··

6–10 12 (14·8%) ··

≥11 3 (3·7%) ··

Number of participants per survey

Mean (SD) 5910 (11 900) ··

Median (range) 2250 (174–96 200) ··

Survey year

1993–99 10 (12·3%) 29 248 (6·1%)

2000–04 13 (16·0%) 165 008 (34·5%)

2005–09 22 (27·2%) 129 765 (27·1%)

2010–14 15 (18·5%) 87 253 (18·2%)

2015–19 19 (23·5%) 61 724 (12·9%)

2020–24 2 (2·5%) 5 970 (1·2%)

WHO region

African 29 (35·8%) 164 988 (34·4%)

Western Pacific 23 (28·4%) 170 647 (35·6%)

South-East Asia 13 (16·0%) 58 638 (12·2%)

Eastern 
Mediterranean

7 (8·6%) 62 520 (13·1%)

Americas 5 (6·2%) 6 253 (1·3%)

European 4 (4·9%) 15 922 (3·3%)

Survey scope

National 17 (21·0%) 263 187 (54·9%)

Subnational 64 (79·0%) 215 781 (45·1%)

M tuberculosis test

TST 56 (69·1%) 416 911 (87·0%)*

IGRA 21 (25·9%) 89 600 (18·7%)*

Both IGRA and TST 4 (4·9%) NA*

Rural or urban

Both or national 37 (45·7%) 316 891 (66·2%)

Urban 25 (30·9%) 55 847 (11·7%)

Rural 19 (23·5%) 106 230 (22·2%)

(Table 1 continues in next column)

Surveys, n=81 Participants, n=478 968

(Continued from previous column)

Risk of bias

Low 47 (58·0%) 332 020 (69·3%)

Moderate 13 (16·0%) 87 800 (18·3%)

High 21 (25·9%) 59 148 (12·3%)

Data are n (%) or n/N (%), unless otherwise specified. IGRA=interferon-γ release 
assay. NA=not applicable. TST=tuberculin skin test. *For the M tuberculosis test, 
participant-level data are given for the total number of test results available for 
TST and IGRA; this exceeds the total number of participants as some participants 
have both TST and IGRA but it is not possible at a study level to identify whether 
the same individuals had both. Participants with test results for both are not 
double-counted in other categories. 

Table 1: Surveys and participants included in the meta-analysis

For the plot-digitiser used in this 
study see https://automeris.io/

https://automeris.io/
https://automeris.io/
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the leave one out cross-validation statistic; when no 
model was clearly preferred, the more parsimonious 
model was selected. We used weakly informative priors, 
and four chains with 5000 iterations for model fitting. All 
computations were done in R (version 4.2) with the 
R brms interface to Stan. Posterior predictive checks 
were done, including inspection of trace plots, effective 
sample sizes, and R^ values.

Predictions of prevalence were made by taking samples 
from the posterior distribution for each sex and year 
of age, summarised with means and quantile-based 
95% credible intervals, and excluding random effects (as 
the intention was not to estimate a weighted average of 
absolute prevalence or conversion risk, but rather to 
visualise the underlying fixed effects of age and sex). 
We also predicted annual risk of immunoreactivity 
conversion by sex through the change in prevalence 
across each 1-year age bracket, under traditional 
assumptions of lifelong immunoreactivity and ignoring 
reversion (appendix pp 10–11).

We calculated an M:F prevalence ratio for each age-
disaggregated datapoint and fitted hierarchical Bayesian 
models to estimate the precision-weighted, log-
transformed prevalence ratio predicted by age. We first 
modelled age as a categorical variable (0–9, 10–19, 20–39, 
and ≥40 years), and subsequently as a continuous 
variable. Models were fitted and evaluated as previously 
described. Covariables included rural or urban status, 
WHO region, country-level tuberculosis incidence, and 
study test.

Role of the funding source
The funders had no role in the study design, data 
collection, data analysis, data interpretation, writing of 
the manuscript, or the decision to submit.

Results
We identified 26 517 unique studies (figure 1), with 
668 included in full-text screening (appendix pp 12–32). 
Overall, 167 studies (which reported on 181 unique 
surveys) met our inclusion criteria. Of these, sex-
disaggregated results were available for 80 studies 
(81 surveys), which are included in this analysis (appendix 
pp 33–38).16–18,31–107 Sex-disaggregated data were more likely 
to be available for more recent studies (appendix p 39), 
but there was no evidence of publication bias by overall 
M:F prevalence ratio (appendix p 40).

