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Abstract   
Introduction: Tuberculosis (TB) remains a critical global health challenge, disproportionately 

affecting high-burden regions in Southern Africa. Household contacts of people with TB (PWTB) 

face elevated risks of Mycobacterium tuberculosis (Mtb) infection, yet gaps persist in 

understanding predictors of transmission and the role of multimorbidity (e.g., HIV, malnutrition, 

non-communicable diseases). This PhD research investigated predictors and transmission 

dynamics of household Mtb in high TB incidence settings.   

Methods: The research was nested within the multinational ERASE-TB cohort study in which 

household contacts (≥10 years) of adult microbiologically confirmed (medium-high) PWTB were 

recruited from Zimbabwe, Mozambique and Tanzania. Three interrelated studies were conducted. 

The first characterised multimorbidity and socioeconomic disparities in TB-affected households. 

The second developed and evaluated predictive models for Mtb infection (IGRA positivity) among 

household contacts using multivariable regression with cross-validation and decision curve 

analysis. The third employed mixed-effects logistic regression to assess influence of HIV/ART 

status of PWTB on household transmission dynamics. 

Results: Findings from the first study reveal a substantial burden of chronic conditions and 

socioeconomic disparities that amplify TB risk. Multimorbidity affected 61% of adults, with high 

prevalence of HIV (15%), malnutrition (18%), and diabetes (9.4%). Predictive models 

demonstrated limited utility (AUROC: 0.59–0.60), reflecting challenges in using individual- and 

household-level factors for Mtb infection risk stratification in settings with high community 

transmission. The third study demonstrated that HIV-positive PWTB not on ART exhibited 55% 

lower odds of household Mtb transmission (aOR: 0.45, 95% CI: 0.29–0.69) compared to HIV-

negative PWTB and those on ART, even after controlling for bacterial burden and symptom 

duration. 

Conclusion: Household Mtb transmission in high-burden settings is shaped by intersecting 

biological, socioeconomic, and structural factors. Findings emphasize the importance of 

integrated health screening as a means to improve household health and potentially reduce risk 

of progression to TB among household members. While predictive models showed limited clinical 

utility, this underscores the dominance of community transmission. The reduction in transmission 

among untreated HIV-positive PWTB challenges conventional assumptions, suggesting 

unmeasured behavioural or healthcare access mediators.  Policies must prioritize integrated 

health screening among TB-affected households, context-adapted Mtb diagnostics, and 

innovative TB/HIV program integration. Future research should explore feasibility of integrated 

health screening, develop effective and affordable diagnostic tools and explore mechanisms 

underlying HIV/ART-related transmission dynamics to optimize prevention strategies.   
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2. Introductory summary 

2.1 Global tuberculosis background 

Tuberculosis (TB) remains a major public health problem, with more than 10 million new cases 

and 1.2 million deaths globally in 20231. Southern Africa bears a disproportionate burden, 

accounting for nearly 30% of global TB cases, driven by high HIV prevalence and socioeconomic 

inequities.2 Despite being preventable and typically curable, a persistent gap in prevention, 

diagnosis, and treatment continues. TB, caused by Mycobacterium tuberculosis (Mtb) complex, 

is primarily spread through aerosols, putting household members of people with TB (PWTB) at 

high risk of infection.3 An estimated quarter of the global population is infected with Mtb4; of which 

10% will progress to active TB in their lifetime. Chronic and non-communicable conditions 

including malnutrition, diabetes, chronic obstructive pulmonary disease (COPD), and HIV/AIDS 

can weaken the immune system, making individuals more susceptible to infections, including Mtb. 

TB preventive therapy (TPT) can reduce the risk of TB by up to 90% and therefore it is a 

cornerstone of the World Health Organisation's (WHO) ‘End-TB strategy’. 

In 2014, WHO ‘End-TB’ Strategy set out to achieve a 90% reduction in TB incidence and 95% 

reduction in TB deaths by 2035, with 2020 and 2025 milestones already missed.5 Achieving the 

End-TB targets requires innovative strategies to screen, diagnose and treat TB at earlier stages 

to prevent onward transmission and better-targeted, shorter and more effective TPT.2,6,7  

The first United Nations (UN) High-Level Meeting on TB in 2017 set ambitious five-year 

commitments and targets that included specific goals for TPT coverage. These targets were not 

achieved and were subsequently revised in 2023, with a new goal of reaching 90% TPT coverage 

among household contacts by 2027, while emphasising integrating TPT into primary healthcare. 

Household contacts of PWTB are recognized as a high-risk group for TB and hence they are an 

important group for targeted interventions e.g. early diagnosis through case finding and TPT. 

Although the majority of Mtb transmission may occur outside the household,8 household contacts 

are readily identifiable and contribute an important proportion of Mtb transmission events. Hence, 

interventions targeted towards TB household contacts may be an effective approach to reducing 

population-level TB burden.9,10 These may include TB screening and TPT for contacts at the 

highest risk of getting infected with and progressing to TB disease. Also, integration of other 

services such as testing and treatment for HIV or diabetes as well as malnutrition into household 

contacts tracing may provide an opportunity to improve people’ immune system ultimately 

preventing progression to TB.  
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TPT is currently recommended by the WHO for children aged <5 years who are household or 

close contacts of people with bacteriologically confirmed pulmonary TB as well as adults living 

with HIV.11 TPT is conditionally recommended older children, adolescents and adults who are TB 

household contacts, TPT is conditionally recommended , following exclusion of TB by clinical 

evaluation, and ideally after a test for Mtb infection such as tuberculin skin tests (TST) or 

interferon-gamma release assays (IGRA).11 Despite the availability of preventive therapy, its 

implementation particularly in Southern Africa, remains limited due to challenges that include 

suboptimal predictive value of the tests,12 resources unavailability, and weak integration of TB 

preventive strategies into routine healthcare services.13–15  

To address these challenges, strategies proposed include the development and application of 

innovative techniques capable of more accurately predicting household Mtb infections while 

accessible, especially in limited resource settings, as well as research into household 

transmission dynamics. Integrated screening for chronic conditions such as undernutrition, HIV 

and diabetes among TB-affected households may also provide valuable insights into the risk 

factors and mechanisms of Mtb transmission and TB disease and provide an avenue by which 

people with chronic conditions can be offered TPT, or the underlying condition addressed, 

reducing the risk of progression to TB disease.16 Such efforts aim to better direct TPT to 

individuals at the highest risk of developing TB in settings with limited resources such as 

laboratory equipment, sophisticated infrastructure and trained personnel. 

2.2 Rationale and Objectives 

The persistent global TB epidemic is driven by complex interactions between biological, social, 

and structural determinants. While TPT is a cornerstone of the WHO End-TB Strategy, its global 

roll-out has been stymied by a lack of accurate diagnostic tests to identify individuals recently 

infected with Mtb infection. This is most pronounced in high TB-burden settings where access to 

diagnostics such as TST and IGRA is limited, leading to either widespread overtreatment or 

restricted access to TPT for those who could benefit most,1 with the latter being the most common. 

Household contacts of PWTB are a readily identifiable high-risk group, presenting an opportunity 

for targeted interventions. However, the high prevalence of two or more coexisting conditions 

(multimorbidity) in TB-affected households, including HIV, malnutrition, and non-communicable 

diseases (NCDs), adds complexity to designing and implementing effective strategies. 

