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a b s t r a c t 

There has been little change in global tuberculosis (TB) incidence in the 21st century. Although case no- 

tification has increased, millions of people with TB each year remain unreached. Recently there has been 

increased recognition that many people with undiagnosed, potentially infectious TB do not experience or 

report TB symptoms. Symptom-agnostic screening (e.g., by chest X-ray) can effectively identify such forms 

of TB. Although this activity is increasing globally and is beneficial to individuals screened, current lev- 

els fall far short of what is needed to impact transmission and population-level prevalence. A significant 

scale-up of symptom-agnostic screening across communities is required to improve treatment coverage 

and interrupt transmission. Although there are major political, financial, and health system challenges to 

undertaking such scale-up this is not without precedent. In the mid-20th century, in many countries that 

now experience a low TB burden, population-level chest X-ray screening was successfully undertaken 

and contributed to the decline in TB. In this article, we explore the challenges and opportunities that 

face countries wanting to scale-up symptom-agnostic screening and reflect on important lessons from 

the past. 

© 2025 The Authors. Published by Elsevier Ltd on behalf of International Society for Infectious Diseases. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Globally in 2023, 8.2 million people with a new episode of tu- 

erculosis (TB) were diagnosed and notified [ 1 ]. This is the highest 

umber of TB notifications for a single year since the World Health 

rganization (WHO) started to compile country data on TB in the 
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id-1990s. However, this number still falls almost three million 

hort of the 10.8 million (95% uncertainty interval 10.1-11.7 mil- 

ion) people estimated to have developed TB in 2023 [ 1 ]. 

WHO’s End TB Strategy set a target of a 90% reduction in TB 

ncidence and a 95% reduction in TB deaths by 2035 (compared 

ith 2015 levels) [ 2 ]. These targets are fundamental to curbing the 

B epidemic and removing the public health threat posed by TB 

n the world by 2035. However, progress has been insufficient and 

ountries need to urgently reach individuals with undiagnosed TB 

o reduce population burden and transmission of TB [ 3 ]. 

TB screening to proactively identify unreached individuals with 

B needs to be at the center of TB care and prevention strate- 

ies. Recently, awareness about the importance of asymptomatic 

B (defined as a person with TB disease who did not report symp- 

oms suggestive of TB during screening) has increased as findings 

rom TB prevalence surveys have repeatedly highlighted that ap- 

roximately half of all individuals with bacteriologically confirmed 

ulmonary TB detected in the community, experience or report 

o symptoms suggestive of TB [ 4 , 5 ]. This makes a strong case

or the systematic shift toward “symptom-agnostic” approaches to 

B screening (where testing for TB occurs regardless of the pres- 

nce or absence of symptoms) and departing from the traditional 

symptom-reliant" paradigm. In practical terms, this means one of 

wo WHO-recommended approaches, either the whole population 

o be screened is offered sputum testing for the detection of My- 

obacterium tuberculosis ( Mtb ) complex DNA by molecular WHO- 

ecommended rapid diagnostic tests (mWRD) or alternatively chest 

adiography (CXR) is offered first, which can identify evidence of 

B pathology prior to the onset of symptoms, followed by sputum 

esting with mWRD if the CXR exhibits parenchymal abnormalities 

uggestive of TB to reduce the number of sputum investigations 

erformed and mitigate associated resource implications [ 6 ]. How- 

ver, CXR has the additional advantage of detecting pulmonary TB, 

hich may not be easily bacteriologically confirmed but yet may 

arrant treatment. The impact of the symptom-agnostic approach 

as recently been highlighted by the Active Case Finding for Tuber- 

ulosis (ACT-3) trial in Vietnam, which found a decline in preva- 

ent TB from 389 to 126/10 0,0 0 0 in the space of 3 years through

opulation-wide testing using a mWRD (Xpert MTB/RIF), in con- 

rast to the virtual lack of impact on prevalence or transmission of 

rials which relied on symptoms for screening [ 7 , 8 ]. 

