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Abstract 
Tuberculosis is a major cause of death and disability among children globally, yet children have been neglected in global tuberculosis control efforts. Historically, tuberculosis in children has been thought as a family disease and, due to this, household contact tracing of children after identification of an adult tuberculosis case has been emphasized as the principal public health intervention. However, the population-level impact of household contact tracing is predicated on the assumption that most pediatric tuberculosis cases occur from infections acquired within the household. In this Personal View, we focus on accumulating scientific evidence indicating that the majority of Mycobacterium tuberculosis transmission to children in high-burden settings occurs in the community, outside of households with a tuberculosis case. We estimate the population attributable fraction of childhood M. tuberculosis transmission due to household exposures to be between 10–30%. M. tuberculosis transmission from the household was low (<30%) even in young children below 5 years of age. We propose that an effective public health response to childhood tuberculosis requires comprehensive, community-based interventions such as active surveillance in select settings rather than contact tracing alone. Importantly, the historical paradigm that most pediatric transmission occurs in households should be reconsidered based on the presented scientific knowledge base.


Introduction

Tuberculosis in children continues to pose a pressing public health challenge and remains one of the leading infectious causes of morbidity and mortality globally.1,2 The majority of deaths occur in low and middle-income countries, predominantly among children under 5 years of age who die undiagnosed.1,3 Impressive strides have been made to address the tuberculosis epidemic in adults through mass implementation of directly observed therapy, development and adoption of novel diagnostics such as GeneXpert, and the integration of tuberculosis and HIV care into health systems.4 However, progress in the prevention, early detection, and treatment of tuberculosis in young children has been more limited. 

Historically, the global tuberculosis public health strategy has failed to address the disease burden in children for a number of reasons. While children are more susceptible to primary progressive tuberculosis disease, they are considered relatively noninfectious and therefore may not contribute substantially to ongoing transmission. This argument has made children with tuberculosis less critical from a public health perspective. Due to poor sputum collection, paucibacillary disease, and non-specific clinical presentation, pediatric tuberculosis is more difficult to diagnose than adult tuberculosis.5 Further, the majority of public health interventions designed to address adult tuberculosis are not translatable to children. Because of the lack of emphasis on children within the global tuberculosis strategy, the incidence of tuberculosis infection, disease, and death were previously largely unknown. The pediatric tuberculosis burden has only recently been rigorously examined and measured and is estimated to be much higher than previously thought.1,6,7 

In 2014, the World Health Organization published guidelines for National Tuberculosis Programs to manage children with or exposed to tuberculosis, and emphasized the primary strategy of tuberculosis contact tracing.8 Under this strategy, when an adult with active tuberculosis disease is diagnosed, health workers visit the household to evaluate any child for disease and, in some programs, provide preventive therapy to children who do not have active disease. Alternatively, adults diagnosed with tuberculosis are asked whether there are sick contacts in the family, and are asked to bring them to the hospital. This is often of lower diagnostic yield. The potential of household contact tracing to impact the pediatric tuberculosis burden is predicated on conventional wisdom that Mycobacterium tuberculosis transmission to children occurs from people living within the household (and not by those living in the general community).9-13 This theory is based on the traditional assumption that children spend the vast majority of their time in the household with limited exposure to other adults and, consequently, their social network structure includes predominantly household members. Several recent reviews10,11 and guidelines12,13 have stated that M. tuberculosis transmission to children is largely attributable to exposures from within the household.  However, recent accumulating epidemiological evidence suggests that this may not be the case in high-burden settings and that children are more often infected by those living outside the household. 

To address the critical and unaddressed public health challenge of pediatric tuberculosis, an improved scientific understanding of the routes of transmission is urgently needed to inform a more effective global public health strategy. However, the ideal public health strategy that will maximize impact and cost-effectiveness remains subject to a key epidemiological question: what proportion of M. tuberculosis transmission in children occurs in households and is therefore avertible by household contact-based strategies? In this Personal View, we provide a summary of scientific evidence on the route of M. tuberculosis transmission in children to bring insight to this critical question and outline potential future public health steps necessary to address this vulnerable, at-risk pediatric population.