Addressing these intertwined health challenges requires innovative diagnostic and predictive 

tools, as well as the integration of TB services with broader primary healthcare systems. 

Given the high susceptibility of household contacts to Mtb infection, it is crucial to identify and 

manage chronic diseases associated with immunosuppression that may exacerbate the risk of 
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progression to disease once infected. Screening for conditions such as HIV, malnutrition, 

diabetes, and chronic lung disease can help in early detection and timely intervention, thereby 

mitigating the spread of Mtb within households. Understanding individual and household level 

characteristics as well as the burden of multimorbidity within TB-affected households could be 

critical to informing factors that can predict the susceptibility of individual members to TB. 

In the pre-ART era, rising HIV prevalence was a strong driver of increased TB incidence across 

Southern Africa.17,18 More recently, the wide availability of antiretroviral therapy (ART) has led to 

a change in TB epidemiology and hence the need to explore the impact of the HIV and ART status 

of the PWTB on transmitting Mtb to their household contacts. 

This PhD research, nested within the Early Risk Assessment in TB contactS by new diagnostic 

tEsts (ERASE-TB) cohort study,19 aims to address these gaps by developing and evaluating 

predictive models, and exploring household Mtb transmission dynamics. Such knowledge is 

critical to informing policy and improving the implementation of targeted TB preventive 

interventions. 

2.2.1 PhD Objectives 

1. To assess the characteristics of TB-affected households, burden of multimorbidity and 

role of integrated health screening in high TB-burden settings. 

2. To identify household and individual level factors that predict household Mtb infection 

among household contacts of PWTB, including multimorbidity and the impact of HIV and 

ART status. 

3. To develop and validate predictive models that incorporate integrated health screening 

data to identify individuals at highest risk of Mtb infection. 

4. To understand how HIV and ART status of PWTB impacts household Mtb transmission in 

high TB incidence settings 

2.3 Methods  

2.3.1 Study design and setting 

This PhD research was embedded in a large multi-national, observational, prospective cohort 

study ERASE-TB that was conducted in three East and Southern African countries; Maputo 

(Mozambique), Mbeya (Tanzania), and Harare (Zimbabwe).  

The research paper D (appendix B) details all ERASE-TB study procedures. At each study visit 

(every 6 months for up to 24 months), enrolled household contacts underwent TB screening 
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(WHO symptom screen and chest X-ray, followed by Xpert MTB/Rif Ultra if either was suggestive 

of TB) and collection of samples for novel diagnostic tests and biobanking. All household contacts 

who were offered HIV testing if they were not known to be living with HIV. IGRAs (STANDARDTM 

F TB-Feron FIA [IFN-gamma; SD Biosensor, Republic of Korea]) were conducted at baseline and 

at subsequent visits dependent on reagent availability. Individual and household-level 

questionnaires collected data on socioeconomic characteristics, living conditions, past medical 

history, and risk factors associated with Mtb infection. 

2.3.2 Study Population 

Household contacts aged ≥10 years living with recently diagnosed PWTB (index cases) were 

eligible for inclusion. Index cases were defined as adults (≥18 years) with a positive smear (at 

least +1) and/or a medium or high-level positive Xpert MTB/Rif sputum result. Household contacts 

were screened for TB using WHO-recommended symptom screening, chest X-rays, and IGRA 

testing, with pathogen sequencing data collected for index cases at the Zimbabwe site. 

2.3.3 Statistical analysis 

Epidemiological research methods were implemented, resulting in three manuscripts. Two 

manuscripts have been published whilst one has been submitted and is under review. The 

methodologies of the three papers were designed to build on one another, creating a cohesive 

progression from risk identification to predictive modelling and mechanistic exploration. 

2.3.3.1  Paper A: HIV, malnutrition, and non-communicable disease epidemics among 

tuberculosis affected households in East and Southern Africa: A cross-sectional 

analysis of the ERASE-TB cohort  

The analysis for this paper focused on describing the prevalence and distribution of multimorbidity 

among household contacts. Descriptive statistics, including means, medians, and proportions, 

were used to summarise demographic and clinical characteristics. Logistic regression models 

were employed to explore associations between multimorbidity and various demographic, clinical, 

and household-level factors, such as age, sex, HIV status, and household crowding. These 

models allowed for the identification of key predictors of multimorbidity. 

2.3.3.2  Paper B: Prediction models for Mtb infection among adolescent and adult 

household contacts in high tuberculosis incidence settings  

In this study, the dataset was split into a training (70%) and evaluation (30%) dataset. A 10-fold 

cross-validation technique with stepwise-backward elimination was used to develop predictive 
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models for Mtb infection, as measured by IGRA results using the training dataset. Two models 

were developed, one model with basic individual- and household-level predictors, ascertainable 

from the person with TB by a nurse or community health worker using just a questionnaire (basic 

model) and another with all eligible individual and household predictors (comprehensive model). 

Paper A and a systematic review of the literature (currently drafted for publication) informed the 

predictors selected for the models. Candidate predictor variables included both individual- and 

household-level factors, and index case characteristics. Models’ predictive performance was 

assessed using the area under the receiver operating characteristic curve (AUROC) to evaluate 

discrimination, alongside sensitivity and specificity measures on an evaluation dataset. Decision 

curve analysis was applied to determine the net clinical benefit of using these models compared 

to universal treatment approaches, offering a practical evaluation of their utility in resource-limited 

settings. A sensitivity analysis was done using endline IGRA test results 

2.3.3.3  Paper C (Appendix A): Impact of HIV and ART status of persons with 

tuberculosis on household Mtb transmission in high tuberculosis incident 

settings 

The impact of HIV and ART status of the PWTB on Mtb transmission was analysed after HIV 

appeared as a prevalent risk factor in paper A, and with the highest predicting score in paper B. 

Mixed-effects logistic regression models were used, accounting for clustering of contacts within 

the same household. The models were adjusted for confounding factors (including age and sex 

of household contacts and PWTB) and mediators (bacterial burden, symptom duration) ensuring 

a comprehensive evaluation of the relationship between HIV/ART status and transmission 

dynamics. Sensitivity analyses using adolescent household contacts (≤ 19 years) were conducted 

to assess the robustness of the findings, particularly concerning potential misclassification of 

extra-household transmission.  

2.4 Results 

2.4.1 Paper A: HIV, malnutrition, and non-communicable disease epidemics 
among tuberculosis affected households in East and Southern Africa: A 
cross-sectional analysis of the ERASE-TB cohort  

The study revealed high prevalence of behavioural factors and chronic disease associated with 

increased risk of Mtb infection and TB disease among both PWTB and household contacts. Whilst 

smoking was significantly higher in men (16% compared to 1.4% in women), smoking was 

uncommon, with 7.1% of participants reporting ever smoking. Alcohol consumption was more 
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prevalent, with 33% of participants reporting ever having drank alcohol. AUDIT-C screening 

revealed hazardous alcohol consumption levels of 21% in men, 9% amongst women and 1.5% in 

adolescents. Socioeconomic deprivation was widespread, with 20% of households experiencing 

overcrowding (at least three people per room) and 90% living below the international poverty line 

(USD $ 1.90 per person per day). On average each household hosted five individuals. Food 

insecurity was significantly higher in urban-based sites (Mozambique; 35% and Zimbabwe; 41%) 

compared to Tanzania (5.8%) which was predominantly a rural site, reflecting differences in urban 

versus rural contexts. These factors underscore the interplay of behavioural and socioeconomic 

determinants in shaping TB risk within households.  

