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Abstract

Tuberculosis (TB) still causes 1.5 million deaths globally each year. Over recent decades,

slow and uneven declines in TB incidence have resulted in a falling prevalence of TB dis-

ease, which increasingly concentrates in vulnerable populations. Falling prevalence, while

welcome, poses new challenges for TB surveillance. Cross-sectional disease surveys

require very large sample sizes to accurately estimate disease burden, and even more par-

ticipants to detect trends over time or identify high-risk areas or populations, making them

prohibitively resource-intensive. In the past, tuberculin skin surveys measuringMycobacte-

rium tuberculosis (Mtb) immunoreactivity were widely used to monitor TB epidemiology in

high-incidence settings, but were limited by challenges with both delivering and interpreting

the test. Here we argue that the shifting epidemiology of tuberculosis, and the development

of new tests for Mtb infection, make it timely and important to revisit the strategy of TB sur-

veillance based on infection or immunoreactivity. Mtb infection surveys carry their own oper-

ational challenges and fundamental questions, for example: around survey design and

frequency; which groups should be included; how the prevalence of immunoreactivity in a

population should be used to estimate force of infection; how individual results should be

interpreted and managed; and how surveillance can be delivered efficiently and ethically.

However, if these knowledge gaps are addressed, the relative feasibility and lower costs of

Mtb infection surveillance offer a powerful and affordable opportunity to better “know your

TB epidemic”, understand trends, identify high-risk and underserved communities, and tailor

public health responses to dynamic epidemiology.
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Background

Tuberculosis surveillance–past and present

Almost a quarter of the world’s population has immunological evidence of prior tuberculosis

(TB) infection [1]. While only a minority will develop symptomatic disease [2, 3], TB contin-

ues to kill over 1.5 million people per year [4]. TB incidence has been declining globally–

although unevenly–over the past decade, but these trends are threatened by urbanisation, con-

flict, migration, and disruption due to COVID-19 [4–6]. In shifting contexts, National TB Pro-

grammes and the World Health Organization (WHO) need high-quality, localised,

contemporary epidemiological data to guide efforts to “End TB.”

The pursuit of elimination of infectious diseases as diverse as malaria, visceral leishmaniasis

and leprosy demonstrates that declining epidemics often concentrate in vulnerable popula-

tions [7–9], requiring reactive, targeted responses. Surveillance is critical to accurately estimate

the burden of disease, identify high-risk geographical areas and key populations, target inter-

ventions to reduce incidence and mortality, strengthen health systems to reach those who find

it difficult to access services, evaluate interventions, and track progress towards goals. Surveil-

lance methodologies themselves also need to adapt as disease epidemiology changes.

Tuberculin skin tests (TST) have a long history of use in TB surveillance. Tuberculin, a

combination of proteins derived fromMycobacterium tuberculosis (Mtb), was isolated by Rob-

ert Koch in 1890 and developed into a diagnostic test by Clemens von Pirquet in 1907. Intra-

dermal injection of these antigens provokes a local reaction in people with previous

mycobacterial exposure, implying Mtb infection [10]. Cross-sectional TST surveys of popula-

tions or sentinel groups such as school children and military recruits were a cornerstone of TB

surveillance for much of the 20th century [11]. The prevalence of tuberculin immunoreactivity

was used to calculate an “annual rate of TB infection” (ARTI) [11], and to infer disease metrics

using rules of thumb such as “Styblo’s rule”, which defined a fixed ratio between ARTI and dis-

ease incidence based on an estimate that each smear-positive TB case results in an average of

10 new infections per year [12, 13]. A variety of challenges with the accuracy and operability of

the TST led to a shift away from this approach in the 1990s, and particularly in low-resource,

high-burden settings, towards prevalence surveys of TB disease [14]. However, as we will out-

line below, disease prevalence surveys have their own limitations, particularly as countries tar-

get TB elimination.

The importance of ongoing TB transmission and the unmet need for high-resolution epide-

miological data in many settings, combined with the development of more specific and conve-

nient tests of Mtb immunoreactivity, should prompt policymakers to revisit the potential for

surveillance based on Mtb infection. Here, we argue that well-designed immunoreactivity sur-

veys could add considerably to understanding of global and local TB epidemiology.

Possible targets for TB surveillance

Classical explanations of TB pathophysiology distinguish Mtb infection from TB disease. In

the former an individual has immunological evidence ofM. tuberculosis, but the infection is

“latent” and contained, and the person remains asymptomatic and non-infectious [15]. In TB

disease this immune control is lost, and infection progresses to symptomatic, infectious illness,

with tissue damage and positive microbiological tests (e.g. sputum smear, culture or Xpert)

(Fig 1). This dichotomy is challenged by the growing understanding that TB is a spectrum and

progression is non-linear [15–17]; nevertheless it offers a useful framework to understand the

different possible targets for TB surveillance.
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Surveillance using measures of TB disease

Incidence and prevalence of disease are central measures of TB morbidity. Optimally, all peo-

ple with TB disease would be diagnosed and notified centrally by public health systems, rou-

tinely delivering a representative measure of burden. However, in 2019 an estimated 30% of

TB cases went unnotified, overwhelmingly in low- and middle-income countries, and this rose

to over 40% in 2020 due to COVID-19 [4]. Differential access to diagnosis and registration

results in systematic underestimation of the disease burden in underserved populations, which

risks exacerbating existing inequities [18, 19]. Further, around 40% of TB case notifications

globally are microbiologically unconfirmed, leaving the potential for routine data to be dis-

torted by varying proportions of false positives [4].

The WHO therefore recommends cross-sectional surveys for prevalent TB disease to obtain

less biased estimates in countries with high estimated TB prevalence and low case-detection

ratio [20]. Since the 1990s more than 40 national prevalence surveys have been performed,

leading to important insights about global TB morbidity and mortality [21], subclinical TB

[22] and underdiagnosis in groups such as men and people without HIV [23–25]. However,

surveys of TB disease have several critical limitations, capturing only a late stage of the TB epi-

demiological process (Fig 1), and often requiring very large sample sizes to do so. Mtb infec-

tion surveys may overcome some of these limitations.

The case for revisiting Mtb infection surveys

Measuring infection to monitor transmission

Both case notifications and prevalence surveys aim to measure TB disease, an outcome

removed from TB transmission by many steps and usually by months or even years (Fig 1).