Following the TB screening guidelines issued by the WHO in 

013, which were updated in 2021, most high TB burden coun- 

ries now recognize the need for screening and this activity is 

ncreasing globally; however, approaches typically focus on key 

ulnerable groups rather than the general population [ 6 ]. A sur- 

ey conducted in 2024 found that almost all countries with high 

B incidence have screening recommendations as part of their 

ational TB program guidelines, including the use of new tools 

uch as computer-aided detection (CAD) alongside digital CXR and 

WRD, and policies for screening of key vulnerable groups includ- 

ng contacts of persons with TB and people living with HIV (report 

n press ). In 2023, 114 countries reported the number of people 

ewly diagnosed with TB who were identified through provider- 

nitiated screening effort s in key vulnerable groups. In these 114 

ountries, a median of 12% (interquartile range 3-29%) of noti- 

ed new and relapse cases originated from screening. Of 66 high- 

riority countries, 52 reported that in 2023 a median of 89% (in- 

erquartile range 25-100%) of administrative regions regularly un- 

ertook screening using CXR [ 1 ]. However, even in countries with 

ell-established CXR screening programs, the total coverage of the 

opulation is insufficient to find all persons with TB. In Pakistan, 

or example, an ongoing (unpublished) analysis, 1,322,601 people 

etween 2017 and 2022 underwent community-based screening 

or TB, representing 0.9% of the country’s adolescent and adult 

opulation. 
2

Any scale of screening will have the potential for individ- 

al benefit to those screened through earlier detection of dis- 

ase and reduced morbidity and mortality [ 9 ]. To have population- 

evel impact through reduced transmission, greater coverage of 

creening activity is needed which will require significant scale- 

p of symptom-agnostic screening. Historically, the feasibility of 

ommunity-wide, symptom-agnostic screening has already been 

learly demonstrated. In the mid-20th century across many parts 

f the world, large-scale screening was undertaken, typically with 

ass miniature radiography [ 10 ]. As TB incidence declined over 

ime, these countries started to dismantle screening programs by 

he early 1980s [ 11 ]. After the WHO declared TB a global emer- 

ency in 1993, a global Directly Observed Treatment, Short-course 

DOTS) strategy was recommended with a focus on the detec- 

ion and treatment of symptomatic, smear-positive individuals self- 

resenting to health care facilities [ 12 ]. 

The impact of historic symptom-agnostic screening programs 

as largely forgotten but has been highlighted again by recent 

e-analyses of the data [ 13–15 ]. Although there have been tech- 

ological advances, notably digitalization and portability of X-ray 

ystems combined with CAD enabling automated interpretation 

f digital CXR without the need for radiologists and mWRD en- 

bling rapid bacterial confirmation, in many ways, the approach 

o large-scale screening for TB in the 21st century is similar to 

he 20th century. In this article, we explore the opportunities and 

hallenges of scaling-up and highlight what can and should be 

earned from historic experiences of community-wide screening 

or TB. 

cale of screening required for population-level impact 

If countries that currently have a higher burden of TB are to 

cale-up symptom-agnostic screening, a number of key questions 

eed to be addressed, in particular, the coverage and duration of 

creening required. The balance between coverage and duration of 

ffort highlights an obvious trade-off. Lower coverage means the 

ffort needs to be sustained for longer, whereas front-loading with 

igh coverage means targets get reached sooner but require greater 

nitial resourcing. Figure 1 a shows these trade-offs in a scenario 

here community-wide, symptom-agnostic screening with mWRD 

s implemented for 1 to 5 years at different coverages of the adult 

nd adolescent population. What this modeling highlights is that 

creening a limited proportion of this population is by itself un- 

ikely to sufficiently reduce the incidence of infectious disease. 

side from the reduction in TB in the screened population, there 

s too much remaining transmission in the general population 

which is the dominant source of infection in high-burden coun- 

ries), which means the limited gains from each screening round 

re effectively overrun by transmission from the not-screened pop- 

lation [ 16 , 17 ]. Given the need for rapid TB decline and general

p-front investment in setting up the screening campaign, cov- 

rage toward 50% of the population over 15 years of age should 

e targeted. The 20th -century experiences highlight that this scale 

ould be achievable. Very high levels of coverage were achieved 

ver short periods in cities and smaller European countries. For 

xample, in Glasgow, 76% of the adult population was screened 

n 1957 and in Denmark, 65% were screened between 1950 and 

952 [ 15 , 18 ]. Over longer periods relatively high levels could still 

e achieved. Box 1 highlights screening activity in the Nether- 

ands which achieved population coverage of a median of 19% over 

 30-year period between 1950 and 1979. In the USA from the 

ate 1940s X-ray screening was widely implemented screening ap- 

roximately 16 million people per year (approximately 10% of the 

opulation) at its peak [ 19 ]. Countries that employed compulsory 

creening such as Norway and Australia managed to screen close 

o 100% of the eligible population (in Australia the average rate of 
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Figure 1. (a) Potential impact of community-wide screening using molecular World Health Organization-recommended rapid diagnostic tests on TB incidence 10 years after 