The analysis of multimorbidity among TB-affected households revealed a significant burden of 

chronic conditions, with 61% of adults found to have at least one chronic disease. There was high 

prevalence of conditions associated with increased risk of TB (HIV 15%, malnutrition 18% and 

diabetes 9.4%). Except HIV, most people with chronic and non-communicable diseases were 

undiagnosed and hence untreated, prior to recruitment. Logistic regression identified significant 

predictors of multimorbidity, including age, HIV status, and household socioeconomic conditions. 

2.4.2 Paper B: Prediction models for Mtb infection among adolescent and adult 
household contacts in high tuberculosis incidence settings  

Prediction models were developed using data from household contacts to identify factors 

associated with baseline IGRA positivity. A comprehensive model was developed incorporating 

all ‘good-to-have’ variables related to Mtb infection, including factors identified in paper A; HIV 

status of PWTB and household contact, household crowding, nutritional status and food 

insecurity. This enhanced model showed modest performance, achieving an AUROC of 0.60. 

Applying this model necessitated evaluation of each individual household contact. Thus, a basic 

model was created including six key predictors ascertainable through lay healthworker 

interviewing of a household contact: contact’s age, caregiver role, index case’s symptom duration, 

HIV status, Xpert MTB/Rif positivity category and household crowding. This model also 

demonstrated moderate discriminatory performance (AUROC 0.59). A sensitivity analysis using 

IGRA positivity at the last visit did not change the performance of the models. A risk score 

applicable to clinical settings was developed from the basic model. Index case’s symptom 

duration above 3 months demonstrated the highest predicting score while HIV-positive index 

cases who were not on ART had the lowest predicting score. Calibration plots revealed that the 

model lacked stability, as the predicted probabilities did not maintain a consistent relationship with 

the observed outcomes. Decision curve analysis indicated that the prediction models 

demonstrated lower net clinical benefit compared to the ‘treat all’ strategy across all threshold 
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probabilities. This study suggests that the developed prediction models do not add value in 

guiding TPT use in high-tuberculosis burden settings.  

2.4.3 Paper C (Appendix A):  Impact of HIV and ART status of persons with 
tuberculosis on household Mtb transmission in high tuberculosis incident 
settings 

Paper A revealed that HIV is common among PWTB (32% prevalence, of which 11% were not 

on ART). Paper B indicated that HIV and ART status of PWTB was an important predictor of Mtb 

transmission within a household. Paper C explored this further: household contacts exposed to 

PLWH who were not on ART had significantly lower odds of IGRA positivity (aOR 0.45, 95% CI 

0.29-0.69) compared to contacts exposed to those who were on ART and HIV-negative PWTB, 

after adjustment for important confounders. This association persisted even after accounting for 

bacterial burden and symptom duration (potential mediators of the association), suggesting that 

PWTB who are living with HIV but not on ART transmitted Mtb at lower rates compared to HIV-

negative or people with HIV and on ART, independent of traditional markers of infectiousness. 

Household contacts of PWTB who were living with HIV and on ART faced higher transmission 

risks, similar to those of HIV-negative PWTB. 

This study also revealed that 30% of HIV-positive PWTB were diagnosed with HIV at the time of 

TB diagnosis, underscoring missed opportunities for earlier HIV diagnosis and care. Time to 

culture positivity was shortest among HIV-negative TB patients and longer among PLHIV not on 

ART, further highlighting the interplay between bacterial load, immune suppression, and 

transmission dynamics. 

2.5 Discussion 

This PhD research aimed to investigate predictors of Mtb transmission in high TB-incidence 

settings, using data from the ERASE-TB cohort. The synthesis of findings provides a nuanced 

understanding of household-level and individual-level factors contributing to transmission 

dynamics. Each paper addresses a distinct aspect of this complex issue, providing a 

comprehensive view of the challenges and opportunities for targeted interventions.  

By first identifying behavioral risk factors and multimorbidity patterns in TB-affected households 

(Paper A), I developed predictive tools to prioritize high-risk contacts (Paper B). Paper C refined 

these insights by contextualizing HIV/ART’s role in transmission dynamics. Collectively, these 

studies advance a unified framework for understanding household Mtb transmission in high-TB 

burden settings, in an era of high population-level awareness of HIV status and coverage of ART. 
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Figure 2.1 shows the progression of the three papers and their contribution to the PhD aim. 

Figure 2.1: Conceptual framework for the PhD research 

 

Paper A underscores the high prevalence of multimorbidity in TB-affected households, with a 

significant burden of HIV, malnutrition, and NCDs including diabetes – all factors associated with 

immunosuppression, high risk of progression to TB and hence individuals that would benefit from 

TPT. This paper provides further evidence of the overlapping epidemics (social and biological) 

that compound vulnerability to Mtb transmission and thus TB. The findings emphasize the 

importance of integrated health screening as a means to improve household health and potentially 

reduce risk of progression to TB among household members. By identifying clusters of modifiable 

risk factors, this work demonstrates the importance of multimorbidity in the context of TB 

vulnerability, emphasizing the need for holistic integrated health strategies. Further, this research 

informed papers two and three by highlighting the complex interplay of biological, social, and 

structural determinants TB-affected households face which may impact on risk of Mtb 

transmission and TB disease. 

Paper B focuses on developing predictive models for Mtb infection among household contacts. 

Although the models showed modest predictive performance, they provided valuable insights into 

risk factors associated with IGRA positivity. These include age, caregiver role, and index case 

characteristics. These findings underscore the inadequacy of the prediction models in accurately 

predicting Mtb infection within high-TB-incidence settings, probably due to the high levels of 

community transmission. This paper advances the methodological framework for identifying high-
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risk individuals, laying the groundwork for targeted preventive strategies. The modest 

performance of the models also highlights the limitations of relying solely on individual- or 

household-related predictors in high TB-burdened settings, where community transmission plays 

a significant role. Paper B also highlights the need for innovative diagnostic approaches tailored 

to resource-limited contexts where there is a high prevalence of community transmission.  

Paper C explores the impact of HIV and ART status on household Mtb transmission. In a 

population of PWTB who have high bacterial loads, HIV-positive PWTB not on ART had lower 

transmission likelihood compared to those on ART or HIV-negative individuals, even after 

adjusting for confounders and variables on the causal pathway. This counters conventional 

understanding that lower Mtb transmission among people with TB and HIV but not on ART was 

mostly attributable to the pauci-bacillary nature of the disease resulting from compromised 

immunity. Our intriguing finding underscores the complexity of transmission dynamics, 

hypothesizing that behavioral, biological and other factors such as better access to health care 

(including proactive screening for TB) affect duration of infectiousness (which is not necessarily 

synonymous with symptom duration). Additionally, despite the widespread availability of free HIV 

testing and ART 20–22, 30% of PLHIV with TB were previously undiagnosed with HIV. This 

suggests loopholes to current community-based HIV interventions on equitable access to HIV 

testing particularly to people at high risk of TB. These findings emphasise the importance of 

targeted and integrated TB and HIV programs to optimise prevention strategies and reduce 

household transmission. This paper adds critical evidence to our understanding of how HIV-

related factors influence Mtb transmission dynamics. It also highlights the need for further 

research into the mechanisms underlying reduced transmission among HIV-positive individuals 

not on ART.  