Epidemiological Evidence Investigating Where Pediatric Tuberculosis Transmission Occurs

Despite the complexity in quantifying where M. tuberculosis transmission occurs in children at the population-level, understanding this key question is essential to design appropriate and effective public health programs to detect, diagnose, and treat children with tuberculosis. Recently, several studies across diverse methodologies and designs have been published that shed light on this topic. We find that the evidence is consistent across distinct study designs, settings, and diagnostic approaches: the majority of tuberculosis in children likely results from transmission of M. tuberculosis outside of the household. Here, we define household transmission as any evidence of transmission occurring from an individual that lives in the same household, thereby targetable by household contact tracing. The definition of a household varies across settings and studies, which could alter inference about transmission within this unit. We accepted each study’s definition of a household (Table S1); in some cases, no specific definition was provided. Despite this variability in household definition, we find consistent results across settings that the majority of transmission to children occurs outside the household.

A summary of this evidence is presented in the Table and Figure.

Tuberculin Skin Test/Interferon-gamma Release Assay Conversion- Prospective Cohort Studies
In recent years, three population-based cohort studies investigating new tuberculosis infection in young children have been conducted.14-16 Tuberculin or interferon-gamma release assay (IGRA) conversion studies provide a unique design to identify documented recent transmission events in children independent of progressive disease rates. These studies also further document the prevalence of tuberculosis exposure to help understand the proportion of children with incident tuberculosis infections who have a household exposure. In these three cohort studies from high tuberculosis burden settings, the estimated proportion of M. tuberculosis transmission to children occurring due to household exposure was between 10 and 30%. 

First, in the MVA85A tuberculosis vaccine trial that incorporated a prospective conversion design, HIV-negative infants (18-24 weeks old) were tested with QuantiFERON-TB Gold (QFT) for tuberculosis infection.14 2512 infants  HIV- and QFT-negative infants were then followed for 6 to 24 months for QFT conversion and household tuberculosis exposure. In this study, 177 (7%) children had a documented QFT conversion, of whom only 34 (19%) had known household tuberculosis exposure. Second, in a prospective birth cohort study in Cape Town, South Africa, 915 mother-infant pairs were followed from birth until five years of age for tuberculin conversion and primary progressive tuberculosis.15 In this study, only 11% of the children converting their skin test were known to be exposed to a tuberculosis patient in their household in the past year. Third, in a prospective cohort study from Malawi, 3066 children under 6 years of age were tuberculin skin tested at baseline and then re-tested after 1–2 years.16 Of the cumulative 3% that converted their skin test, few (11%) lived a distance <200 meters from a known infectious tuberculosis case. Additionally, the vast majority (98%) of converters did not have a known household infectious tuberculosis case.

Although tuberculin/QuantiFERON conversion studies are the gold standard for measuring M. tuberculosis transmission they are not devoid of limitations. QuantiFERON and tuberculin reversion has been documented.17-19 The majority ofSome of these studies are based on currently diagnosed household tuberculosis. Therefore, undiagnosed household tuberculosis may be missed, which may underestimate household exposures. In two hospital-based studies, 10-15% of adults or mothers accompanying children admitted to a hospital for suspected tuberculosis were themselves diagnosed with tuberculosis when screened.20,21 However, even accounting for some under-diagnosis, the majority of transmission cannot be explained by household exposures. Despite these limitations, these three studies had remarkably consistent findings demonstrating that, among children with documented conversion, only 10-30% likely sustained M. tuberculosis infection from household transmission in high tuberculosis burden settings.

Tuberculosis Disease Progression – Prospective Cohort Studies. 
Recent M. tuberculosis transmission is necessary for an infant or young child to develop progressive tuberculosis disease. Two recent South African cohort studies have considered pediatric tuberculosis progression as the primary outcome.15,22,23 These studies have some advantages over conversion studies because they are not reliant on the QuantiFERON or tuberculin skin test, which may have diagnostic deficiencies in measuring tuberculosis infection. 