the start of screening for annual population coverage ranging from 0 to 100% with 1 to 5 years of screening. (b) Impact of biases in population coverage on disease coverage 

in community-wide screening. Population is divided into women (orange) and men (brown), with individuals with TB disease highlighted, in line with male-to-female ratios 

in TB prevalence. Solid black box shows the catchment of community-wide screening with equal coverage among men and women; dashed grey box shows the catchment 

of community-wide screening biased toward women. 

TB = tuberculosis. 
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ecrease in TB during the campaign period was over four times 

reater than before) [ 20 , 21 ]. 

ox 1 . Experience of the Netherlands TB population screening pro- 

ramme 

From 1950 to 1979, community-wide radiographic screening 
for tuberculosis (TB) was conducted in the Netherlands. This 
effort was spearheaded by employers (some of whom be- 
gan as early as the 1930s). Since 1950, dedicated organiza- 
tions have been established operating TB outreach popula- 
tion screening services. During these three decades, approxi- 
mately 2.0 to 2.5 million individuals were screened annually 
(median 19% of the total population) ( Supplementary Table 1 ) 
[ 22 ]. Of these, one-third were screened by employers, with 

an average screening interval of 1.5 years, whereas the re- 
maining two-thirds were screened in outreach services oper- 
ated by the screening organizations, with an average interval 
of 3 years. 

Several important lessons emerged from this large-scale 
TB screening program in the Netherlands. First, the gov- 
ernment played a critical role by providing a legal frame- 
work, culminating in the adoption of the Population Screen- 
ing Act for TB in 1950. Second, the establishment of a na- 
tional authority, mandated by law, ensured effective over- 
sight. This authority was responsible for setting screening 
policies, granting permits to screening organizations, advising 
on the training curriculum for screening physicians (primarily 
pulmonologists), and collecting as well as reporting screening 
results. The third lesson highlights the significant role em- 
ployers played in providing TB screening for their employees, 
which also contributed to reducing illness within the work- 
force. 

Over time, the national authority made adjustments to the 
program, such as increasing the eligible screening age to 40 
e

3

years and older persons. Screening yields declined sharply, 
from 117 cases per 10 0,0 0 0 people screened in 1950 to just 
5 per 10 0,0 0 0 in 1979 [ 22 ]. In addition, public participation 

had waned, with compliance rates dropping from an initial 
85-90% to below 50%. In 1979, the authority recommended 

discontinuing the population-wide screening program due to 
its diminishing effectiveness. During the 30-year screening 
period, TB notifications in the Netherlands decreased signifi- 
cantly, with an average annual reduction of 8%. The incidence 
rate fell from 159 cases per 10 0,0 0 0 people in 1950 to 12.6 
per 10 0,0 0 0 by 1979 [ 23 ]. 

Targeted radiographic screening of high-risk populations, 
such as homeless individuals, prisoners, and migrants from 

countries with a high TB incidence, remains an effective in- 
tervention in countries that have achieved low TB incidence 
rates (fewer than 10 cases per 10 0,0 0 0 population). The suc- 
cess of these interventions depends on systematic data col- 
lection and regular evaluations to determine appropriate risk 
groups, refine screening algorithms, and decide when to con- 
tinue or discontinue screening effort s [ 24 ]. In the Nether- 
lands, a screening yield of more than 50 TB cases per 10 0,0 0 0 
people screened is used as a criterion to justify the contin- 
uation of radiographic screening. Periodic evaluations have 
been instrumental in adjusting the eligibility criteria of high- 
risk populations for screening. Research and evaluations have 
also highlighted that a one-time radiographic screening upon 

arrival is insufficient to mitigate the risk of TB in certain 

migrant populations [ 25 ]. These groups benefit from addi- 
tional TB infection testing, which is the next step in the pre- 
elimination phase of TB [ 26 ]. 