Collectively, the three manuscripts contribute significantly to the overarching aim of investigating 

predictors of Mtb transmission in high TB-incidence settings. Beginning with a foundational 

understanding of characteristics and health challenges within TB-affected households, 

emphasizing the need for integrated health approaches. The research advanced the 

methodological framework for identifying high-risk individuals, laying the groundwork for targeted 

preventive strategies. The study concluded by adding depth to our understanding of how HIV-

related factors influence transmission dynamics, providing critical insights for tailoring 

interventions in diverse epidemiological contexts. 

2.5.1 Policy Implications 

This research highlights the necessity of addressing TB prevention through a multifaceted lens. 

Key recommendations for policymakers include: 
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1. Integrated Health Services:  

i. Integrate TB screening with broader health assessments for social risk factors 

such as smoking, alcohol intake, malnutrition, and NCDs to optimize household-

level interventions. 

ii. Targeted strengthening and integrating of HIV and TB programs to address missed 

opportunities for early HIV diagnosis and ART initiation, as highlighted by the high 

proportion of undiagnosed HIV among TB patients. 

2. Scalable Diagnostic Tools: Prioritize the development and deployment of context-

appropriate, affordable diagnostic tools to improve diagnostic accuracy for identifying 

those most in need of preventive strategies in high-burden settings. 

These recommendations align with the WHO’s End-TB Strategy and emphasise the need for 

holistic, equity-focused approaches to TB control. 

2.5.2 Future Research 

This research highlights the need for future studies focusing on: 

1. Diagnostic Innovations: Developing affordable, effective and context-appropriate 

diagnostic tools to improve risk stratification while at the same time catering for people 

across different age ranges, risk factor patterns and with or without chronic single or 

multiple diseases. 

2. Implementation Research: Evaluating the feasibility and impact of integrated health 

approaches within primary healthcare systems, particularly in resource-limited settings. 

3. Longitudinal Studies: Exploring the long-term effects of ART on Mtb transmission 

dynamics to optimize HIV-TB co-management strategies as well as investigating the 

paradoxical finding of reduced transmission among HIV-positive individuals not on ART to 

disentangle behavioural, biological, and healthcare access factors. 

Such research will bridge gaps in knowledge and practice, paving the way for sustainable TB 

prevention in high-burden regions. 

This PhD research underscores the complex nature of household Mtb transmission, highlighting 

the critical need for integrated and targeted approaches in addressing transmission and thus 

reducing TB incidence. By bridging gaps in knowledge and practice, these findings pave the way 

for more effective and sustainable TB prevention efforts in high TB-burden settings. 
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Abstract

Background

As a result of shared social and structural risk factors, people in households affected by

tuberculosis may have an increased risk of chronic conditions; at the same time, tuberculo-

sis screening may be an opportunity for interventions. We sought to describe the prevalence

of HIV, nutritional disorders, and noncommunicable diseases (NCDs) among members of

tuberculosis-affected households in 3 African countries.

Methods and findings

A part of a multicountry cohort study, we screened for tuberculosis, HIV, nutritional disorders

(underweight, anaemia, overweight/obesity), and NCDs (diabetes, hypertension, and

chronic lung disease) among members of tuberculosis-affected households aged�10

years in Mozambique, Tanzania, and Zimbabwe. We describe the prevalence of these con-

ditions, their co-occurence within individuals (multimorbidity) and household-level cluster-

ing. Of 2,109 household contacts recruited, 93% (n = 1,958, from 786 households) had
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complete data and were included in the analysis. Sixty-two percent were female, median

age was 27 years, and 0.7% (n = 14) were diagnosed with co-prevalent tuberculosis. Six

percent of household members (n = 120) had previous tuberculosis, 15% (n = 294) were liv-

ing with HIV, 10% (n = 194) had chronic lung disease, and 18% (n = 347) were anaemic.

Nine percent of adults (n = 127) had diabetes by HbA1c criteria, 32% (n = 439) had hyper-

tension. By body mass index criteria, 18% household members (n = 341) were underweight

while 29% (n = 549) were overweight or obese. Almost half the household members (n =

658) had at least 1 modifiable tuberculosis risk factor. Sixty-one percent of adults (n = 822)

had at least 1 chronic condition, 1 in 4 had multimorbidity. While most people with HIV knew

their status and were on treatment, people with NCDs were usually undiagnosed and

untreated. Limitations of this study include use of point-of-care HbA1c for definition of diabe-

tes and definition of hypertension based on single-day measurements.

Conclusions

Households affected by tuberculosis also face multiple other health challenges. Integrated

approaches to tuberculosis screening may represent an opportunity for identification and

treatment, including prioritisation of individuals at highest risk for tuberculosis to receive pre-

ventive therapy.

Author summary

Why was this study done?

• Tuberculosis-affected households are a particular priority group for interventions to

address infectious, nutritional, and noncommunicable causes of illness and death.

These household members may be at particular risk of these conditions due to underly-

ing structural determinants of health, while the opportunity to intervene presented by

tuberculosis screening may enable chronic conditions to be addressed, reducing tuber-

culosis incidence and improving overall health.

• Few studies have reported on the prevalence of conditions other than HIV among mem-

bers of TB-affected households, therefore the burden of infectious, nutritional, and non-

communicable diseases within TB-affected households is unknown.

What did the researchers do and find?

• As part of a cohort study of people living in tuberculosis-affected households in 3 east/

southern African countries, we screened 1,958 adolescents and adults for tuberculosis,

HIV, nutritional disorders (including underweight, anaemia, overweight/obesity), and

noncommunicable diseases (NCDs; diabetes, hypertension, and chronic lung disease).

• We found a high prevalence of these conditions and identified a very large gap in access

to care for NCDs. While some conditions clustered within households (HIV, undernu-

trition), others (NCDs) did not.
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• One in 2 tuberculosis household contacts had a modifiable tuberculosis risk factor

(HIV, diabetes, chronic lung disease, underweight, current smoker, or potential alcohol

misuse) while one in 5 had 2 or more chronic conditions (i.e., multimorbidity), most

commonly due to the coexistence of HIV and an NCD.

What do these findings mean?

• In Africa, households affected by tuberculosis are impacted not only by tuberculosis but

by multiple colliding epidemics including HIV, malnutrition, and NCDs.

• Screening for tuberculosis among household contacts represents an opportunity to

intervene, improving the health of a vulnerable community while preventing tuberculo-

sis. There is now clear evidence, including that from this study, to justify such an

approach.

• Implementation research including health economic evaluations are now needed to

support guideline development and scale up.