While TB disease incidence and prevalence are relevant measures of burden, directly measur-

ing TB transmission and infection may have additional benefits. TB transmission is highly het-

erogeneous [26, 27], with ongoing recent transmission responsible for most cases of TB in

high-incidence settings [28–30]. Variations in TB transmission over short time periods (for

example, due to outbreaks or COVID-19-related disruptions) or between groups or communi-

ties may be obscured if only captured at the point of disease. These limitations are com-

pounded by high population mobility [31] and acquired risk factors for progression to disease,

such as HIV or diabetes [32, 33]. Capturing transmission (for example through infection sur-

veillance or whole genome sequencing) is therefore both a convenient, pragmatic indirect

indicator of infectious disease in the population, but also an independently relevant indicator

of TB epidemiology. Further, the diagnosis of infection in high-risk groups identifies

Fig 1. Simplified diagram of the causal stages between TB transmission, case notification and mortality.Data sources (bottom) may
capture more proximal or distal stages of the process. As methods capture later stages, it becomes increasingly challenging to draw
inferences about the original causative transmission event.

https://doi.org/10.1371/journal.pgph.0001208.g001
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individuals who may benefit from interventions to prevent progression, such as preventive

therapy or vaccination.

Scale and cost

The sample size (N) required to estimate prevalence of disease or infection to a designated

level of relative precision is calculated using:

N ¼
z2ð1� pÞ

e2p

where z reflects the desired confidence level, e the relative precision, and p the prevalence.

Higher sample sizes are therefore required to achieve a precise estimate at lower prevalence

(S1 Fig). For example, we might select the commonly-used 95% confidence level, correspond-

ing to z = 1.96, and a desired relative precision of 20% (e = 0.2). If the true population preva-

lence of a condition is 10%, a sample size of 865 is required to state with 95% confidence that

the prevalence lies within the range 8–12% (10% ±20% of 10%). If the true prevalence is 1%,

estimating a prevalence of 0.8–1.2% (the same relative precision) requires a sample size of

9,508; at a true prevalence of 0.1%, estimating a range of 0.08–0.12% requires a sample size of

95,924.

Critically, as the point-prevalence of undiagnosed TB disease is well below 1% in all but a

few populations, disease surveys typically require tens of thousands of people to be screened

with costly initial and confirmatory tests [14, 25], and still may not identify enough individuals

with TB to discern high-risk groups or areas for targeted interventions (Table 1). While the rel-

ative prevalence of immunoreactivity and disease will vary, immunoreactivity is more com-

mon [1]: in five national prevalence surveys which simultaneously measured both Mtb

immunoreactivity and disease, the prevalence of Mtb immunoreactivity in 5-9-year-olds was

11- to 55-times that of disease (Table 1). Accordingly, the sample sizes used by the infection

surveys were 3 to 20% those of the disease prevalence surveys in the same countries, with com-

parable relative precision. Importantly, as surveillance targeting infection rather than disease is

more affordable and efficient, it becomes feasible to achieve higher spatial resolution, and to

repeat surveys to monitor trends.

Diagnostic limitations and advances

All surveillance methodologies face a tension between sensitivity, specificity and costs. TB dis-

ease prevalence diagnostic algorithms may include symptom screening (which is insensitive,

non-specific and may be affected by differences in symptom perception [20]), and more costly

tests including chest radiography (moderately sensitive with low specificity), and microbiolog-

ical tests (specific but insensitive). Depending on the methodology used, those with subclinical

disease, smear-negative disease, minimal X-ray changes or extra-pulmonary TB may be

missed. These limitations are particularly marked in some groups: for example, paediatric TB

is challenging to diagnose and is therefore generally excluded from disease prevalence surveys

[14], limiting our understanding of epidemiology in children.

Tests for Mtb “infection” are assays of immunological memory of Mtb, and include in vivo

responses to intradermal injection of mycobacterial antigen preparations (such as tuberculin),

or in vitro interferon-gamma release assays (IGRAs). These are only a proxy for true, viable

infection: immune memory of Mtb may be seen in people with very distant exposure at low

risk of reactivation [16], has a poor individual-level predictive value for future development of

disease [2, 3], and may correlate poorly with novel methods aimed at detecting viable infection

[41]. However, individual-level precision is less important when infection tests are used to
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detect an epidemiological signal at a population level. Tests of Mtb immunoreactivity correlate

with the TB exposure experienced by individuals and populations [42, 43], and both the preva-

lence and incidence of immunoreactivity correlate, albeit imperfectly, with the prevalence of

disease [43, 44].

Recent diagnostic developments may overcome some critical limitations in Mtb infection

surveillance [45]. For example, TST’s cross-reactivity with BCG vaccination and environmen-

tal non-tuberculous mycobacteria results in nonspecific positivity which becomes more salient

as incidence of trueM. tuberculosis infection falls [12, 46]. IGRAs useM. tuberculosis-specific

antigens, but their cost and need for phlebotomy, overnight incubation and laboratory pro-

cessing have made them challenging to deploy in large-scale surveillance, especially in low-

resource settings [47]. Newer advances include specific skin tests such as C-Tb, Diaskintest

Table 1. The ratio of prevalence of Mtb infection in children aged 5–9 years and TB disease in the population, in national surveys since 1993 in which surveillance
has been performed simultaneously for infection and disease.

TB disease prevalence survey Mtb infection prevalence survey Ratio of
prevalence

(prevalence of
infection /

prevalence of
disease) 3

Ratio of
survey size
(infection
survey size/
disease

survey size)4

Survey Methods Age
group
(years)

Number
surveyed

Number
positive
(smear or
culture)1

Prevalence, %
(95% CI)

TST
cut-off

Age
group
(years)2

Number
surveyed

Number
positive

Prevalence,
%, (95% CI)

Calculated
ARTI (95%

CI)

South Korea,
1995 [34]

Chest X-ray,
sputum smear
and culture if
abnormal

5+ 64713 142 10mm 5 to 9 5412 184 0.46%
(0.39–
0.53%)

15.49 0.084

0.22% 3.40%

(2.92–3.88%)(0.18–0.26%)

Philippines,
1997 [35, 36]

Chest X-ray, 3
sputum smear
and culture if
abnormal

10+ 12850 127 10mm 5 to 9 439 71 2.32%
(1.80–
2.87%)

16.36 0.034

0.99% 16.17%

(0.82–1.16%) (12.73–
19.62%)

Cambodia,
2002 [37]

Chest X-ray and
symptom screen,
sputum smear
and culture if
positive

10+ 22160 271 10mm 5 to 9 4470 610 2.02%
(1.86–
2.18%)

11.16 0.20

1.2% 13.65%

(1.08–1.37%) (12.64–
14.65%)

Vietnam,
2007 [38]

Chest X-ray and
symptom screen,
sputum smear
and culture if
positive

15+ 94179 269 10mm 6 to 9 8271 1052 1.69%
(1.59–
1.79%)

55.19 0.15

12.72%

0.29% (12.00–
13.44%)(0.25–0.32%)

Bangladesh,
2009 [39, 40]

2 sputa for
fluorescence
microscopy, re-
examined by
smear. Chest X-
ray if
inconclusive.