Another key question is the balance between focusing on pop- 

lations with a high(er) risk of TB and simply achieving high cov- 

rage of the total adult population. Although the theoretically in- 



H. Esmail, C. Miller, D. Falzon et al. International Journal of Infectious Diseases 155 (2025) 107875

c

f

p

p

c

a

t

t

T

w

i

o

c

t

p

7

a

r

c

o

t

s

i

o

t

c

a

W

F

h

t  

m

s

i

b

s

i

r

d

l

a

t

c

r

fi

T

r

c

t

t

o

c

a

r

t

t

d

m

M

f

m

t

e

d

w

o

p

t

i

f

c

o

w

w

t

b

s

o

t

e

d

c

g

m

p

m

i

i

fi

i

s

o

h

v

c

s

s

a

a

m

f

s

a

h

s

t

o

P

o

u

c

r

p

w

<

i

t

n

i

a

h

t

reased yield and reduced screening cost per case detected from 

ocusing on key vulnerable groups are appealing, there is no em- 

iric evidence that such effort s alone have had a (sustained) im- 

act on reducing the burden in the general population. Instead, 

ommunity-wide symptom-agnostic screening campaigns should 

ccount for the demographic and socioeconomic characteristics of 

he population and the distribution of key vulnerable subpopula- 

ions therein to ensure that populations and geographies with high 

B incidence are included, rather than missed. As TB is associated 

ith social determinants of health such as poor nutrition, crowd- 

ng, and poverty that tend to cluster spatially, having an awareness 

f where these geographic hotspots are is important [ 27 ]. People in 

ertain marginalized and key subpopulations may have lower par- 

icipation in screening campaigns, which will lead to a loss of im- 

act. Figure 1 b shows an example in the context of men. Although 

0% of undiagnosed infectious TB is found among men in low- 

nd middle-income income countries, men are typically underrep- 

esented in community-screening efforts [ 28 ]. As a consequence, a 

ampaign that has 50% population coverage but only 20% coverage 

f men may only pick up one-third of the total burden, blunting 

he potential impact of the screening effort. Rather than restricting 

creening to people with a higher risk for TB, community screen- 

ng should instead be tailored to ensure equal/improved coverage 

f these individuals. History provides us with positive and nega- 

ive examples. In a mass screening effort in Glasgow, some of the 

ommunity engagement was tailored toward men (e.g., advertising 

t football matches), leading to high coverage of both sexes [ 15 ]. 

hereas the Australian screening program purposefully excluded 

irst Nations peoples from certain aspects, leading to persistently 

igher rates of TB decades on, compared with non-indigenous Aus- 

ralians [ 29 ]. We should heed these lessons as we look to achieve

eaningful impact through community-wide symptom-agnostic TB 

creening. 

A further consideration is what we should consider meaningful 

mpact, and how we measure it. For measurement, we have a num- 

er of options, including trends in notification number needed to 

creen, immunoreactivity prevalence, or prevalence of bacteriolog- 

cally confirmed disease. Disease prevalence provides the most di- 

ect metric, as both the target for screening and driver of other in- 

icators such as notifications and transmission. However, cost and 

ogistical challenges will likely force the identification of reason- 

ble proxies, such as repeat immunoreactivity surveys to estimate 

rends in transmission [ 30 ]. A wider discussion is needed to de- 

ide on what counts as meaningful impact. One option is a 50% 

eduction in prevalence which would align with goals set in the 

rst phase of the End TB strategy. Given the continued impact of 

B and the high value for individuals, households, and society in 

educing the burden, such a decline is urgently needed. 

There are important differences in the challenges faced by 

ountries today compared to the mid-20th century. Most notably, 

he movement of people both between countries and within coun- 

ries is significantly greater today. A consequence of this is that 

ver the time course of a screening intervention, the population 

omposition in certain regions of a country may be very different 

nd if net migration is from areas of higher TB burden the targeted 

eduction in prevalence might be more slowly met. Accounting for 

his in the modeling for and planning of screening will be impor- 

ant. In addition, developing platforms that allow for the sharing of 

ata between regions where the movement of populations is com- 

on could help with follow-up and minimize duplication. 

aking the investment case for scale-up of screening activity 

Although there is strong and rapidly growing empiric evidence 

or symptom-agnostic, community-wide screening as a tool to 

eaningfully reduce the TB burden, the policy framework, infras- 
4

ructure, and funding for those efforts at scale are currently inad- 

quate. It is therefore key to engage with policymakers, product 

evelopers, and potential funders to enact change. 