Introduction

The epidemiological transition model describes a shift in population-level burden of disease

from infections and undernutrition to noncommunicable diseases (NCDs) due to social, eco-

nomic, and demographic change. However, the reality is often a “double” or “triple” burden of

disease; resulting from an increased prevalence of NCDs, and associated risk factors, and a

slow decline or persistence of infectious diseases and malnutrition [1]. This collision of epi-

demics is reinforced by shared underlying structural and social determinants of health includ-

ing poverty, low health literacy, and lack of universal health coverage [2]. Consequently, the

impact is greatest among socioeconomically vulnerable communities who can least afford the

consequences of ill health [3,4].

Chronic conditions, including HIV, diabetes, undernutrition, and behavioural risk factors

such as alcohol use disorder and smoking are the major attributable causes of tuberculosis

globally [5]. While transmission of diseases such as tuberculosis and HIV commonly occurs

within households, households also share behavioural (e.g., diet, smoking, physical activity)

and genetic characteristics. As a result, members of tuberculosis-affected households may be at

increased risk of both infectious and noncommunicable chronic conditions; however, the

existing evidence is limited. In Africa, previous studies have described the prevalence of HIV

(systematic revew of 13 studies; pooled prevalence 7.3% [6]) or diabetes (n = 3 studies, preva-

lence range 5.2% to 17.4% [7–9]). No previous studies from Africa have explicitly evaluated

prevalence of undernutrition, obesity, or chronic lung disease among members of tuberculo-

sis-affected households and none have considered more than one of these conditions or

described their overlap in individuals and households.

Systematic screening for tuberculosis among household contacts may present an opportu-

nity to identify and treat chronic conditions and risk factor clusters, reducing progression to

tuberculosis and improving overall health [9–11].

As part of a multinational, observational, prospective cohort study (Early Risk Assessment

in tuberculosis contactS by new diagnostic tEsts [ERASE-TB]), we sought to describe the prev-

alence of HIV, nutritional disorders, and NCDs among members of tuberculosis-affected
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households in 3 African countries. We hypothesised that the prevalence of these conditions

would be high, that most NCDs would be undiagnosed or untreated, and that there would be

evidence for clustering of chronic conditions at household level.

Methods

ERASE-TB study overview

The ERASE-TB study protocol has been published [12]. In brief, the study consists of 3 pri-

mary and 3 secondary objectives. The primary ERASE-TB objectives relate to determination

of diagnostic accuracy of novel tuberculosis tests to diagnose TB earlier, using prospective

cohort data. The secondary objectives are (1) to determine Mycobacterium tuberculosis infec-

tion prevalence among household contacts at baseline and during follow-up; (2) to establish a

biorepository of cryopreserved specimens for future development and validation of diagnostic

tests; and (3) to assess the prevalence of selected chronic diseases among household contacts

and their association with tuberculosis. Secondary objective 3 is addressed in the present

manuscript.

The study population is people aged at least 10 years old and living with someone with

recently diagnosed, highly infectious, microbiologically confirmed (Xpert MTB/RIF “medium”

or higher) pulmonary tuberculosis, enrolled at 3 sites (Maputo, Mozambique; Mbeya, Tanza-

nia; and Harare, Zimbabwe; recruitment: March 2021 to March 2023) and followed up every 6

months for up to 24 months (projected end date: December 2024). We use “household con-

tacts” to differentiate these individuals from the person with tuberculosis whose diagnosis

resulted in recruitment of the household. This analysis followed a prespecified analysis plan

(February 2022; S1 Appendix) and uses data collected at baseline or within the first 12 months

of follow up, if missing at baseline (S1 Appendix). Thus data contributing to this analysis were

collected between March 2021 and March 2024. The sample size was determined by the pri-

mary objective of determining sensitivity and specificity of novel tuberculosis diagnostics.

Definition of chronic conditions

Baseline data were used for analysis. If NCD testing was not done at baseline, it was performed

at a subsequent timepoint (Table A in S1 Appendix). Tuberculosis screening comprised a

World Health Organization (WHO) symptom screen and chest X-ray, followed by Xpert

MTB/Rif Ultra (Cepheid, USA) if either suggested tuberculosis. Point-of-care HIV testing fol-

lowed national guidelines and height and weight were measured for calculation of body mass

index (BMI). Handheld spirometry (EasyOne Air or Easy on-PC) was performed according to

American Thoracic Society/European Respiratory Society (ATS/ERS) standards [13]. Among

adults aged 18 years and older, glycated haemoglobin (HbA1c) (A1c Care, SD Biosensor) test-

ing was offered and blood pressure assessed according to the WHO STEPwise approach to sur-

veillance protocol [13]. An interviewer-administered questionnaire included demographics,

medical history, smoking history, and the alcohol use disorders identification test short-form

(AUDIT-C) [14]. Conditions were categorised using internationally agreed definitions (Tables

B–D in S1 Appendix). While we use the terms diabetes and hypertension, these are based on

screening on a single day; we acknowledge that this does not fulfil diagnostic criteria [15,16].

Chronic lung disease was defined as previously diagnosed lung disease or an obstructive or

mixed defect on pre-bronchodilator spirometry, interpreted using ATS/ERS standards with

Global Lung Initiative “other” reference (S1 Appendix). Absolute BMI (adults) and BMI-for-

age Z-scores (adolescents) were used to create combined categories; notably BMI-for-age Z-

score <-2 among adolescents (termed “thinness” per WHO) was categorised as moderate/

severe underweight (Table C in S1 Appendix). Multimorbidity was defined as 2 or more
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chronic conditions in one individual [17]. Participants screening positive for any condition

were referred according to local standards of care.

Statistical analysis

Statistical analyses were performed in R (version 4.2.2); packages are detailed in S1 Appendix.

Analyses are reported in accordance with Strengthening the Reporting of Observational stud-

ies in Epidemiology (STROBE) guidelines (S1 STROBE Checklist). Following description of

missing data (Table F in S1 Appendix), a complete case records analysis was conducted. All

analyses, aside from analyses characterising household-level clustering (below) were adjusted

for household-level clustering using design-based standard errors.

The number of household contacts with symptoms or chest X-ray suggestive of tuberculo-

sis, and the number diagnosed with co-prevalent tuberculosis was described. Subsequent anal-

yses focused on other chronic conditions (HIV, diabetes, hypertension, anaemia, chronic lung

disease), BMI category, and stunting. For each of these, overall prevalence and prevalence

stratified by age category (adolescent [10, 17 years], younger adult [18,39], and older adult [40

and older]), sex and study site were calculated. Prevalence and associated 95% confidence

intervals (95% CI) were additionally stratified by sex and age-standardised to the WHO refer-

ence population using direct standardization to aid comparisons. HIV prevalence was addi-

tionally calculated stratified by HIV status of the person with tuberculosis as an exploratory

analysis. Following peer review, we additionally considered prevalence of chronic conditions,

stratified by area of residence (rural, per-urban, and urban) within the Tanzanian site where

participants across these areas were included.

Among adults, a cascade of care was constructed for HIV, diabetes, and hypertension. This

described the proportion of people with the condition who knew their status, the proportion

of those with known status who were on treatment, and the proportion of people of those who

had “disease control.” Disease control was defined as CD4>350 cells/μl for HIV, HbA1c

<6.5% for diabetes, and systolic BP<140 and diastolic BP<90 for hypertension. HIV viral

loads were not available.

We explored the coexistence of conditions within individuals through intersection plots,

and the trajectory of nutritional indices across years of age through calculation of age-specific

Z-scores among both adolescents and adults (S1 Appendix).