15+ 52098 33 8mm 5 to 9 9357 1160 1.75%
(1.65–
1.85%)

44.53 0.088

12.4%

0.063% (11.7–13.1%)

(0.042–
0.085%)

CI: confidence interval. TST: tuberculin skin test. ARTI: annual risk of TB infection.
1Disease prevalence estimates refer to microbiologically-confirmed TB, here defined as any positive smear or culture result; prevalences are presented as simple

percentages.
2Several studies included additional age groups, but results from 5- or 6-to-9 year-olds included here for consistent comparison.
3Ratio of prevalence is calculated by dividing the prevalence of Mtb infection in the infection survey, with the prevalence of TB disease in the associated disease survey.
4Ratio of survey size is calculated by dividing the number of participants recruited in the infection survey with the number recruited in the disease survey. This refers to

the actual number of participants surveyed, not the theoretical number required to achieve a set precision; the relative precisions of the ARTI and the disease and

infection prevalence are demonstrated by the estimate CIs, and are generally comparable within and between studies.

https://doi.org/10.1371/journal.pgph.0001208.t001
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and C-TST, recommended for use by WHO in 2022 [48]; these use the sameM. tuberculosis-

specific antigens (such as ESAT6 and CFP10) as IGRAs, but in the skin test formulation which

avoids the need for laboratory processing [49–51]. Secondly, novel IGRA assays reduce the

need for laboratory processing by using alternatives to enzyme-linked immunosorbent assays

to measure interferon-gamma production (e.g. the QIAreach-QFT semi-automated lateral

flow immunoassay) [52, 53]. Novel assays aiming to measure recency of infection, persistence

or risk of progression are not currently practical for large-scale screening [54–57].

Considerations for Mtb infection surveys

Disease prevalence surveys will only become more challenging as TB prevalence falls. Coupled

with the new diagnostic opportunities, this should prompt a re-evaluation of a potential role

for surveys of Mtb immunoreactivity in surveillance. If Mtb infection surveys are to be more

widely adopted, there are several important considerations in how they are implemented and

interpreted, which will materially affect their usefulness. Below, we outline some of these con-

siderations (Table 2), and highlight areas where more research is required.

How should Mtb immunoreactivity prevalence be interpreted?

Infection surveys may capture either the prevalence of Mtb immunoreactivity (reflecting par-

ticipants’ cumulative incidence of Mtb infection), or, in serial surveys, the period incidence of

infection in individuals or populations. However, while the prevalence of immunoreactivity

per se is intuitively interpretable, it captures an asymptomatic state of exposure rather than a

disease state or population “burden”, and is therefore of less inherent epidemiological interest

than the population force of infection, which implies ongoing transmission from infectious

individuals. For this reason, prevalence of TST- or IGRA-positivity has traditionally been used

to estimate the ARTI, incorporating mean age to account for the number of years of exposure

using the formula:

ARTI ¼ 1� ð1� PrevalenceÞ
1=Age

However, this formula relies on several unsafe assumptions, which may lead to inaccurate

estimation of the true ARTI (Fig 2).

The first assumption is that the force of Mtb infection is constant with secular calendar

time. In reality, transmission has been steadily declining in most parts of the world due to

improved living standards, antiretroviral therapy scale-up, and increased access to diagnosis

and treatment [4]. Threats to this trend include urbanisation, displacement, and more recently

the COVID-19 pandemic, which has profoundly disrupted multiple epidemiological indicators

and covariates [4, 6]. As such, most individuals’ lifetimes encompass periods of varying TB

exposure.

The second assumption is that force of infection is constant with age [61]. Social contact

studies, however, show pronounced change in respiratory contact networks from adolescence,

Table 2. Core considerations for surveillance based onMtb immunoreactivity.

1. How should Mtb immunoreactivity prevalence be interpreted?
2. Which age groups should be tested?
3. How should serial surveys be performed?
4. Which diagnostic tests should be used, and how?
5. What are the practical and operational considerations?
6. How should those with positive tests be managed?
7. Is Mtb infection surveillance affordable?
8. Is Mtb infection surveillance ethical and acceptable?

https://doi.org/10.1371/journal.pgph.0001208.t002
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with age- and sex-assortative mixing causing young adults, particularly men, to have increased

contact with potentially infectious individuals [23, 58]. This is consistent with Mtb infection

surveys which show increased ARTI during adolescence and young adulthood [62–64], again

most marked for men [62].

The third assumption is that immunological tests reliably become positive when a person is

infected, and then remain positive for life. Again, we know that these are oversimplifications

[61]. Reversion of results from positive to negative is well-documented [59, 65, 66] and may

vary by age [66]. A minority of individuals also appear to demonstrate “resistance”, remaining

negative on immunological tests despite intense exposure to infectious TB [60, 67, 68]. Failure

to account for either effect can severely underestimate the true transmission rate in the popula-

tion [61, 69], and these discrepancies are compounded when older people are surveyed (Fig 2).

It is likely that all the effects illustrated in Fig 2 occur simultaneously, with relative magni-

tudes that are unknown and vary between populations. If immunoreactivity surveys are

deployed, more nuanced methods must be used to estimate infection incidence from infection

prevalence in different age groups, which incorporate these variables and their associated

uncertainties. These methodologies should be consistent to allow tracking of trends over time,

Fig 2. a. Age-dependent cross-sectional population prevalence of Mycobacterium tuberculosis (Mtb) immunoreactivity under differing
epidemiological assumptions: i) Constant annual risk of tuberculosis infection (ARTI) of 1%, with no reversion, secular trends or age-
related trends; ii) Childhood ARTI of 1% which increases from age 12 to a maximum of 4% in adulthood [58]; iii) Current ARTI of 1%
in all age groups on a background of a secular decline in ARTI of 2% per year[4]; iv) Constant ARTI of 1%, but with 5% annual reversion
[59]; v) Constant ARTI of 1%, assuming 10% of the population are resistant to infection and remain immune-nonreactive [60]. b. The
degree to which age-specific ARTIs would be under- or over-estimated in each scenario, by age group sampled, if a constant rate of
infection with no reversion were assumed (i.e. usingARTI = 1−(1−Prevalence) 1/Mean age).

https://doi.org/10.1371/journal.pgph.0001208.g002
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comparison of populations and evaluation of interventions, at a defined level of precision.

Standardised methodologies and reporting frameworks should be used, to support collation by

international bodies and integration with other data sources.

A separate consideration is whether this estimated force of infection should be tracked as

an independent metric of TB epidemiology, or whether it can also be used to infer other mea-

sures of TB burden, such as incidence of disease and mortality rate (the focus of current

EndTB targets). Again, the relationship between these metrics has been oversimplified in the

past, using “rules of thumb” such as Styblo’s rule which have proved inaccurate in the contem-

porary era [43, 70] (Table 1), and more nuanced approaches are required if infection incidence

is to be used as a proxy for disease.