First, in a birth cohort of 915 mother-child dyads, 81 young children developed primary progressive tuberculosis over 2737 child-years of follow-up (incidence per 100 child-years, 2.9, 95% CI, 2.4–3.7).15 A minority (19%) of children that developed progressive tuberculosis disease had a known exposure to an individual with tuberculosis in the household in the year prior to enrollment (Figure 1). Second, in the IMPAACT P1041 preventive therapy trial, 1329 HIV-exposed infants (525 HIV infected, 804 HIV exposed but uninfected) were followed for progression to tuberculosis starting at 3–4 months of age.22 Children with a prior history of tuberculosis exposure or previous or current treatment for tuberculosis infection or disease were excluded from enrollment; very few children were excluded (Personal Communication, Sharon Nachman).24 Intensive searching for sources of children who progressed to disease were conducted.23 After 96 weeks of follow-up, 45 infants were diagnosed with probable or definite tuberculosis, of which only 13 (28.8%) had an identifiable household tuberculosis exposure.

Similar to conversion studies, tuberculosis in households may be underdiagnosed in these disease progression studies thereby underestimating household transmission. In some settings, several different families may stay in one house sharing the same amenities and living space; one family may not necessarily be aware of diseases in the other families. However, these were prospective cohort studies in which field teams and investigators were closely involved in the lives of the family and conducted robust household surveillance for years. Therefore, missed diagnoses may be possible but is likely minimal. In addition, the proportion of transmission attributable to the household may be overestimated if children who were household contacts of tuberculosis cases were screened and followed more rigorously than children unexposed in the household, which is often the case. This bias is typically not present in tuberculin/QuantiFERON conversion studies or tuberculosis infection surveys (discussed below) in which all children are given the same tests irrespective of exposure status. 

Tuberculosis Infection Surveys
Latent tuberculosis prevalence among young children is often used to assess recent transmission patterns. Community-based tuberculin surveys may thereby be used to estimate both transmission and the population attributable fraction of household and community exposures in a population. A systematic review and meta-analysis of these studies was recently conducted, including 10 studies from 12 countries encompassing 6,131 household contacts of tuberculosis cases and 164,484 community controls with no household exposure.254 This review found that although children exposed to an individual with tuberculosis in their household were at higher individual-risk of transmission compared to those without such exposure, household exposure at the population-level was rare. The mean proportion of household exposure was 13% and 29% among the entire source population and infected contacts, respectively. The population attributable fraction of household exposure of all new tuberculosis infections among studies in this review was consistently below 25%. In these studies, community exposures contributed to population-level pediatric infections more than household exposures (Figure 1). For example, in a tuberculin survey from a Peruvian shantytown,265 household-exposed children were 64% more likely to have tuberculosis infection compared to unexposed controls – however, due to the higher number of total community exposures to children, only 17% of all pediatric tuberculosis infections were estimated to occur from the home. 

Five recent similar studies not included in this review also found similar results (Table).276-310 A recent community-based survey of 3,170 children from Malawi was performed.276 Using mixture analysis of tuberculin data, the authors found that 1.1% of all children were infected. Only 19% of all children in the study were exposed to a tuberculosis case within 200 meters of their household. Among infected children, less than 10% were attributable to a known infectious tuberculosis case inside their household (Figure 1). Further, fewer than 20% of childhood infections were attributable to a tuberculosis case that lived within 200 meters of their household. In a separate study, 128 infants of HIV-1 infected mothers were tested at 6 months of age for tuberculosis infection with T-SPOT.TB assays.287 Consistent with the findings in the systematic review described above254, infants exposed to mothers with tuberculosis were at much higher individual risk of a positive T-Spot (Odds Ratio, 15.5, 95% CI, 1.3–184) but the number of children exposed was small. Only 14% of infants with a positive T-SPOT.TB test were exposed to a parent with active tuberculosis. Another cohort of 886 Ugandan children were tested with a T-SPOT.TB assay at five years of age.298 Of the entire child cohort, 10% had a known household tuberculosis contact. Out of 75 children with a positive T-SPOT.TB test, only 15 (20%) had a history of household tuberculosis exposure. In a large study in several Tibetan schools, 5234 children were screened with tuberculin skin tests.3029 Only 156 (3%) of all students were exposed to a household tuberculosis case in the previous two years indicating that the vast majority of new infections were community-driven. Lastly, 9810 children between 5 and 13 years of age were administered QFTs in Mongolia.310 Again, a history of household tuberculosis exposure was a risk factor for tuberculosis infection (AOR, 4.75, 95% CI, 4.1–5.5) but only 4% of children had any history of household tuberculosis exposure. Due to this, only 13.1% of pediatric tuberculosis infections were attributable to household tuberculosis exposure (Figure 1). 