The clustering of conditions within households was described by constructing a multilevel

model including each condition, in turn, as the outcome, no individual-level explanatory vari-

ables, and a random-effect for household. The variation partition coefficient (VPC) and p-

value for a random-effect at household level was considered as a measure of the residual varia-

tion that is attributable to unobserved household characteristics, with the VPC being equiva-

lent to the intra-cluster correlation coefficient.

Sensitivity analyses

Recognising the insufficiency of single-day blood pressure measurements to confirm hyper-

tension [16,18] and in view of the very high prevalence of hypertension (based on a single-day

reading) in our dataset, we calculated the proportion of people categorised as “screening

detected” hypertension who were confirmed through a second elevated blood pressure mea-

surement at the subsequent follow-up visit.

Ethical considerations

Informed written consent was obtained from all participants aged 18 years and older; individ-

ual assent and guardian consent was obtained from participants aged 10 to 17 years. Ethical
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approval was granted by all relevant institutions: the Medical Research Council in Zimbabwe

(MRCZ/A/2618), the Mbeya Medical Research and Ethics Review Committee (SZEC-2439/R.

A/V.1/101), the National Health Research Ethics Committee in Tanzania (NIMR/HQ/R.8a/

Vol.IX/3608), and Tanzanian Medicines and Medical Devices Authority (TMDA-WEB0021/

CTR/0004/03), the National Bioethics Committee for Health in Mozambique (541/CNBS/21),

and the ethical committees of London School of Hygiene & Tropical Medicine, United King-

dom (22522–2) and the medical faculty of the Ludwig Maximilian-Universität München, Ger-

many (20–0771).

Results

Participant characteristics

Between March 2021 and March 2023, 2,649 household contacts were identified from 905 peo-

ple with TB (median 3 [interquartile range (IQR) 2, 5]; 2 [IQR 2, 3] and 2 [IQR 1, 4] per house-

hold in Mozambique, Tanzania, and Zimbabwe, respectively). Of these, 2,109 (80%) from 822

households were recruited, with a median of 2 contacts recruited per household in each coun-

try (Mozambique, IQR 1, 4; Tanzania and Zimbabwe, IQR 1, 3). The maximum household

size recruited was 18 people. No participants were missing an HIV result, 2 participants were

missing BMI, fewer than 1.8% of people were missing results for each of CD4 and BP; 3.6%

people were missing HbA1c and 2.7% people were missing haemoglobin (Table F in S1

Appendix). A total of 1,958 people (93%; 680 (96%) in Mozambique, 650 (93%) in Tanzania,

and 628 (90%) in Zimbabwe) from 786 households were included in the analysis (Fig 1).

Demographic details for included and excluded participants are shown in Table G in

S1 Appendix.

Among included participants, 62% (n = 1,217) were female and the median age was 27

years (IQR 16, 42), with 31% of household contacts (n = 602) being adolescents aged 10 to 17

Fig 1. Flow diagram illustrating recruitment of participants and inclusion in analysis data set. HHC, household contacts; N, number.

https://doi.org/10.1371/journal.pmed.1004452.g001
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years (Table 1). Men were, on average, younger than women (median 21 [IQR 14, 37] years

versus 30 [18, 45] years): 22% of women (n = 267) were spouses of people with tuberculosis,

compared to 8.5% men (n = 63), resulting in more adult women than men (Table H and Fig A

in S1 Appendix). Smoking was relatively infrequent, with 7.1% participants (16% of men and

1.4% women) ever having smoked, the median pack-year smoking exposure was 1.8 (IQR 0.6,

4.6) years. Overall, 33% people (5.3% [n = 32] adolescents) reported drinking alcohol; 14%

people (n = 265; 21% of men [n = 155], 9.0% of women [n = 11] and 1.5% of adolescents

[n = 9]) screened positive for hazardous use of alcohol using AUDIT-C.

Socioeconomic deprivation was common: 20% of households were crowded (n = 157;

defined as at least 3 people per room) and 90% (n = 583) were under the international poverty

line (income less than United States Dollar 1.90 per person per day; Table 2). In 41% (n = 321)

of households, the primary income earner was the person who had tuberculosis. Food

Table 1. Characteristics of study population (N = 1,958).

Characteristic Overall

N = 1,958

Mozambique

N = 680

Tanzania

N = 650

Zimbabwe

N = 628

Sex

Women 1,217 (62%) 411 (60%) 416 (64%) 390 (62%)

Men 741 (38%) 269 (40%) 234 (36%) 238 (38%)

Age, years 27 (16, 42) 23 (16, 39) 29 (16, 44) 28 (17, 42)

Age category

10–17 years 602 (31%) 221 (33%) 203 (31%) 178 (28%)

18–39 years 807 (41%) 298 (44%) 235 (36%) 274 (44%)

40+ years 549 (28%) 161 (24%) 212 (33%) 176 (28%)

Highest educational level*
None or primary school 897 (48%) 253 (39%) 472 (75%) 172 (29%)

At least secondary school 973 (52%) 390 (61%) 156 (25%) 427 (71%)

Pregnant† 38 (3.1%) 8 (1.9%) 14 (3.4%) 16 (4.1%)

Smoking status

Non smoker 1,819 (93%) 654 (96%) 612 (94%) 553 (88%)

Smoker (current and/or former) 138 (7.1%) 26 (3.8%) 38 (5.8%) 74 (12%)

Pack years smoking 1.8 (0.6, 4.6) 1.8 (1.2, 3.6) 1.5 (0.5, 4.2) 2.1 (0.8, 5.8)

Alcohol consumption

Never drunk alcohol 1,308 (67%) 437 (64%) 425 (65%) 446 (71%)

Alcohol, AUDIT-C negative 384 (20%) 162 (24%) 124 (19%) 98 (16%)

Alcohol, AUDIT-C positive 265 (14%) 80 (12%) 101 (16%) 84 (13%)

Insufficient food‡ 535 (27%) 241 (35%) 38 (5.8%) 256 (41%)

Relationship to index case

Spouse 330 (17%) 109 (16%) 123 (19%) 98 (16%)

Parent 499 (25%) 193 (28%) 165 (25%) 141 (22%)

Sibling 368 (19%) 134 (20%) 118 (18%) 116 (18%)

Child 267 (14%) 90 (13%) 91 (14%) 86 (14%)

Other 494 (25%) 154 (23%) 153 (24%) 187 (30%)

Presented as number (percentage) or median (interquartile range).

*Educational level not known for 88 participants.
†The denominator for pregnancy is the number of women.
‡Insufficient food was defined as participants as answering yes to “was there any day in the past 6 months where you did not have enough food.”

AUDIT-C, alcohol use identification test, short form; TB, tuberculosis.

https://doi.org/10.1371/journal.pmed.1004452.t001
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insecurity varied by site: in Mozambique and Zimbabwe (majority urban/peri-urban) 35% and

41% people, respectively, reported food insecurity, compared to 5.8% in Tanzania (where the

proportion of peri-urban and rural participants was higher).