Which age group(s) should be tested?

Given that the force of Mtb infection varies with age and secular time, the choice of which age

group(s) to survey can profoundly impact results and their interpretation. Immunological evi-

dence of Mtb infection reflects cumulative lifetime TB exposure, which in young children (e.g.

under-5s) is by definition recent exposure. Immunoreactivity in young children provides a

useful guide to contemporary ARTI, whereas as age increases, prevalence can be increasingly

dominated by historic exposure and impacted by reversion (Fig 2). Additionally, young chil-

dren are generally less mobile, making them potential sentinels of recent local transmission

[55].

One disadvantage to restricting surveillance to young children is their lower prevalence,

due to both their shorter cumulative risk and likely higher force of infection during adoles-

cence and early adulthood [58, 71]; larger samples of young children are therefore required to

identify enough positive cases to achieve relative precision and resolution. Moreover, while

Mtb infection rates measured in young children can be usefully compared between different

communities, they likely underestimate the force of infection in adults, and may preferentially

capture household transmission, while we know that most cases of TB disease arise from trans-

mission outside the household [72, 73].

The optimal group, or combination of groups, to survey may vary between populations,

epidemiological situations and key outcome of interest. However, standardised approaches are

also required to allow consistent interpretation and comparison.

How should serial surveys be performed?

A single survey inevitably captures only a snapshot of infection risk. Serial surveys are

required to understand changes, and to resolve age-related and secular trends in TB trans-

mission. This can be achieved by testing a repeat representative cohort of the same popula-

tion (for example school children or military recruits) [74]. An alternative is serial testing in

the same individuals. This has the advantage of being able to confirm whether an individual

has converted from negative to positive, suggesting recent infection amenable to preventive

therapy and contact-tracing, and may also reveal the incidence of test reversion. However, it

requires additional resources to trace individuals, may be of uncertain acceptability, and in

the case of injectable tests may give false-positive reactions due to sensitisation from previous

antigen injection [75, 76]. Each round of sampling requires additional resources, and the

optimal interval between surveys has not been clearly defined. In part this will depend on the

intended purpose of the survey (for example, comparison between populations or tracking

trends over time), and the anticipated magnitude of change or difference which is felt to be

of public health significance.
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Which diagnostic tests should be used, and how?

The lack of a gold-standard test for Mtb infection makes it challenging to assess the perfor-

mance of novel diagnostics. Specific skin tests (such as C-Tb, Diaskintest and C-TST) have

sensitivities of 75–91% in people with TB disease, high specificity amongst those at low risk of

TB, and an agreement of 80–87% with IGRA [48, 51]. Newer IGRA platforms, such as the

QIAreach-QFT, appear promising but have not been evaluated in population-based studies

[53]. There have been no direct head-to-head comparisons between the newer skin tests and

newer interferon-gamma release assays, either with respect to their diagnostic performance or

their feasibility and acceptability in practice.

Mtb infection tests are interpreted by converting a continuous immunological measure

(interferon-gamma release or skin induration) into a binary positive/negative result. There is

incomplete consensus on the most appropriate thresholds [2] (Table 1) or whether the same

thresholds are appropriate for capturing individual risk (influenced by age, HIV status and

other factors) vs population exposure. Quantitative IGRA responses are associated with the

intensity of recent TB exposure [77] and with risk of progression to active TB [78], but further

research is needed to optimise inclusion of continuous distributions into models of Mtb infec-

tion burden and transmission and disease.

In systematic reviews, TST and IGRA both have a positive predictive value well below 5%

for detecting people who will develop TB disease over two years [2, 3], and while the necessary

longitudinal data is not available, we assume that the newer assays will share the same limita-

tions. Further, more research is required on these assays’ reversion rates, which may strongly

impact epidemiological interpretation [69].

Both IGRAs and skin tests have notable barriers to scale-up. While skin tests do not require

laboratories, reagents do need to be maintained in a cold chain with limited shelf-life once

opened. Both placement and interpretation require training and quality-control, and the need

for a second visit which increases burden and loss-to-follow-up [46, 79]. Self-reading or

mHealth (using smartphones to assess induration) are possible alternatives [80–82], although

these may not be appropriate for all settings. IGRAs require phlebotomy, which may be prob-

lematic in young children (although it would permit combination with screening or surveil-

lance for other conditions), and the requirement for incubation means they still cannot give

same-day results [52, 53].

What are the practical and operational considerations?

Operational decisions about where and how to perform testing will often be dictated by the

age groups recruited and the testing modality chosen. Historical tuberculin surveys often took

place in easy-to-locate school cohorts; however this restricts sampling to school-age children,

and may be systematically biased by school attendance [12]. Disease prevalence surveys often

rely on household-level sampling which is more intensive, and tends to under-sample work-

ing-age men and more vulnerable, high-mobility populations [25]. Care is therefore needed to

reach the highest-risk individuals, to accurately estimate burden and promote equity of access

to care.

Surveillance may be most sustainable when integrated within existing systems, rather than

in vertical single-disease siloes. For example, young children could be tested when they attend

primary health settings for routine vaccinations, or in combination with demographic health

surveys or surveillance for other infections, such as malaria or neglected tropical diseases [83,

84]. Useful data may also be obtained from sentinel populations, such as antenatal clinic

attendees, students, or healthcare workers, although these will require adjustment to generate

population-representative estimates.
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How should those with positive tests be managed?

It is important to distinguish between screening for Mtb infection (with the expectation of indi-

vidual treatment) and surveillance using immunoreactivity as a marker of exposure (the focus

of this article). Regardless, resources and infrastructure must be in place to appropriately man-

age people with a positive test. This should include an assessment (with symptom screen and/

or diagnostic tests) for TB disease, and onward referral as required. The optimal screening

algorithm in low-risk, asymptomatic community members with a positive Mtb infection test

has not been clearly defined.

Once TB disease has been “excluded”, preventive therapy should be strongly considered for

defined high-risk groups (e.g. young children, recently exposed and people living with HIV)

[85–87], meaning that immunoreactivity testing can be combined with a potentially beneficial

preventive intervention. Newer three- or one-month rifapentine-based regimes make preven-

tive therapy more attractive and feasible for both patients and providers [88–90].