Unlike conversion studies, these population-based tuberculin surveys may be subject to temporality issues. Household exposures may have been present prior to the survey and therefore unrecorded. However, when studies use a history of household tuberculosis exposure, rather than current exposure, results remained similar. 

Molecular Studies
Molecular epidemiological tools have enabled inference of M. tuberculosis transmission events in patients with concordant genotypes.321 Several pediatric studies have estimated household transmission using molecular tools and epidemiological linkage in children and potential source cases in- and outside of households.332-354 These studies in aggregate, similar to conversion studies, disease progression studies, and tuberculin surveys, found that a majority of M. tuberculosis transmission to children occurs outside of households. 
 
First, in a prospective community-based study from 1993 to 1998, restriction fragment length polymorphism (RFLP) analysis was performed on M. tuberculosis isolates from two communities in Cape Town, South Africa.332 Household transmission was assessed through interviews and evaluation of household members. Of 35 children with culture-positive disease, only 15 children formed part of a cluster and had a history of tuberculosis contact. In all, 12 children were part of a cluster with a household member with tuberculosis. Since RFLP clustering is a relatively crude metric of genetic closeness and therefore may overestimate transmission events, these results suggest an upper bound for household transmission to children of 34%. Second, in a contact cohort of South African children, only two of six children with culture-confirmed disease had identical IS6110 DNA fingerprints to an adult with tuberculosis in their households.343 This suggests that in high-burden settings, even among children exposed in the household, community exposures are abundant and account for the majority of infections. Third, in a recent population-based study from British Columbia, a low tuberculosis burden setting, 49 pediatric cases were genotyped by Mycobacterial Interspersed Repetitive Units Variable-Number Tandem Repeats.354 Whole genome sequencing was subsequently implemented in genotypically clustered cases. The researchers found that over two-thirds of pediatric cases acquired tuberculosis outside of British Colombia and therefore household contact tracing would have limited effectiveness. 

These studies are not without limitations. Molecular studies elucidate transmission dynamics of disease only from microbiologically-confirmed cases. Due to the paucibacillary nature of childhood tuberculosis, many children with tuberculosis are effectively excluded from these studies. While it is possible that children with known household source cases may be diagnosed earlier and are less likely to have positive bacteriology, this effect may be counterbalanced by the increased scrutiny of children in households with an adult case, which could lead to overrepresentation of household transmission cases in molecular samples. Which effect dominates is unclear. As with conventional epidemiologic studies, under-diagnosis of adult cases may lead to underestimation of exposures in the household.

Mathematical Modeling Studies
Data concerning indoor social contacts have been utilized to estimate the differential contribution of M. tuberculosis transmission in the household and community.365 In a study from South Africa, study participants used wearable CO2 recorders, time spent in various locations was surveyed, and extensive social networks were recorded in a community in Cape Town to estimate where transmission occurred.376 Among individuals of any age, only 16% of M. tuberculosis transmission was estimated to occur in households and this was only slightly higher (25–-30%) in children <15 years of age.365 This low proportion was consistent among children <5 years of age, 5–9 years of age, and 10–14 years of age. Most time during the day was spent in one’s own household however this low proportion of estimated household transmission was driven by contact patterns. S, as social network analysis of children in this setting found that only 15-25% of all indoor contacts were in households. Community contacts were substantially more common, driving overall transmission events in children. Other than in the household, transmission events in children occurred in transit (~20%), school (~20%), and other households (between 5–20% depending the child’s age). In children <5 years of age, a small proportion of transmission events (~5%) also occurred in the workplace, likely from direct parents. 