In total, this analysis includes results from 
478 968 participants, from 38 different countries in all 
six WHO regions (table 1). The African and Western 
Pacific regions contributed the most data: 29 (35·8%) of 
81 surveys and 164 988 (34·4%) participants were from 
Africa, and 23 (28·4%) of 81 surveys and 170 647 (35·6%) 
participants were from the Western Pacific region. The 
most represented countries were China (12 surveys), 
India (10 surveys), and South Africa (8 surveys). 
17 (21·0%) of 81 were national surveys. 56 (69·1%) of 

81 surveys used TST alone, 21 (25·9%) IGRA alone, and 
4 (4·9%) had results for both TST and IGRA. Most 
surveys using TST (39 of 60; 65·0%) either showed 
evidence of digit preference or did not evaluate for it.

In total, 367 749 (76·8%) of 478 968 participants 
were younger than 15 years. Overall, 237 677 (49·6%) 
participants were male, but men were under-represented 
in adults (aged ≥15 years; 50 084 of 111 219 adults; 45·0%). 
90 833 (19·0%) participants had a positive test of 
M tuberculosis immunoreactivity.

Figure 2: Effect of sex and age on prevalence of Mycobacterium tuberculosis 
immunoreactivity and annual risk of conversion
(A) Average prevalence of M tuberculosis immunoreactivity by age and sex: 
summary of posterior draws from Bayesian meta-regression model of prevalence, 
with associated 95% credible intervals, X-axis rug shows the age-group midpoints 
from individual studies that contributed data. (B) Annual risk of conversion from 
M tuberculosis negative to positive per year: summary of posterior draws from the 
prevalence model to show the estimated proportion of people converting from 
M tuberculosis negative to positive per year of age. Absolute prevalence and 
conversion risk varied markedly by study. Study-level random effects are ignored. 
Estimates represent an average across studies included in this meta-analysis. The 
intention is not to estimate a weighted average of absolute prevalence or 
conversion risk, but rather to focus on the fixed effects of age and sex.
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In our meta-regression model, the prevalence of 
M tuberculosis immunoreactivity varied markedly by 
study (τ 1·04). As expected, M tuberculosis prevalence 
increased with age (reflecting cumulative exposure; 
figure 2B). We found an interaction between age and sex: 
predicted prevalence diverged in men and women from 
adolescence. By age 30 years, predicted prevalences were 
40·5% (95% credible interval 35·2–46·0) in men and 
34·3% (29·5–39·6) in women, and the estimated 
prevalence in men remained higher than in women 
throughout adult life.

The higher prevalence corresponded to a higher annual 
rate of conversion to M tuberculosis immunoreactivity in 
men than women, which also varied by age (figure 2B). 
The rate of conversion increased for both sexes from 
childhood, peaking at age 32 years for men and age 
30 years for women, and was higher in men than in 
women. By age 20 years, the estimated annual rate of 
conversion was 1·31 (95% credible interval 1·24–1·38) 
times higher in men than in women, at 2·02% 
(1·67–2·39) in men versus 1·55% (1·27–1·86) in women. 
At age 30 years, the annual rate of conversion was 
1·38 (1·31–1·44) times higher in men than in women 
(2·39% [2·04–2·77] in men vs 1·74% [1·45–2·05] in 
women), and at age 50 years it was 1·52 (1·38–1·66) 
times higher in men (1·84% [1·63–2·05] in men vs 
1·21% [1·04–1·40] in women).

When M:F prevalence ratios were modelled by age 
category, the ratio for children younger than 10 years was 
0·95 (95% credible interval 0·90–1·01), with an estimated 
95·2% posterior probability that prevalence was higher 
in girls than boys (figure 3A). For older age groups, male 
prevalence was higher than female prevalence, with 
a prevalence ratio of 1·07 (95% credible interval  
1·01–1·13) in those aged 10–19 years, 1·13 (1·06–1·20) in 
those aged 20–39 years, and 1·28 (1·19–1·37) for those 
aged 40 years and older. When age was modelled 
continuously, we again observed a lower M:F ratio in 
young children—0·93 (0·87–1·00) at age 5 years—which 
increased to a peak at age 53 years at 1·32 (1·23–1·41; 
figure 3B). There was low between-study heterogeneity 
in M:F prevalence ratio (τ 0·14).