In other groups, the risk-benefit balance is complex. The high prevalence of Mtb immuno-

reactivity (much of which, in the setting of falling incidence, may represent historic exposure)

[1], the low probability of progression to TB disease [2, 3], the risk of reinfection in high-preva-

lence settings, and the potential toxicities of preventive therapy, mean that it is neither practi-

cal nor desirable to offer therapy to all those with positive infection tests. Evidence-based tools

may inform individualised decision-making [91], but are hard to deploy in a public health

approach. Furthermore, it can be challenging to link those who are eligible for treatment to

appropriate therapy, and to promote adherence in asymptomatic people who perceive their

risk to be low [92, 93]. Improved strategies are required to better predict those who are most

likely to benefit from preventive therapy, or newer interventions such as vaccination.

Is Mtb infection surveillance affordable?

The costs of TB disease prevalence surveys have been estimated at $4–15 per person surveyed,

but this will be higher if chest radiography is used, and/or if microbiological testing is per-

formed for everyone regardless of symptoms [14]. Mtb infection surveys require much lower

sample sizes (Table 1), and while their costs will also vary according to the diagnostics used

and the initial investments in equipment and infrastructure required, they are likely to be con-

siderably less expensive. Strategies may be more affordable if integrated within current surveil-

lance systems or performed in conjunction with other programmatic activities, allowing costs

to be shared and initial start-up costs to be reduced.

Is Mtb infection surveillance ethical and acceptable?

While there is a positive moral obligation to deliver public health surveillance [94, 95], Mtb

immunoreactivity surveys entail several ethical issues [96, 97]. They require the burden of

either phlebotomy from, or administration of skin tests to, otherwise healthy individuals for

the purposes of public health. Participants may be harmed by a stigmatising label of “TB infec-

tion”, and the potential toxicity of preventive therapy for uncertain benefit [98].

Tuberculin surveys have used globally and are assumed to be acceptable. However, search-

ing OVIDMedLine with terms relating to Mtb infection and qualitative research or acceptabil-

ity revealed no articles exploring the views of communities on population-level surveillance

with either IGRA or TST. The fact that vertically-administered programmes have previously

been tolerated should not be taken as evidence of endorsement. For example, skin-snipping is

an established but invasive method for onchocerciasis surveillance, which has been met with

increasing community rejection [84]. Suspicion around vaccinations against TB and COVID-

19 in many communities demonstrates how an injectable test could understandably provoke
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mistrust [99–101]. Given these ethical complexities, informed consent is essential, requiring

time and culturally-appropriate communication to explain the concept of “immunoreactivity”,

the purpose of testing, and the implications of a positive result for a potentially communicable

and stigmatised infection [96, 102, 103]. This is particularly critical because TB disproportion-

ately affects underserved members of society, who may be especially vulnerable.

If effective, TB surveillance should facilitate pro-equity approaches to targeted prevention,

by identifying communities which may benefit from prioritised case-finding, disease manage-

ment, infection prevention and/or HIV services, as well as interventions to address overcrowd-

ing and poverty. However, if the methodology is not robust and groups are missed or

excluded, it may only divert resources from universal healthcare, and worsen pre-existing

injustice.

Recommendations

Dynamic epidemics require adaptive surveillance methodologies, and population-wide surveys

for undiagnosed TB disease become increasingly problematic as prevalence falls. While in the

longer term there is a clear need for diagnostics which more accurately capture relevant prop-

erties of Mtb infection, such as recency and persistence, existing immunoreactivity tests can

provide valuable information at a population level.

Maximising the insights fromMtb immunoreactivity surveillance requires further research

to address the knowledge gaps we have highlighted (Table 3). Informed by this research, we

advocate that WHO support development of recommendations to define the respective roles

of infection disease prevalence surveys in TB surveillance. Finally, if immunoreactivity surveys

are to be more widely used, consensus methodologies for how to conduct them must be

Table 3. Research gaps, existing evidence and priority research methods to inform wider implementation of Mtb infection surveillance.

Key questions Existing evidence Priority research methods

How does ARTI vary by age and sex? How does this
impact the interpretation of Mtb immunoreactivity
prevalence?

Social contact data suggest force of infection
increases in adolescents and males [58]. This is
reflected in cross-sectional surveys [62–64], but has
not been systematically examined across age-groups
and populations.

Synthesis and meta-analysis of available data on age-
and sex-specific prevalence and incidence of Mtb
immunoreactivity in different epidemiological settings.

What are the performance characteristics of newer TB
skin-tests and IGRAs in population settings? What
causes discordance with reference tests?

A WHO evaluation estimated that novel TB skin tests
had pooled sensitivity of 76% and specificity of 98%
against IGRA and TST [48]. Small studies of
QIAreach-QFT have shown high (kappa = 0.96)
agreement with QFT-Plus, and moderate
(kappa = 0.42) agreement with TST, with a 2022
WHO policy statement recommending further
evaluation of the assay’s reproducibility and
predictive accuracy [104].

Adequately powered population-based evaluations of
newer skin tests and IGRAs, including comparison
with existing reference tests and long-term follow-up
for development of incident disease. Further
evaluation in children and people living with HIV.

What are the appropriate cut-offs for tests of Mtb
infection when used at population level? Should
continuous measures be used, and if so how should
they be analysed to estimate force of infection and
included in burden estimation models?

Quantitative IGRA responses are associated with
intensity of recent exposure [105], and with risk of
progression to active TB [78]. Cut-offs for novel tests
have been defined in small-scale evaluations, and
largely in reference to existing benchmarks (TST or
IGRA) [49, 50, 106]. The significance of the
quantitative result of new tests has not been fully
evaluated.

Population-based evaluations of specific skin tests and
IGRAs, which include quantitative measurement and
long-term follow-up for development of incident
disease.

How does reversion of the novel Mtb infection tests
impact the interpretation of Mtb surveys?

Reversion of TST and IGRA is well-described [59, 65,
66], and may significantly impact the interpretation
of Mtb infection surveys [61, 69]. Reversion has not
been fully explored for novel tests.

Serial evaluations with specific skin tests and IGRAs to
investigate reproducibility and reversion, both
spontaneous and following preventive therapy.
Accurate estimates of the rates of reversion to allow
modelling of its impact on population estimates.

(Continued)
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developed and updated to reflect new knowledge [11]. They should encompass standardised

operational guidelines (for example around recommended diagnostics, cut-offs and age-

groups to recruit), definitions of outcome parameters of interest, and reporting frameworks

which facilitate collation, comparison and integration with other data sources.

Conclusion

Surveillance efforts must overcome the paradox of TB’s low point-prevalence of disease in

most populations, but its huge mortality and morbidity. Integrating Mtb infection measure-

ment into global TB surveillance may offer a feasible, affordable way to track trends and target

efforts towards underserved populations. We have highlighted research questions which need

to be answered in light of our evolving understanding of TB transmission, pathology and epi-

demiology, to better understand the performance of novel diagnostic tests and how their

results should be interpreted, in order to fully realise the potential of this methodology.