“Is Household Transmission More Common for the Youngest Children? 
Based on empirical evidence, we estimate a minority of children with tuberculosis have household contact-based transmission. However, a key question remains whether the youngest children (<5 years of age) are more likely to acquire transmission from inside the household compared to older children who are more likely to go to school and acquire community exposures. While this hypothesis remains plausiblee (Vallejo),254,387 our data suggest that, even among these infants and young children, community transmission is more common than household transmission. When broadly stratifying the data by age group, we find no substantial differences in proportion of household transmission between younger (<5 years of age) and older children. Specifically, when examining studies reporting on younger age groups (age 0-5 years), the evidence suggests that only 10-303% of infection or disease positive children had a household member with tuberculosis. For example, in the three previously discussed conversion studies (two among infants and one in children <6 years of age) performed in South Africa and Malawi,14-16 a small percentage (<20%) of children that converted their QuantiFERON or tuberculin skin test had household exposure. A mathematical modeling study found that only 25% of tuberculosis infections in children <5 years of age were acquired in their own household.365 This overall finding among young children is seen in all study designs including conversion cohort studies, tuberculosis progression cohort studies, molecular studies, and mathematical modeling. 

A Comprehensive Public Health Strategy: Looking Forward 
There is a growing consensus that new public health strategies are needed to address the global burden of pediatric tuberculosis. Current policy discussions have focused on household contact tracing based on the assumption that it has a high population-level yield (due to the idea of predominant household route of transmission) and since the home represents a defined infrastructure that can be visited by health care workers.8,398,4039 We support that household contact tracing is an efficient approach to detect children with active tuberculosis, with a comparatively low number needed to test to identify a case (Figure 2), and that children recently exposed to tuberculosis are at high-risk of progression, such that they should be prioritized for preventive therapy.410 However, we estimate that these household contact-based approaches will only reach 10-30% of all children with tuberculosis in high-burden settings based on diverse scientific studies. To reach the broader at-risk pediatric population, we argue that there is a need for a comprehensive approach – including a range of community-based public health strategies in addition to household contact tracing.

Given the historical focus on household-based M. tuberculosis transmission to children, few community-based interventions have been considered or empirically evaluated for control of pediatric tuberculosis. The principal approaches could include: i) periodicroutine mass or, mass or targeted screening for active tuberculosis; ii) mass or targeted isoniazid prophylaxispreventive therapy; or iii) integration of screening alongside existing routine health services (e.g. tuberculin skin or Quantiferon testing during routine infant health or immunization visits)environmental intervention. For each public health strategy, key questions include: i) age group; ii) delivery platform; iii) diagnostic tool with associated limitations; iv) integration opportunities within existing health services (eg, tuberculosis or QuantiFERON testing during routine infant health or immunization visits); and v) public health goal of the program. Potential examples of these strategies are outline in Table 2. Generally, all potential strategies will require substantial operation research and cost-effectiveness analyses to identify effective strategies that can be scalable within cost-constrained health systems.. Furthermore, key considerations in the development of a public health strategy will include the choice of diagnostic tool – with associated limitations – in addition with the age group targeted, delivery platform, and goal of the program. 

Given the high incidence of pediatric tuberculosis in high-burden settings, active surveillance programs that screen the entire at-risk pediatric community could potentially yield impressive public health gains, although investigations of optimal screening approaches and cost-effectiveness will be needed. Current available studies provide insight into possible strategies for community-based programs. As one example, a community-wide, symptom-based approach was evaluated in a large pediatric South African cohort and found that it was effective for identifying pediatric tuberculosis, especially in HIV-uninfected children.421