Chronic conditions among tuberculosis household contacts

Overall, 6% (n = 120) people had a previous history of tuberculosis. Three hundred and sev-

enty-five people (20%) were screened as possible tuberculosis (322 had symptoms suggestive

of tuberculosis and 87 had a CXR suggestive of tuberculosis on review by a clinical officer; 34

had both criteria met). Fourteen people were diagnosed with co-prevalent tuberculosis: 13 had

a positive Xpert and 1 was diagnosed through chest X-ray.

Prevalence of HIV was 15.0% (95% confidence interval [95% CI] 13.2, 17.0%; n = 294), with

13 people (4.4%; 95% CI 2.6, 7.4%) with HIV having advanced disease (CD4 count less than

200 cells/μl; Table 3; confidence intervals are shown in Table I in S1 Appendix). Table J and

Fig C in S1 Appendix shows prevalences by site. Prevalence of HIV was higher among women

compared to men (19.1% [16.7, 21.6%; n = 232] versus 8.4% [6.4, 10.8%; n = 62]), although

this difference was partially attenuated in age-standardised prevalence estimates (19.7%

[17.3%, 22.0%] versus 12.5% [8.7%, 16.4%]; Table 4). While HIV prevalence was low among

adolescents (n = 16, 2.7% [1.6, 4.3%]), 7/16 adolescents with HIV were not aware of their sta-

tus. When stratified by the HIV status of the index case, 9.8% (95% CI 8.0, 12.0%; n = 121)

household contacts of HIV–negative index cases had HIV (0.9% [n = 11] were diagnosed

through screening) compared to 25.2% (95% CI 21.2, 29.6%; n = 143) household contacts of

HIV–positive index cases (2.8% [n = 16] were diagnosed through screening; Table L in

S1 Appendix).

Table 2. Characteristics of study households (N = 786).

Characteristic Overall

N = 786

Mozambique

N = 269

Tanzania

N = 264

Zimbabwe

N = 253

N people in household* 5 (3, 6) 6 (4, 7) 4 (3, 6) 5 (3, 6)

Crowding* 157 (20%) 64 (24%) 18 (6.8%) 75 (30%)

Household income per person per day, USD† 0.64 (0.34, 1.09) 0.66 (0.41, 1.03) 0.42 (0.23, 0.85) 0.74 (0.41, 1.56)

Primary earner is the person with TB 321 (41%) 68 (26%) 137 (52%) 116 (46%)

Household income <1.90 USD per person per day 583 (90%) 209 (90%) 171 (95%) 203 (86%)

Area of residence

Rural 103 (13%) 5 (1.9%) 97 (37%) 1 (0.4%)

Peri-urban 262 (33%) 196 (73%) 56 (21%) 10 (4.0%)

Urban 420 (54%) 68 (25%) 110 (42%) 242 (96%)

HIV status of person with TB‡

Negative 499 (68%) 173 (68%) 172 (71%) 154 (65%)

Positive, on ART 154 (21%) 57 (22%) 46 (19%) 51 (21%)

Positive, not on ART 82 (11%) 24 (9.4%) 25 (10%) 33 (14%)

Presented as number (percentage) or median (interquartile range).

*The total number (N) of people in a household includes both people eligible for the study and children under the age of 10, who were not eligible. Crowding using UN

definition (�3 people per room).
†Income not known for 137 households. A threshold of 1.90 USD was used as this was the international poverty line threshold in 2021 when data collection began. In

September 2022, the threshold was increased to 2.15 USD.
‡HIV status not known for 51 people with TB.

ART, anti-retroviral therapy; N, number; TB, tuberculosis; USD, United States Dollars.

https://doi.org/10.1371/journal.pmed.1004452.t002
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Table 3. Chronic conditions among tuberculosis household contacts (N = 1,958).

Condition Level Overall Women Men 10–17 years 18–39 years 40+ years

All participants N = 1,958 N = 1,217 N = 741 N = 602 N = 807 N = 549

HIV prevalence 15.0% 19.1% 8.4% 2.7% 14.3% 29.7%

CD4 category* �500 cells/μl 63.5% 66.7% 51.6% 76.5% 59.6% 64.8%

200–499 cells/μl 32.1% 29.9% 40.3% 23.5% 36.8% 29.7%

<200 cells/μl 4.4% 3.4% 8.1% 3.5% 5.5%

Median CD4 (cells/μl)* 584 603 526 678 565 589

BMI category† Moderate/severe underweight 3.9% 2.5% 6.1% 8.1% 2.2% 1.6%

Mild underweight 13.5% 9.6% 20.0% 27.4% 9.2% 4.7%

Healthy weight 54.5% 49.8% 62.3% 57.0% 59.4% 44.8%

Overweight 17.4% 22.0% 9.7% 6.3% 18.8% 27.3%

Obese 10.7% 16.0% 1.9% 1.2% 10.4% 21.5%

Chronic lung disease prevalence‡ 10.3% 11.0% 9.2% 9.1% 9.4% 13.0%

Anaemia prevalence§ 17.7% 20.7% 12.8% 16.6% 18.0% 18.6%

Anaemia category§ None 82.3% 79.3% 87.2% 83.4% 82.0% 81.4%

Mild anaemia 11.5% 12.2% 10.3% 11.8% 10.7% 12.4%

Moderate anaemia 5.6% 7.6% 2.4% 4.3% 6.6% 5.6%

Severe anaemia 0.6% 0.9% 0.1% 0.5% 0.7% 0.5%

Hb (g/dL) 135 130 144 137 135

Adolescents N = 602 N = 305 N = 297 N = 602

Stuntingll Normal 56.6% 62.3% 50.8% 56.6%

Mild stunting 26.7% 26.2% 27.3% 26.7%

Moderate stunting 12.8% 8.9% 16.8% 12.8%

Severe stunting 3.8% 2.6% 5.1% 3.8%

Adults N = 1,356 N = 912 N = 444 N = 807 N = 549

Diabetes prevalence 9.4% 10.4% 7.2% 4.8% 16.0%

HbA1c category <6.0% 62.8% 62.5% 63.3% 68.9% 53.7%

6.0–6.4% 28.8% 27.9% 30.9% 27.1% 31.3%

6.5–6.9% 5.3% 6.0% 3.8% 2.7% 9.1%

�7.0% 3.1% 3.6% 2.0% 1.2% 5.8%

HbA1c (%) 5.8 5.8 5.8 5.7 5.9

Hypertension prevalence 32.4% 35.3% 26.4% 16.1% 56.3%

BP category Normal BP 54.8% 53.7% 57.0% 71.9% 29.7%

High-normal BP 15.6% 14.6% 17.6% 14.1% 17.7%

Grade 1 HTN 16.3% 16.9% 15.1% 9.0% 27.0%

Grade 2 HTN 13.3% 14.8% 10.4% 5.0% 25.7%

Systolic BP (mmHg) 119.5 120 119 120 137

Diastolic BP (mmHg) 76.5 78 74 77 86.5

Values are presented as percentages (for categorical variables) or medians (for continuous variables). “Prevalent” disease is defined as either known or screening

detected.

*CD4 counts are only reported among people living with HIV, excluding 5 people with missing CD4 count (N = 293).
†BMI categories were created using BMI for age Z-scores among adolescents (<19 years) with WHO references and absolute BMI thresholds among adults (�19 years).