Supporting information

S1 Fig. Impact of prevalence on the sample size required to achieve 95% confidence in an

estimate at different levels of relative precision. The upper panel encompasses the range of

prevalence of Mtb infection commonly observed in high-prevalence settings, while the lower

panel zooms on the usual range of prevalence of TB disease.

(TIF)
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62. Sutherland I, Bleiker MA, Meijer J, Stýblo K. The risk of tuberculous infection in the Netherlands from
1967 to 1979. Tubercle. 1983; 64(4):241–53. https://doi.org/10.1016/0041-3879(83)90021-1 PMID:
6606884

PLOS GLOBAL PUBLIC HEALTH M. tuberculosis immunoreactivity for global surveillance

PLOSGlobal Public Health | https://doi.org/10.1371/journal.pgph.0001208 October 24, 2022 15 / 18

https://doi.org/10.1183/13993003.00167-2021
https://doi.org/10.1183/13993003.00167-2021
http://www.ncbi.nlm.nih.gov/pubmed/33875495
https://doi.org/10.1093/aje/kwx153
http://www.ncbi.nlm.nih.gov/pubmed/28525582
https://doi.org/10.1016/S2213-2600%2816%2930436-2
http://www.ncbi.nlm.nih.gov/pubmed/28159608
https://doi.org/10.1371/journal.pone.0204554
http://www.ncbi.nlm.nih.gov/pubmed/30248152
https://doi.org/10.1093/infdis/jix107
http://www.ncbi.nlm.nih.gov/pubmed/28329119
https://doi.org/10.1164/rccm.202007-2686OC
http://www.ncbi.nlm.nih.gov/pubmed/33406011
https://doi.org/10.1016/S1473-3099%2820%2930914-2
http://www.ncbi.nlm.nih.gov/pubmed/33508224
https://doi.org/10.1016/S2213-2600%2819%2930282-6
https://doi.org/10.1016/S2213-2600%2819%2930282-6
http://www.ncbi.nlm.nih.gov/pubmed/31958400
https://doi.org/10.1093/aje/kwv160
http://www.ncbi.nlm.nih.gov/pubmed/26646292
https://doi.org/10.1164/rccm.201409-1704OC
http://www.ncbi.nlm.nih.gov/pubmed/25562578
https://doi.org/10.1093/cid/ciab269
http://www.ncbi.nlm.nih.gov/pubmed/33772550
https://doi.org/10.1016/S1473-3099%2822%2900153-0
https://doi.org/10.1016/S1473-3099%2822%2900153-0
http://www.ncbi.nlm.nih.gov/pubmed/35526558
https://doi.org/10.1016/0041-3879%2883%2990021-1
http://www.ncbi.nlm.nih.gov/pubmed/6606884
https://doi.org/10.1371/journal.pgph.0001208


63. Wood R, Liang H, Wu H, Middelkoop K, Oni T, RangakaMX, et al. Changing prevalence of tuberculo-
sis infection with increasing age in high-burden townships in South Africa. Int J Tuberc Lung Dis. 2010
Apr; 14(4):406–12. PMID: 20202297

64. Marquez C, AtukundaM, Balzer LB, Chamie G, Kironde J, Ssemmondo E, et al. The age-specific bur-
den and household and school-based predictors of child and adolescent tuberculosis infection in rural
Uganda. Yotebieng M, editor. PLoS One. 2020 Jan 29; 15(1):e0228102. https://doi.org/10.1371/
journal.pone.0228102 PMID: 31995631

65. Adams JM, Kalajan VA, Mork BO, Rosenblatt M, RothrockWJ, O’Loughlin BJ. Reversal of tuberculin
reaction in early tuberculosis. Dis Chest. 1959; 35(4):348–56. https://doi.org/10.1378/chest.35.4.348
PMID: 13639793

66. Fine PEM, Bruce J, Ponnighaus JM, Nkhosa P, Harawa A, Vynnycky E. Tuberculin sensitivity: conver-
sions and reversions in a rural African population. Int J Tuberc Lung Dis. 1999; 3(11):962–75. PMID:
10587318

67. Chihota VN, Ntshiqa T, Maenetje P, Mansukhani R, Velen K, Hawn TR, et al. Resistance to Mycobac-
terium tuberculosis infection among highly TB exposed South African gold miners. Quinn F, editor.
PLoS One. 2022 Mar 18; 17(3):e0265036. https://doi.org/10.1371/journal.pone.0265036 PMID:
35302992

68. Stein CM, Nsereko M, Malone LSL, Okware B, Kisingo H, Nalukwago S, et al. Long-term Stability of
Resistance to Latent Mycobacterium tuberculosis Infection in Highly Exposed Tuberculosis Household
Contacts in Kampala, Uganda. Clin Infect Dis. 2019 May 1; 68(10):1705–12. https://doi.org/10.1093/
cid/ciy751 PMID: 30165605

69. Sutherland I. [Effect of tuberculin reversions on evaluation of the annual risk of tuberculosis infection].
Bull Int Union Tuberc. 1971 Nov; 45:123–7.

70. Arnadottir T. The Styblo model 20 years later: what holds true?. Int J Tuberc Lung Dis. 2009; 13
(6):672–90. PMID: 19460242

71. Middelkoop K, Bekker L-GG, Liang H, Aquino LDHH, Sebastian E, Myer L, et al. Force of tuberculosis
infection among adolescents in a high HIV and TB prevalence community: a cross-sectional observa-
tion study. BMC Infect Dis. 2011 Jun 1; 11:156. https://doi.org/10.1186/1471-2334-11-156 PMID:
21631918

72. Glynn JR, Guerra-Assunção JA, Houben RMGJ, Sichali L, Mzembe T, Mwaungulu LK, et al. Whole
genome sequencing shows a low proportion of tuberculosis disease is attributable to known close con-
tacts in rural Malawi. Cardona P-J, editor. PLoS One. 2015 Jul 16; 10(7):e0132840. https://doi.org/10.
1371/journal.pone.0132840 PMID: 26181760

73. Martinez L, Shen Y, Mupere E, Kizza A, Hill PC, Whalen CC. Transmission of Mycobacterium Tuber-
culosis in Households and the Community: A Systematic Review and Meta-Analysis. Am J Epidemiol.
2017 Jun 15; 185(12):1327–39. https://doi.org/10.1093/aje/kwx025 PMID: 28982226

74. Raviglione MC, Sudre P, Rieder HL, Spinaci S, Kochi A. Secular trends of tuberculosis in western
Europe. Bull World Health Organ. 1993; 71(3–4):297–306. PMID: 8324847

75. Menzies D. Interpretation of repeated tuberculin tests: Boosting, conversion, and reversion [Internet].
Vol. 159, American Journal of Respiratory and Critical Care Medicine. American Thoracic SocietyNew
York, NY; 1999 [cited 2022 Feb 13]. p. 15–21.