There remain key operational questions for development of a public health strategy, including defining the diagnostic tool, delivery strategy and platform, and opportunities for integration within existing healthcare systems. Diagnostic tests for screening could include traditional diagnostics for disease, such as symptom screening, radiographical examinations, and molecular diagnostics, or tests for infection, such as tuberculin skin tests or interferon gamma release assays, which have higher predictive value among young children.14 New prognostics, including gene expression assays, hold promise for improved predictive accuracy, reducing the number needed to provide prophylaxis to prevent a case of tuberculosis.432,443 For delivery platform and integration with existing healthcare systems, population-level pediatric tuberculosis screening could be integrated with existing programs, such as routine infant immunization or health clinics. With the Expanded Program of Immunization,454 which often achieves high coverage, screening could be performed in key at-risk children age groups in younger children (<1 years). Several recent studies have shown that lower respiratory tract infections and tuberculosis may be risk factors for each other (or share risk factors) in settings where both infections are endemic.15,465,476 Therefore, screening for tuberculosis at the time of a lower respiratory tract infection in the clinical setting may be effective to detect childhood tuberculosis cases; integration of childhood pneumonia and tuberculosis programs may be effective in areas of high prevalence. Lastly, given predominance of community-driven M. tuberculosis transmission, certain social settings have been identified as drivers of M. tuberculosis transmission in children.16,3029,365 Studies have implicated church attendance, mini-bus transportation, and schools as key locations for pediatric conversion events.16,3029,365 Intuitively, these locations may be ideal locations to focus health programs that provide screening for children. Although the individual-level risk of tuberculosis is likely lower in these settings, the total number of people exposed to a tuberculosis case is likely higher because the number of unique individuals in this setting is much greater.16,276 Importantly, settings will differ by tuberculosis epidemiology, transmission patterns, healthcare access, and other factors that will affect the optimal tuberculosis strategy for a given setting. Future guidelines development will need to balance the complexity of setting-specific heterogeneity with the need for generally applicable recommendations.   

Ultimately, the most promising strategies will need further study and field validation. A growing body of evidence demonstrates the need for a comprehensive strategy that combines community-based interventions with contact tracing. What is clear is that there is no “magic bullet” to improve the control of pediatric tuberculosis – no single intervention, even one as efficient as household contact tracing, will effectively address pediatric tuberculosis at the population-level, especially with known heterogeneities between settings. A recent modeling study suggests that only 16% of pediatric tuberculosis cases would be prevented by full global implementation of household contact tracing.487 Only with a global pediatric tuberculosis strategy that includes a comprehensive package of interventions customized to individual settings that target transmission to children and diagnose undetected disease will we adequately reduce the childhood tuberculosis burden in sub-Saharan Africa and other low-income settings. 

Conclusion
Over the past 10 years, the field of pediatric tuberculosis has moved towards household contact tracing because of its pragmatic nature and the belief that most pediatric tuberculosis infections occur in the household. Although we support household contact investigations as a component of the global strategy to address pediatric tuberculosis, a strategy primarily focused on this intervention will likely continue to miss the vast majority of tuberculosis infections and cases among children. We believe that a comprehensive approach that combines a set of public health, community-based interventions, in combination with contact tracing, will be required. Importantly, the historical paradigm that the majority of pediatric transmission occurs in the household should be reconsidered based on the existing scientific knowledge base.
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Table 1. Summary of Evidence Concerning Proportion of Pediatric Tuberculosis Infections Acquired at the Population-level through Household and Community Exposures.
‘
	First Author, Year 
	Years
	Ages, yrs
	Setting
	Study Design 
(Sample Size)‡
	Conclusions

	
	
	
	
	
	

	Conversion Studies 
	
	
	
	
	

	    Martinez, 2018
	2012–2017
	0-5
	South Africa
	Prospective cohort (N=915), tuberculin conversion
	11% of conversions occurred in households with a tuberculosis case in the last year

	    Andrews, 2017
	2009–2012
	0-2
	South Africa
	Prospective cohort (N=2512), QuantiFERON Quantiferon conversion
	19% of conversions occurred in households with a tuberculosis case

	    Khan, 2018
	2012–2015
	<6
	Malawi
	Prospective cohort (N=3066), tuberculin conversion
	11% of conversions lived a distance <200 meters from a known tuberculosis case