Crucially, the current WHO recommendations for community- 

ide screening only extend to populations where the prevalence 

f TB exceeds 0.5%, which would preclude nationwide screening 

rograms in nearly all high-burden countries [ 6 ]. Although his- 

oric and contemporary effort s have shown epidemiologic impact 

n populations, most recently in Vietnam (decreasing TB prevalence 

rom 0.4% to 0.1%), more such evidence is needed to enable this 

hange, including an understanding of how to reduce the risk of 

vertreatment in communities with lower TB burden [ 7 ]. 

Aside from the policy framework, it is clear that community- 

ide, symptom-agnostic screening across high-burden countries 

ill require unprecedented levels of investment [ 31 ]. This is likely 

o be orders of magnitude higher than current national TB program 

udgets and beyond the scope of traditional international donors 

uch as Global Fund and the U.S. Agency for International Devel- 

pment (USAID) alone. Hence, they may require significant domes- 

ic funding and innovative financing that extends beyond TB and 

ven health ecologies. To access the required funding, it is key to 

evelop a strong investment case, which presents the economic 

ase for action to a wide group of stakeholders, including local and 

lobal donors, product developers, and, crucially, national govern- 

ents [ 32 ]. Such a project would maximize the value of the em- 

iric evidence, present the projected costs and budgetary impact, 

arket size, and highlight the return on investment in terms of 

mproved equity and benefits for the community, longer-term sav- 

ngs to the health service as well as the potential economic bene- 

ts in terms of absolute gain in gross domestic product by curtail- 

ng the TB epidemic and averting death and disability. 

Ultimately, individual countries will have to determine if the 

cale-up of TB screening makes sense nationally. This will depend 

n the trajectory of the TB epidemic locally, competing for public 

ealth and policy issues, and the state of the TB and health ser- 

ice more broadly, in particular, its suitability to complement and 

ope with scale-up of screening (see below). In addition, the wider 

ocioeconomic progress will be relevant. Historically, 20th -century 

creening activity occurred with success in countries mainly with 

 smaller population than most of today’s high-burden countries 

nd a trajectory of economic development that sparked improve- 

ents in housing and nutrition, which likely had a synergistic ef- 

ect alongside the impact of screening and helped to catalyze and 

ustain the effect. However, many higher-burden countries today 

re experiencing similar socioeconomic advances and potentially 

ave favorable conditions to implement and benefit from similar 

cale-up of screening. 

Importantly, scaling-up screening to achieve a 50% reduc- 

ion in prevalence should only be needed for a finite amount 

f time which also helps with the investment case ( Figure 1 ). 

rogress should be monitored and may need adjustment in terms 

f scale and duration to tailor to the local epidemiologic sit- 

ation and targets. When transmission falls screening will be- 

ome less generalized and more concentrated within certain high- 

isk groups, such as household contacts. Arguably, in some Euro- 

ean countries, community-wide screening continued for too long 

ith community-wide screening still occurring with prevalence 

 50/10 0,0 0 0 ( Box 1 ). 

In most low-burden countries that had historic reductions in TB 

ncidence between the 1950s and 1980s as described, that steep 

rajectory has not been sustained and no country is close to elimi- 

ating TB. In some countries such as the UK, incidence has been 

ncreasing in recent years. Migration patterns continue to have 

n impact, transmission occurs in populations underserved by the 

ealth system such as the homeless, unfamiliarity with TB leads 

o diagnostic delays and onward transmission, and increasing use 
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f an expanding range of immunosuppressive therapies puts more 

eople at risk of TB reactivation. Addressing these ongoing chal- 

enges which do require ongoing focused screening for both dis- 

ase and infection, investments in diagnostics, technology and fur- 

her training of health care staff is needed but costly. Making the 

ase for significant investment in TB elimination in low-burden 

ountries when there are many competing priorities and increas- 

ngly limited funds is not easy. Understanding the priorities of 

ealth systems to ensure the case for investment in TB is contex- 

ualized more broadly rather than narrowly disease-focused may 

elp with this. 