76. Lillebaek T, Bergstedt W, Tingskov PN, Thierry-Carstensen B, Aggerbeck H, Hoff ST, et al. Risk of
sensitization in healthy adults following repeated administration of rdESAT-6 skin test reagent by the
Mantoux injection technique. Tuberculosis. 2009Mar; 89(2):158–62. https://doi.org/10.1016/j.tube.
2008.09.007 PMID: 19208500

77. Ronge L, Sloot R, Du Preez K, Kay AW, Kirchner HL, Grewal HMS, et al. The Magnitude of Interferon
Gamma Release Assay Responses in ChildrenWith Household Tuberculosis Contact Is Associated
With Tuberculosis Exposure and Disease Status. Pediatr Infect Dis J. 2021; 40(8):763–70. https://doi.
org/10.1097/INF.0000000000003196 PMID: 34050092

78. Ledesma JR, Ma J, Zheng P, Ross JM, Vos T, Kyu HH. Interferon-gamma release assay levels and
risk of progression to active tuberculosis: a systematic review and dose-response meta-regression
analysis. BMC Infect Dis. 2021; 21(1):467. https://doi.org/10.1186/s12879-021-06141-4 PMID:
34022827

79. Eilers PHC, Borgdorff MW. Modeling and correction of digit preference in tuberculin surveys. Int J
Tuberc Lung Dis. 2004; 8(2):232–9. PMID: 15139453

80. Prezant DJ, Kelly KJ, Karwa ML, Kavanagh K. Self-assessment of tuberculin skin test reactions by
New York City firefighters: reliability and cost-effectiveness in an occupational health care setting. Ann
Intern Med. 1996; 125(4):280–3. https://doi.org/10.7326/0003-4819-125-4-199608150-00004 PMID:
8678390

PLOS GLOBAL PUBLIC HEALTH M. tuberculosis immunoreactivity for global surveillance

PLOSGlobal Public Health | https://doi.org/10.1371/journal.pgph.0001208 October 24, 2022 16 / 18

http://www.ncbi.nlm.nih.gov/pubmed/20202297
https://doi.org/10.1371/journal.pone.0228102
https://doi.org/10.1371/journal.pone.0228102
http://www.ncbi.nlm.nih.gov/pubmed/31995631
https://doi.org/10.1378/chest.35.4.348
http://www.ncbi.nlm.nih.gov/pubmed/13639793
http://www.ncbi.nlm.nih.gov/pubmed/10587318
https://doi.org/10.1371/journal.pone.0265036
http://www.ncbi.nlm.nih.gov/pubmed/35302992
https://doi.org/10.1093/cid/ciy751
https://doi.org/10.1093/cid/ciy751
http://www.ncbi.nlm.nih.gov/pubmed/30165605
http://www.ncbi.nlm.nih.gov/pubmed/19460242
https://doi.org/10.1186/1471-2334-11-156
http://www.ncbi.nlm.nih.gov/pubmed/21631918
https://doi.org/10.1371/journal.pone.0132840
https://doi.org/10.1371/journal.pone.0132840
http://www.ncbi.nlm.nih.gov/pubmed/26181760
https://doi.org/10.1093/aje/kwx025
http://www.ncbi.nlm.nih.gov/pubmed/28982226
http://www.ncbi.nlm.nih.gov/pubmed/8324847
https://doi.org/10.1016/j.tube.2008.09.007
https://doi.org/10.1016/j.tube.2008.09.007
http://www.ncbi.nlm.nih.gov/pubmed/19208500
https://doi.org/10.1097/INF.0000000000003196
https://doi.org/10.1097/INF.0000000000003196
http://www.ncbi.nlm.nih.gov/pubmed/34050092
https://doi.org/10.1186/s12879-021-06141-4
http://www.ncbi.nlm.nih.gov/pubmed/34022827
http://www.ncbi.nlm.nih.gov/pubmed/15139453
https://doi.org/10.7326/0003-4819-125-4-199608150-00004
http://www.ncbi.nlm.nih.gov/pubmed/8678390
https://doi.org/10.1371/journal.pgph.0001208


81. Ozuah PO, BurtonW, Lerro KA, Rosenstock J, Mulvihill M. Assessing the validity of tuberculin skin
test readings by trained professionals and patients. Chest. 1999; 116(1):104–6. https://doi.org/10.
1378/chest.116.1.104 PMID: 10424511

82. Moayedi-Nia S, Barss L, Oxlade O, Valiquette C, Ly MX, Campbell JR, et al. The mTST–AnmHealth
approach for training and quality assurance of tuberculin skin test administration and reading. PLoS
One. 2019; 14(4). https://doi.org/10.1371/journal.pone.0215240 PMID: 30995275

83. Giorgi E, Sesay SSS, Terlouw DJ, Diggle PJ. Combining data frommultiple spatially referenced preva-
lence surveys using generalized linear geostatistical models. J R Stat Soc Ser A Stat Soc. 2015 Feb 1;
178(2):445–64.

84. Senyonjo L, Downs P, Schmidt E, Bailey R, Blanchet K. Lessons learned for surveillance strategies for
trachoma elimination as a public health problem, from the evaluation of approaches utilised by guinea
worm and onchocerciasis programmes: A literature review. PLoS Negl Trop Dis. 2021; 15(1):1–20.
https://doi.org/10.1371/journal.pntd.0009082 PMID: 33507903

85. Ayele HT, Van Mourik MSM, Debray TPA, Bonten MJM. Isoniazid prophylactic therapy for the preven-
tion of tuberculosis in HIV infected adults: A systematic review and meta-analysis of randomized trials.
Wilkinson KA, editor. PLoS One. 2015 Nov 9; 10(11):e0142290. https://doi.org/10.1371/journal.pone.
0142290 PMID: 26551023

86. Smieja M, Marchetti C, Cook D, Smaill FM. Isoniazid for preventing tuberculosis in non-HIV infected
persons. Cochrane Database Syst Rev. 1999 Jan 25;(1).