In a meta-regression investigating covariates, we found 
no effect of study test (TST vs IGRA multiplicative effect 
1·04; 95% credible interval 0·95–1·13) on the age-adjusted 
M:F prevalence ratio (table 2). Overall, 47 (58·0%) of 
81 surveys, which included 332 020 (69·3%) participants, 
had a low risk of bias; 13 (16·0%) had a moderate risk of 
bias; and 21 (25·9%) had a high risk of bias. The most 
common issues were non-response bias (24 surveys; 
29·6%) and an unrepresentative target population 
(20 surveys; 24·7%). There was no difference in 
prevalence ratios in surveys with a moderate (1·08; 95% 
credible interval 0·97–1·19) or high (1·06; 0·96–1·17) risk 
of bias compared with those with a low risk of bias. We 
also found no difference between rural and urban 
settings, by WHO region, by tuberculosis incidence of the 
country, or by the year in which the study was done.

Discussion
This meta-analysis of 81 population-based surveys, 
including almost 500 000 participants from 38 countries, 
is to our knowledge the first to systematically review the 
effect of age and sex on M tuberculosis immunoreactivity. 
In keeping with trends in tuberculosis disease,1 rates 
of M tuberculosis immunoreactivity conversion were 
higher in males than females from adolescence 
onwards; in people aged 30 years, immunoreactivity 

Figure 3: M:F prevalence ratio of Mycobacterium tuberculosis 
immunoreactivity, by age
(A) Average M:F prevalence ratio of M tuberculosis immunoreactivity by age 
category; summary of posterior draws from Bayesian meta-regression model 
of M:F prevalence ratio, ignoring random effects. (B) Average M:F prevalence 
ratio of M tuberculosis immunoreactivity by age, modelled continuously; 
summary of posterior draws from Bayesian meta-regression model of M:F 
prevalence ratio, ignoring random effects, with 95% credible intervals. 
M:F=male-to-female.
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conversion rates were around 1·4 times higher in 
men than women, and in people aged 50 years they 
were 1·5 times higher. This higher conversion rate 
cumulatively drives a higher immunoreactivity 
prevalence in men. As most tuberculosis is due to 
recently acquired infection,9 men’s more intense 
exposure to M tuberculosis is implicated as a key driver 
of the substantial sex differences in global tuber-
culosis morbidity and mortality. The age-adjusted 
M:F prevalence ratio was remarkably consistent 
across different WHO regions, settings, tuberculosis-
incidence strata, and study year.

Our hypothesis is that higher rates of immunoreactivity 
conversion are due to differences in M tuberculosis 
exposure. Behaviour change around adolescence results 
in increased time spent in contact with infectious 
individuals, and consequently a rise in infection rate in 
both men and women. Men might have disproportionately 
higher exposure due to time spent in indoor congregate 
settings, such as educational facilities, workplaces, social 
venues, prisons, and public transportation.19,20 Men who 
then develop tuberculosis disease have gendered barriers 
to accessing treatment, resulting in a longer average 
duration of infectiousness2–4 and making them more 
likely to transmit M tuberculosis onwards—dispropor-
tionately to other men due to age-assortative and 
sex-assortative mixing,5,108 which further amplifies men’s 
higher exposure.

Our findings do not exclude additional contributions 
from sex differences in progression from M tuberculosis 
infection to disease. Previous meta-analyses8,109 have not 
formally explored the effect of sex on the risk of 
progression in people with M tuberculosis  immuno-
reactivity, but this could be an area for future research. 
Many important modifiable risk factors for tuberculosis 
progression, such as cigarette smoking, alcohol con-
sumption, diabetes, and untreated HIV,1 are globally 
more prevalent in men than in women;24,110,111 addressing 
these risk factors is crucial to mitigating men’s 
increased M tuberculosis exposure.

We unexpectedly found a higher risk of M tuberculosis 
immunoreactivity in girls than boys when they were 
younger than 10 years (M:F prevalence ratio 0·95; 
95% credible interval 0·90–1·01). Sex differences in 
social contact patterns are less substantial in young 
children,5 and globally both tuberculosis incidence and 
mortality for people younger than 5 years are slightly 
higher in boys than in girls.6 Immunological differences 
could have contributed: male and female infants differ 
markedly in their response to BCG vaccination112 and 
to M tuberculosis exposure;113 TST in particular could 
be influenced by non-specific responses to environ-
mental non-tuberculous myco bacteria or recent 
BCG vaccination.114 Although higher BCG vaccination 
coverage in girls could theoretically explain this finding, 
studies in several settings show vaccination rates that 
are similar or higher in boys.115,116 Unfortunately, few of 

our included studies reported sex-disaggregated BCG 
vaccination data.