ommunity engagement for community-wide screening 

Scaling-up community-wide TB screening has considerable 

omplexities, with success dependent on participation. Although 

istorically there are examples of countries implementing compul- 

ory TB screening with the threat of fines or imprisonment, most 

creening activities are voluntary, and hence success requires broad 

ommunity support [ 20 ]. Screening identifies both persons with 

ymptomatic TB who are unable to access health care due to a 

ombination of psychological, social, or economic pressures and 

ealth system-related access barriers, and persons with asymp- 

omatic TB, who are currently unserved. Individuals in the latter 

roup are indistinguishable from healthy persons and thus have 

o intrinsic motivation to present at a health facility for care. 

roven strategies to increase participation have entailed commu- 

ity sensitization, demand generation to promote health-seeking, 

nd minimizing the financial and logistical barriers to participation 

n screening [ 33 , 34 ]. 

However, if screening is to attract much of the population 

o participate, a well-organized media and communication strat- 

gy is vital. Mass advocacy using pamphlets, posters, films, ra- 

io, and newspaper advertisements, loudspeaker announcements, 

nd incentives all featured in 20th -century screening campaigns 

nd likely aided mobilization and participation [ 29 , 35 ]. In Glasgow 

hose screened received a badge, which became highly sought af- 

er, and randomly selected people wearing badges received gifts 

 15 , 36 ]. Messaging on posters often emphasized the benefits of 

nowing one’s TB status (similar to HIV screening), doing battle 

gainst TB (relevant to the post-war context), and patriotism but 

lso addressed common concerns emphasizing speed, confidential- 

ty, and modesty [ 35 ]. In the modern context, such campaigns will 

lso need to include social media and strategies to mitigate con- 

equent misinformation. Messaging and imagery must be locally 

ppropriate and have community involvement from inception to 

mplementation. 

ealth systems considerations for scaling-up screening 

Population-wide, symptom-agnostic screening would represent 

 paradigm shift in the approach to TB case detection for most 

ountries, bringing fresh focus to a long-recognized tension be- 

ween vertical TB programming and health systems integration. 

 strategic approach to this integration is needed that recognizes 

he importance of sustained engagement with all six of the WHO 

uilding blocks of health systems: governance, information, financ- 

ng, service delivery, human resources, medicines, and technolo- 

ies ( Figure 2 ) [ 37 ]. Such an approach takes action a substantial

tep further than vertically organized mass screening campaigns. 

o date, most of the work has been focused on medicines and 

echnology; developing CXR and AI technology to be ever more 

ortable and deployable in a decentralized manner to peripheral 

arts of the health system. This development clearly opens up 

hese opportunities, but to realize the full potential of screening, 

hallenges must be addressed, particularly in governance, service 
5

elivery, and human resources. A few examples of such challenges 

nd potential solutions are outlined here for illustrative purposes, 

ith a focus on digital CXR and CAD-based screening. 

Large numbers of increasingly portable digital X-ray machines 

nd CAD technologies have been procured by the national TB 

rogram, largely through Global Fund grants in recent years. Al- 

hough there are national examples of the development of gov- 

rnance mechanisms and policies for oversight, coordination, and 

egulation, they have struggled to keep pace with rapid deploy- 

ent in more peripheral parts of the health system. With a shift 

oward population-wide symptom-agnostic screening, even more 

-ray machines will be needed for coverage and robust gover- 

ance processes become even more important. In addition, this ap- 

roach to CXR screening will detect non-TB related abnormalities 

nd wide-scale deployment of digital XR platforms could be used 

eyond chest imaging, engaging beyond the TB program will be 

ncreasingly required. This may increase the cost-effectiveness of 

mplementation by expanding the return on digital X-ray invest- 

ent by detecting conditions beyond TB through both chest and 

ther anatomical imaging. However, this will require additional ca- 

acity, particularly in the integration of cardiovascular and respi- 

atory services into primary care, and effective coordination to en- 

ure a smooth participant journey through the health system [ 38 ]. 

ther areas of governance will also need attention, especially with 

espect to the increasing portability and deployment of X-rays in 

he community, including regulation on radiation safety, and waste 

anagement and disposal. In the main, current policies and pro- 

edures are designed for X-ray deployment at the secondary care 

evel and above, but need upgrading to make them fit for purpose 

n primary care, with much larger numbers of machines. Large- 

cale waste management and disposal will also require engage- 

ent beyond the health sector to include, for example, environ- 

ental authorities. 