	Disease Progression Studies
	
	
	
	
	

	    Martinez, 2018
	2012–2017
	0-5
	South Africa
	Prospective cohort (N=915)
	19% of children developing tuberculosis were exposed to tuberculosis in the home 

	    Nachman, 2011
	2004–2008
	0-3
	South Africa
	Prospective trial data of HIV-exposed infants (N=1329)
	45 children developed tuberculosis; 28% were exposed to tuberculosis in the home. Very few children were excluded at baseline due to exposure to a known source case*

	Cross-Sectional Surveys
	
	
	
	
	

	    Martinez, 2017
	1931–2015
	<15
	14 countries
	Systematic review of tuberculin surveys (N=170615)
	Household exposure at the population-level was low; <25% of transmission occurred in households

	    Khan, 2016
	2012
	2-4
	Malawi
	Tuberculin survey (N=3170)
	<10% transmission occurred in households with a tuberculosis case

	    Dorjee, 2018
	2017–2018
	13†
	Tibet
	Tuberculin survey (N=5234)
	<10% of childhood infections were attributable to recent household exposure

	    Cranmer, 2014
	1999–2002
	0.5
	Kenya
	T-SPOT.TB survey (N=128)
	14% of infants with a positive T-SPOT.TB were exposed to a parent with active tuberculosis

	    Lule, 2015
	2002–2005
	5
	Uganda
	T-SPOT.TB survey (N=886)
	20% of T-SPOT.TB positive children were exposed to a tuberculosis case

	    Ganmaa, 2018
	2015–2017
	6–13
	Mongolia
	QuantiFERON-TB survey (N=9810)
	13.1% of tuberculosis infections were attributable to household tuberculosis exposure

	Molecular Studies
	
	
	
	
	

	    Schaaf, 2003
	1993–1998
	≤15
	South Africa
	Population-based; all culture-confirmed pediatric cases (N=35)
	34% of diseased children were part of a cluster with a household tuberculosis case

	    Guthrie, 2018
	2005–2014
	<18
	British Colombia
	Population-based; all culture-confirmed pediatric cases (N=49))
	70% of transmission occurred either in a foreign country or locally but outside the household

	Mathematical Modeling 
	
	
	
	
	

	    Andrews, 2014
	2009
	<15
	South Africa 
	Modelling with support from empirical social network interaction data 
	25-30% of new tuberculosis infections in children occurred in households 

	   
	
	
	
	
	


† Represents	 the median age of the cohort.
‡Definitions found in online supplement
* Few children were excluded at baseline due to exposure to a known source case (Personal Communication from Dr. Sharon Nachman).























Table 2. Potential Public Health Strategies for Pediatric Tuberculosis in High-Burden Settings. 

	Strategy
	Target Population
	Delivery Platform

	Test
	Pros
	Cons

	Screening and Intervention strategies

	Mass routine screening
	Children (ages 1-5 years or     1-15 years)
	Community-based 
(e.g. community health workers, schools, churches, etc.)16,30,36
	Clinical assessment; 
chest radiography, smear, culture; QFT/TST
	High diagnostic yield given mass screening, likely highest averted disease burden42
	
Optional research needed to determine optimal delivery platform

High cost intervention, cost-effectiveness evaluation is needed


	Routine screening of young children at vaccination visits
	Children        (<2 years)
	Infant health/immunization visits; Expanded Program of Immunization45
	Symptomatology, QFT/TST, followed by diagnostics for active tuberculosis if positive
	
Potentially high-coverage screening for at-risk group

Good feasibility with integration opportunity

QFT tests have higher predictive value among young children

Opportunity for targeted preventive therapy

	
Symptom screens, QFT, and TST are imperfect prognostic tests

TST has limited predictive value where BCG vaccines are administered

2nd visit required for TST 

QFT is expensive; cost-effectiveness analyses are needed


	Active screening in healthcare facilities
	Children (ages 1-15 years) in healthcare setting
	Health clinics and
Hospitals
	Clinical assessment; 
chest radiography, smear, culture; QFT/TST
	