87. Akolo C, Adetifa I, Shepperd S, Volmink J. Treatment of latent tuberculosis infection in HIV infected
persons. Akolo C, editor. Cochrane database Syst Rev. 2010 Jan 20;(1):CD000171. https://doi.org/
10.1002/14651858.CD000171.pub3 PMID: 20091503

88. Malik AA, Farooq S, Jaswal M, Khan H, Nasir K, Fareed U, et al. Safety and feasibility of 1 month of
daily rifapentine plus isoniazid to prevent tuberculosis in children and adolescents: a prospective
cohort study. Lancet Child Adolesc Heal. 2021; 5(5):350–6. https://doi.org/10.1016/S2352-4642(21)
00052-3 PMID: 33770510

89. Sterling TR, Scott NA, Miro JM, Calvet G, La Rosa A, Infante R, et al. Threemonths of weekly rifapen-
tine and isoniazid for treatment of Mycobacterium tuberculosis infection in HIV-coinfected persons.
AIDS. 2016; 30(10):1607–15. https://doi.org/10.1097/QAD.0000000000001098 PMID: 27243774

90. Pease C, Hutton B, Yazdi F, Wolfe D, Hamel C, Quach P, et al. Efficacy and completion rates of rifa-
pentine and isoniazid (3HP) compared to other treatment regimens for latent tuberculosis infection: A
systematic review with network meta-analyses. BMC Infect Dis. 2017 Apr 11; 17(1). https://doi.org/10.
1186/s12879-017-2377-x PMID: 28399802

91. Menzies D, Gardiner G, Farhat M, Greenaway C, Pai M. Thinking in three dimensions: a web-based
algorithm to aid the interpretation of tuberculin skin test results. Int J Tuberc Lung Dis. 2008; 12
(5):498–505. PMID: 18419884

92. Alsdurf H, Hill PC, Matteelli A, Getahun H, Menzies D. The cascade of care in diagnosis and treatment
of latent tuberculosis infection: a systematic review and meta-analysis. Lancet Infect Dis. 2016 Nov 1;
16(11):1269–78. https://doi.org/10.1016/S1473-3099(16)30216-X PMID: 27522233

93. Nathavitharana RR, van der Westhuizen A, van der Westhuizen H-MM, Mishra H, Sampson A,
Meintjes J, et al. “If I’ve got latent TB, I would like to get rid of it”: Derivation of the CARD (Constraints,
Actions, Risks, and Desires) Framework informed by South African healthcare worker perspectives on
latent tuberculosis treatment. PLoS One. 2021 Aug 1; 16(8):e0254211. https://doi.org/10.1371/
journal.pone.0254211 PMID: 34407070

94. Bayer R, Fairchild AL, Zignol M, Castro KG. Tuberculosis surveillance and its discontents: The ethical
paradox. Int J Tuberc Lung Dis. 2020May 1; 24:9–14. https://doi.org/10.5588/ijtld.17.0844 PMID:
32553037

95. World Health Organization. Ethics Guidance for the Implementation. 2017;1–80.

96. Denholm JT, Millan-Marcelo JC, Fiekert K. Latent tuberculosis infection and the EndTB Strategy: ethi-
cal tensions and imperatives. Int J Tuberc Lung Dis. 2020 May 1; 24(5):21–6. https://doi.org/10.5588/
ijtld.17.0756 PMID: 32553039

97. Denholm JT, Matteelli A, Reis A. Latent tuberculous infection: Ethical considerations in formulating
public health policy. Vol. 19, International Journal of Tuberculosis and Lung Disease. International
Union Against Tuberculosis and Lung Disease; 2015. p. 137–40. https://doi.org/10.5588/ijtld.14.0543
PMID: 25574909

98. Spruijt I, Haile DT, van den Hof S, Fiekert K, Jansen N, Jerene D, et al. Knowledge, attitudes, beliefs,
and stigma related to latent tuberculosis infection: a qualitative study among Eritreans in the Nether-
lands. BMC Public Health. 2020 Dec 1; 20(1):1–9.

PLOS GLOBAL PUBLIC HEALTH M. tuberculosis immunoreactivity for global surveillance

PLOSGlobal Public Health | https://doi.org/10.1371/journal.pgph.0001208 October 24, 2022 17 / 18

https://doi.org/10.1378/chest.116.1.104
https://doi.org/10.1378/chest.116.1.104
http://www.ncbi.nlm.nih.gov/pubmed/10424511
https://doi.org/10.1371/journal.pone.0215240
http://www.ncbi.nlm.nih.gov/pubmed/30995275
https://doi.org/10.1371/journal.pntd.0009082
http://www.ncbi.nlm.nih.gov/pubmed/33507903
https://doi.org/10.1371/journal.pone.0142290
https://doi.org/10.1371/journal.pone.0142290
http://www.ncbi.nlm.nih.gov/pubmed/26551023
https://doi.org/10.1002/14651858.CD000171.pub3
https://doi.org/10.1002/14651858.CD000171.pub3
http://www.ncbi.nlm.nih.gov/pubmed/20091503
https://doi.org/10.1016/S2352-4642%2821%2900052-3
https://doi.org/10.1016/S2352-4642%2821%2900052-3
http://www.ncbi.nlm.nih.gov/pubmed/33770510
https://doi.org/10.1097/QAD.0000000000001098
http://www.ncbi.nlm.nih.gov/pubmed/27243774
https://doi.org/10.1186/s12879-017-2377-x
https://doi.org/10.1186/s12879-017-2377-x
http://www.ncbi.nlm.nih.gov/pubmed/28399802
http://www.ncbi.nlm.nih.gov/pubmed/18419884
https://doi.org/10.1016/S1473-3099%2816%2930216-X
http://www.ncbi.nlm.nih.gov/pubmed/27522233
https://doi.org/10.1371/journal.pone.0254211
https://doi.org/10.1371/journal.pone.0254211
http://www.ncbi.nlm.nih.gov/pubmed/34407070
https://doi.org/10.5588/ijtld.17.0844
http://www.ncbi.nlm.nih.gov/pubmed/32553037
https://doi.org/10.5588/ijtld.17.0756
https://doi.org/10.5588/ijtld.17.0756
http://www.ncbi.nlm.nih.gov/pubmed/32553039
https://doi.org/10.5588/ijtld.14.0543
http://www.ncbi.nlm.nih.gov/pubmed/25574909
https://doi.org/10.1371/journal.pgph.0001208


99. Mutombo PN, Fallah MP, Munodawafa D, Kabel A, Houeto D, Goronga T, et al. COVID-19 vaccine
hesitancy in Africa: a call to action [Internet]. Vol. 10, The Lancet Global Health. Elsevier; 2022 [cited
2022 Feb 10]. p. e320–1.

100. Mahomed H, Shea J, Kafaar F, Hawkridge T, HanekomWA, Hussey GD. Are adolescents ready for
tuberculosis vaccine trials?. Vaccine. 2008 Aug 26; 26(36):4725–30. https://doi.org/10.1016/j.vaccine.
2008.06.088 PMID: 18620015

101. Buregyeya E, Kulane A, Kiguli J, Musoke P, Mayanja H, Mitchell EMH. Motivations and concerns
about adolescent tuberculosis vaccine trial participation in rural Uganda: A qualitative study. Pan Afr
Med J. 2015; 22. https://doi.org/10.11604/pamj.2015.22.76.7097 PMID: 26834929
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