In service delivery, a key consideration is the importance of 

voiding a situation in which a push toward more X-ray imaging 

n more peripheral health care facilities undermines existing X-ray 

maging capability in secondary and more specialized care facili- 

ies. An obvious challenge relates to human resources (see below), 

ut capacities for procurement, maintenance, and supply of acces- 

ories such as radiation protection devices, power generation, pro- 

ision of spare parts, and break-down medical engineering need 

o be expanded in parallel with deployment at primary care, so 

s not to compromise their sustained provision in secondary care 

nd other levels of the health system. In addition, ramping up of 

vailability of supplies of diagnostics for microbiologic confirma- 

ion and drugs for treatment will be required to keep pace with 

creening. 

Although AI (such as widely implemented CAD reading software 

or TB screening) may reduce the need for the time radiologists 

eport CXR images, radiology expertise will be needed in human 

esource oversight and training. Furthermore, developing and sus- 

aining sufficient capacity for high-quality chest image acquisition 

ill be essential. Existing radiographer and radiography assistant 

umbers will need to increase and these cadres will need to focus 

ore on the training of lower-skilled staff available, oversight, and 

uality assurance than on direct image acquisition. Ideally, consid- 

ration should also be given to capability of taking other kinds of 

-rays (e.g., for fractures) to make the most of the technology in- 

estment. In addition, decentralizing this technology will necessi- 

ate investment in integrating digital databases with health system 

eporting infrastructure. 

A further health systems consideration is the role of the private 

roviders in screening. This is critical since several of the high- 

st TB burden countries, including India, Indonesia, the Philippines, 

akistan, Bangladesh, and Nigeria have large private health care 

ectors [ 39 ]. Private providers may be required to support CXR- 
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Figure 2. Requirements and considerations for national scale-up of symptom agnostic screening. Central to the effort is community engagement. Health systems strength- 

ening will be required with consideration given to service delivery, information systems, human resources, and medicines and technologies. Critical to all these effort s will 

be the financing and governance framework. 
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ased community-screening events by providing linkage to treat- 

ent, notification, and follow-up care for those diagnosed with 

B, thereby preventing additional burdens on constrained public 

ealth care facilities. Although private providers will likely require 

nancial incentives for participation in screening interventions, 

his has been demonstrated to be more cost-effective than non- 

onetary approaches [ 40 ]. Financing for private-sector engage- 

ent will require additional resources from TB programs; however, 

ost-sharing through other sources such as social-business mod- 

ls or health insurance schemes should be considered [ 41 ]. Cor- 

orate financing for occupational screening in high-risk industries 

an also potentially identify a high number of cases with limited 

udgetary implications for TB programs. 

mprovement and replacement of tools for symptom-agnostic 

creening 

Although scaling-up symptom-agnostic TB screening must ini- 

ially leverage existing tools, improvements to their performance 

ould be made. The diagnostic performance of CXR-CAD while im- 

ressive could be further improved by the inclusion of CXR of 

ore people with asymptomatic TB, who typically have less ad- 

anced disease, into training sets. Currently, CAD software is rec- 

mmended by the WHO for use in those over 15 years hence fur- 

her development and validation work is needed in children. There 

s also scope to further maximize the utility of CAD to detect ex- 

rapulmonary TB within the imaging field of CXR (i.e., lymph node, 
6

ericardial, and spinal TB) and to continue to improve algorithms 

or the detection of non-TB pathology. 