Higher predictive value for screening given high-risk pediatric group*
	
Yield of all pediatric tuberculosis this would find needs further study

Integration and coverage may be challenging 

Test only subset of at-risk population



	Future Approaches

	Prognostic assays to identify incipient tuberculosis
	Children
	Healthcare facilities, mass screening in communities
	Gene expression assays and others
	Gene expression assays have shown promising prognostic value in adolescents and adults42,43
	More research needed to determine efficacy and cost-effectiveness

	Indoor environmental modifications 
	Children and adults
	Community-based but targeted to specific high-risk settings (hospitals, clinics, public transport, church, etc.)
	N/A
	No additional demand on health care workers

Sustainable intervention that may have benefits for years
	Operational research needed on effectiveness

Changes need acceptance from community and leaders

Expense is unclear and may vary by setting

	[bookmark: _GoBack]
	
	
	
	
	
	


We outline potential approaches to detecting pediatric tuberculosis derived from community settings. Generally, all potential strategies will require operation research and cost-effectiveness analyses prior to implementation. 
Abbreviations: LRTIs, lower respiratory tract infections. TST, tuberculin skin test. QFT, QuantiFERON Gold In-Tube test. TB, tuberculosis.
* Pediatric tuberculosis has been documented to be reasonably correlated with respiratory infections and other healthcare needs requiring clinic visit, hence this may be a high-risk subgroup where screening would be efficient.15,46,47
 

Figure 1. Estimation of the Population Attributable Fraction of Transmission to Children Attributable to Household Tuberculosis Exposure† [image: ]

† We only include studies in this figure with information available on the prevalence of household exposure at the population level and the relative risk of transmission to a child due to household exposure. Molecular epidemiology studies and mathematical modeling studies included in the Table are not included here. The systematic review on tuberculin surveys includes 10 studies but is represented as pooled values in this figure as presented in Martinez et al, 2017. We also include two data points for Khan, 2018. The first (◎1) uses any exposure <200 meters from the participant’s household (including household exposures) as the parameter. The second (◎2) uses exposures that occurred only directly inside the participant’s household.  
































Figure 2. Pediatric Tuberculosis Disease Risk and Yield from Households and the General Community. 
[image: ]
Children in households with a tuberculosis case have high individual-risk of tuberculosis transmission but have much greater chance of being exposed to a tuberculosis case from community settings such as schools, health clinics or hospitals, public transportation, other households, etc. The population-level impact of community exposures leads to high population-level transmission impact to children. In addition, individuals in households that may expose children remain the same over time, individuals that can expose children in community settings are consistently replaced over time. 







Key Messages:
· Conventional knowledge and policy reflect the hypothesis that the majority of pediatric tuberculosis occurs from transmission within the household, rather than in the community.
· The current public health strategy of household contact tracing of children after identification of an adult tuberculosis case has been emphasized as the principal public health intervention for pediatric tuberculosis, which is predicated on the theory that the majority of children are infected with tuberculosis through a household contact. 
· We estimate that the population attributable fraction of pediatric tuberculosis transmission due to household exposure is between 10-30%, which is substantially lower than previously thought.
· At the population-level, transmission from the household was low (<30%) even in young children below 5 years of age.
· We propose that new public health strategies are necessary to address childhood tuberculosis will require comprehensive, community-based interventions in addition to household contact tracing.


Search strategy and selection criteria:

We first searched for any previous narrative or systematic review that attempted to quantify the population attributable fraction of tuberculosis transmission to children due to household exposure. None were found. We did find several review articles attempting to quantify the percent of adult tuberculosis transmission attributable to household exposure. All of these studies excluded children. We then searched MEDLINE and Google Scholar for articles published before December 1, 2018. We used the search terms “child”, ‘tuberculosis’, “conversion”, “transmission”, "community", “pediatric”, “paediatric”, “household”, amongst others. We also reviewed reference lists, bibliographies, our personal files, and other narrative reviews on tuberculosis transmission for additional relevant articles. We read abstracts in any language if relevant.
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