This study has several important limitations. First, we 
interpret TST and IGRA as markers of M tuberculosis 
exposure, but it is theoretically possible that the sex 
differences reported here reflect differences in T-cell 
response to M tuberculosis, resulting in differential 
conversion risk at fixed intensity of exposure, or 
differences in reversion rates.117 Studies examining IGRA 
conversion risk by sex after tuberculosis exposure have 
found mixed results.118,119 A meta-analysis has reported 
a higher rate of IGRA reversion in men,119 suggesting that 
the true relative rate of M tuberculosis infection in men 
could be even higher than our estimates. As M tuberculosis 
immunoreactivity prevalence reflects cumulative lifetime 
exposure and reversion, the prevalence in older 
individuals in particular incorporates historical and 
contemporary trends.10,120 The modelled estimates of 
absolute prevalence and risk of immuno reactivity 
presented in figure 2 represent an average across 
heterogeneous studies and, as such, cannot be interpreted 
as a global estimate; rather, our intention is to estimate 
the effect of age and sex on prevalence, within settings.

42% of the surveys included were at moderate or high 
risk of bias. Overall, 55% of adult participants were 
female, suggesting under-recruitment of men who could 
have systematically differed in their M tuberculosis 
infection risk. Survival bias could also have influenced 
recruitment, particularly in older age groups and in the 
very young (who have a high rate of progression to 

Multiplicative effect on age-
adjusted M:F prevalence ratio

Study test

IGRA 1·00 (ref)

TST 1·04 (0·95–1·13)

Risk of bias

Low 1·00 (ref)

Moderate 1·08 (0·97–1·19)

High 1·06 (0·96–1·17)

WHO region

Africa 1·00 (ref)

South-East Asia 0·96 (0·85–1·08)

Western Pacific 0·97 (0·87–1·07)

Other region 0·95 (0·86–1·06)

TB incidence* 1·01 (0·98–1·01)

Study year 1·01 (0·99–1·01)

Study setting

Both or national 1·00 (ref)

Rural 1·09 (0·99–1·20)

Urban 1·04 (0·96–1·14)

M:F=male to female. IGRA=interferon-γ release assays. TST=tuberculin skin test. 
*For each 100 cases per 100 000 people per year change in incidence. 

Table 2: Effect of covariables on M:F prevalence ratio of Mycobacterium 
tuberculosis immunoreactivity
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tuberculosis disease and high tuberculosis case-fatality 
rate).121 We obtained sex-disaggregated results from just 
less than 50% of potentially eligible studies; although we 
observed no evidence of publication bias, surveys that 
showed a sex difference might have been more likely to 
present sex-disaggregated results, inflating the observed 
effect. Measurement error is possible: various different 
TST cutoffs were used, and most TST surveys either 
showed evidence of digit preference or did not assess for 
it. Surveys used different age groupings to present their 
data and, when the mean age was not available, we 
approximated using the midpoint. WHO regions were 
not evenly represented, limiting our ability to fully explore 
regional trends; for example, most data in the oldest age 
groups were from Asia. It is possible that between-study 
heterogeneity that could have been explained by regional 
factors was instead absorbed into the study-level random 
effect. Very few studies reported HIV prevalence.

Despite these limitations, our findings have important 
implications and support the need for gender-sensitive 
strategies to end tuberculosis. Our findings suggest that 
unequal M tuberculosis exposure is an important driver of 
tuberculosis disease disparities, supporting serious 
efforts to address transmission of respiratory pathogens 
in congregate settings.122 Trans mission can also be 
reduced by lowering the burden of infectious tuberculosis 
in the population; as the majority of transmission to men 
(and, indeed, to other groups) is from other men,5 our 
findings further underscore the need to improve their 
access to timely diagnosis and treatment. Furthermore, 
as men have a higher burden of M tuberculosis infection 
than women, they are a key target population for 
infection-focused interventions, such as vaccination or 
expanded preventive treatment. Despite being central to 
the tuberculosis epidemic, men have historically been 
poorly served by both routine health-care services and by 
tuberculosis-specific public health interventions, which 
are frequently designed around the convenience of the 
health service rather than the needs and priorities of the 
people they intend to reach.4,123 More accessible services 
and responsive strategies, such as peer-to-peer support 
and interventions in non-clinical spaces, could help to 
bridge this gap.4,123

In conclusion, this meta-analysis of population-based 
M tuberculosis immunoreactivity surveys found a higher 
risk of M tuberculosis infection in men than women 
from adolescence onwards, consistent across settings, 
suggesting that much of the excess burden of tuberculosis 
disease and deaths in men is driven by increased 
transmission. To meet WHO’s End TB goals it is 
important to engage men with interventions that address 
the underlying social, behavioural, and structural 
determinants of transmission and disease.
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