CXR is a highly sensitive tool for identifying TB pathology, but 

acterial confirmation is dependent on the sampling and microbi- 

logic approach. Diagnostic yield following CXR screening could be 

mproved through modifications to existing sampling procedures. 

his may involve collecting additional sputum samples or perform- 

ng sputum induction [ 42 ]. In addition, the CAD thresholds used 

or sampling often favor specificity over sensitivity to minimize the 

umber of mWRD performed. Pooling of sputum samples could be 

onsidered in those with subthreshold scores to improve yield if 

stablished as cost-effective [ 43 ]. Furthermore, it is also important 

o improve existing screening algorithms with regard to rescreen- 

ng those with CXR abnormalities but initial negative microbiology 

ho remain at increased risk of disease progression [ 44 ]. Imple- 

entation studies should also explore including demographic and 

linical variables, particularly, age, gender, sex, HIV status, and TB 

istory, with the CAD scores to improve case detection [ 45 ]. In par-

llel, rigorous evaluation of alternative non-sputum samples like 

ongue swabs, bioaerosols, blood, and urine is warranted, espe- 

ially among sputum non-productive individuals—crucially, these 

valuations must purposefully include people with asymptomatic 

B identified in the community [22,46] . Even if some of these non- 

putum sampling approaches are less sensitive, given the signifi- 

antly increased likelihood of obtaining a sample for testing, es- 

ecially in asymptomatic populations diagnostic yield may be in- 

reased [ 23 ]. In addition, diagnostic developments should improve 
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n our current definitions of what constitutes a bacteriologic con- 

rmation. Currently, a single sputum culture is often used as a gold 

tandard dividing line between true and false positive diagnosis, 

ut we know this underestimates the number of people who may 

enefit from treatment and thereby overestimates the challenge of 

vertreatment [ 42 ]. 

Ultimately, however, substantially increasing bacteriologic con- 

rmation in those with radiographic abnormalities may require a 

ivot toward entirely new diagnostic approaches. A priority is de- 

eloping biomarkers that can confirm TB when bacteria are absent 

rom sputa. Potential biospecimens include blood, saliva, urine, 

tool, and aerosols, with targets ranging from live bacilli to bac- 

erial RNA, metabolites, DNA, lipids, proteins, and markers of host 

ells responding to actively replicating Mtb . Promising examples 

nclude HLA-DR + Mtb -specific T cells, CD34 + cells from blood har- 

oring intracellular Mtb DNA representing the infection reservoir, 

ell-free circulating Mtb DNA amenable to rapid Clustered Regu- 

arly Interspaced Short Palindromic Repeats (CRISPR) detection, and 

hage-based assays that enhance mycobacterial cell lysis to im- 

rove DNA detection. Although exhibiting proof-of-concept, these 

ave yet to demonstrate superiority over current microbiologic 

ests for detecting asymptomatic TB, and crucially even then de- 

elopment of an assay format to enable implementation at large 

cale could be a significant challenge for many of these biomarkers 

 24 ]. Importantly tests for viable bacilli if developed would also be 

ighly relevant to screening and diagnosis of those with Mtb infec- 

ion in the absence of disease providing a replacement for current 

uboptimal tests detecting only immunoreactivity. 

Looking ahead, the development of point-of-care diagnostic 

iomarkers with sensitivity and specificity for detecting the under- 

ying inflammatory processes of immunopathology detected radio- 

raphically as TB could potentially replace CXR altogether. Beyond 

ust diagnosis, such biomarkers would need to demonstrate utility 

or monitoring treatment response, as a surrogate for drug sensitiv- 

ty testing, when microbiology is negative. Eliminating CXR depen- 

ency through accurate cost-effective biomarker-based diagnosis 

ould catalyze massive cost reductions and facilitate truly compre- 

ensive community screening, provided the biomarkers perform 

obustly in community screening and across different population 

roups, including children and persons with extrapulmonary TB. 

onclusion 

There has undoubtedly been significant progress made in the 

1st century in the diagnosis and management of TB along with 

conomic advancement in many high TB burden countries and sig- 

ificant advances in the management of HIV as a major risk factor 

or TB. However, despite this, the incidence of TB has stubbornly 

emained high, and progress toward the End TB targets for this 

etric are way off track. At the same time over the last 25 years, 

ational prevalence surveys have reminded us that a large propor- 

ion of people with undiagnosed, potentially infectious TB in com- 

unities do not report symptoms. We can no longer afford to ig- 

ore this fact if we are serious about curtailing the TB epidemic. 

his will require a shift in mindset and approach, as well as a 

ommitment to invest. Although the task of scaling-up, symptom- 

gnostic screening may appear daunting it is not unfamiliar and 

ertainly achievable. Hundreds of millions of people were success- 

ully screened in this way 50-80 years ago using inferior technol- 

gy to what we have today, so while our tools may still be imper-

ect this cannot be an excuse for inaction. 
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