Mod/severe underweight = Z-score <-2 or BMI < 17 kg/m2; mild underweight = Z-score�-2 and <-1 or BMI 17–18.49 kg/m2; normal weight = Z-score�-1 and�+1

or BMI 18.5–24.9 kg/m2; overweight = Z-score >+1 and�+2 or BMI 25–29.9 kg/m2; obese = Z-score >+2 or BMI >30.0 kg/m2.
‡Chronic lung disease was defined as either a previous diagnosis, or an obstructive or mixed defect on pre-bronchodilator spirometry (less than lower limit of normal

using Global Lung Initiative “Other” reference standard). 80.8% (n = 1,582) participants had an adequate quality spirometry, those missing spirometry traces were

categorised as not having a chronic lung disease (unless self-reported).
§Anaemia was categorised using age and sex-specific thresholds recommended by WHO (S1 Appendix).
llStunting was only calculated among adolescents, using WHO reference standards. Mild stunting was defined as a height of age Z-score of <-1 and�-2; moderate

stunting as Z-score of <-2 and�-3 and severe stunting as Z-score <-3.

BMI, body mass index; BP, blood pressure; Hb, haemoglobin; HbA1c, glycosylated haemoglobin; HTN, hypertension; N, number; WHO, World Health Organization.

https://doi.org/10.1371/journal.pmed.1004452.t003
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A total of 127 adults had diabetes (9.4% [7.9, 11.1%]) and 439 had hypertension (32.4%

[29.8, 35.1%]). A further 28.8% of adults (n = 391) had an HbA1c of between 6.0% and 6.5%

while 15.6% (n = 211) had a blood pressure in the high-normal range. The prevalence of HIV,

diabetes, and hypertension increased with age, with a linear association between each of

HbA1c, systolic and diastolic blood pressure and age (Figs D and E in S1 Appendix). The prev-

alence of chronic lung disease was 10.3% (8.9, 11.9%; n = 194), similar across sex and slightly

higher in older adults.

Overall, 17.7% people were at least mildly underweight (95% CI 15.6, 19.4%; n = 341); 3.9%

were moderately or severely underweight (3.0, 4.9%; n = 76); 17.4% people were overweight

(95% CI 15.7, 19.2%; n = 340) and a further 10.7% were obese (95% CI 9.4, 12.2%; n = 209).

More adolescents and men were underweight, while overweight and obesity were more com-

mon among older adults and women (Fig F in S1 Appendix). BMI-for-age Z-scores increased

with age, notably among women between the ages of 10 and 40 years. Prevalence of anaemia

was 17.7% (95% CI 15.9, 19.7%; n = 347), higher among women than men.

Forty-nine percent of adults (n = 658) and 38% adolescents (n = 228) had at least 1 modifi-

able tuberculosis risk factor (HIV, diabetes, underweight, current smoker, or AUDIT score

suggestive of alcohol use). Sixty-one percent of adults (n = 822) had at least 1 chronic condition

(any of HIV, diabetes, hypertension, chronic lung disease, or anaemia); 24% (n = 326) had

multimorbidity (2 or more of the above). The most common multimorbidity was of hyperten-

sion and HIV (10%; Fig 2A). In Mbeya (Tanzania), prevalence of NCDs appeared higher in

peri-urban and rural areas, compared to urban residents, albeit with overlapping confidence

intervals (Tables O and P in S1 Appendix).

Overall, 81% adults (n = 1,179) had blood pressure readings from at least 1 subsequent

study visit and were included in the sensitivity analysis of “confirmed” hypertension, with

58.8% percent of people (n = 151/257) with hypertension detected through screening at base-

line having this confirmed. If 2 consecutive elevated blood were required for criteria for hyper-

tension to be met, the prevalence of hypertension among adult household contacts was 19.6%

(n = 227).

Cascade of care for chronic conditions

Fig 2B and Table M in S1 Appendix illustrate the cascade of care for adults with HIV, diabetes,

and hypertension. The majority of people with HIV knew their status (91.7% of those with

HIV; 95% CI 87.7, 94.5%; n = 255), were on treatment (95.2% of those with known status; 95%

Table 4. Prevalence of chronic conditions among tuberculosis household contacts, standardised to the World

Health Organization reference population.

Condition* Overall Women Men

HIV 16.9% (14.7%, 19.1%) 19.7% (17.3%, 22.0%) 12.5% (8.7%, 16.4%)

Diabetes 9.6% (8.0%, 11.3%) 10.8% (8.7%, 13.0%) 7.6% (5.1%, 10.0%)

Hypertension 36.8% (34.2%, 39.3%) 39.1% (36.2%, 41.9%) 33.0% (28.6%, 37.4%)

Anaemia 16.7% (15.0%, 18.5%) 20.0% (17.7%, 22.3%) 11.5% (9.0%, 14.0%)

Underweight 15.2% (13.4%, 16.9%) 9.6% (8.3%, 11.0%) 23.9% (20.0%, 27.8%)

Overweight/Obese 30.5% (28.5%, 32.6%) 40.1% (37.4%, 42.8%) 15.4% (12.5%, 18.3%)

Chronic lung disease 10.4% (8.6%, 12.2%) 10.2% (8.4%, 12.0%) 10.8% (7.4%, 14.2%)

*N = 1958 overall, 1217 women and 741 men; other than for diabetes and hypertension where prevalence was

calculated among adults only (N = 1356, 912 women and 444 men). 95% confidence intervals (presented in brackets)

were calculated using design-based standard errors within the ‘survey’ package in R.

https://doi.org/10.1371/journal.pmed.1004452.t004
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Fig 2. Intersection of chronic conditions (A) and cascade of care for HIV, diabetes, and hypertension (B) among adult

tuberculosis household contacts (N = 1,356). For panel A, Intersections are exclusive (i.e., individuals are only represented in

the graph once) and only intersections containing at least 10 individuals are shown. The bottom sub-panel shows the included

chronic conditions (y axis), with the left section indicating the overall number (N) participants with each and the right section

showing the specific disease combinations (represented by black circles). The top sub-panel shows intersection size, i.e., the

PLOS MEDICINE HIV, malnutrition, and non-communicable disease epidemics among TB-affected households
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CI 91.8, 97.3%; n = 240), and had a CD4 count of at least 350 cells/μl (85.4% of those on treat-

ment; 95% CI 80.1, 89.5%; n = 205). Among people with diabetes, 20.5% were aware of this

(95% CI 14.5, 28.2%; n = 26), 69.2% of those were on treatment (95% CI 49.1, 84.0%; n = 18),

and 55.6% of those had controlled disease (32.7, 76.3%; n = 10). Among people with hyperten-

sion the corresponding figures were 33.0% (28.8, 37.6%; n = 145), 33.8% (26.7, 41.6%; n = 49),

and 18.4% (9.8, 31.8%; n = 9). The gap in diagnosis for hypertension and diabetes appeared

larger in Tanzania than the other 2 sites (Fig G in S1 Appendix).

Clustering within households

In keeping with the individual-level analysis, household-level prevalence of chronic conditions

was high. Almost a third of households (31%, n = 245) had at least 1 member with HIV, half

(48%, n = 379) had 1 member with an NCD (Table N in S1 Appendix), and a third (32%,

n = 253) had at least 1 member who was underweight. Eleven percent of households included

both someone who was underweight and someone who was overweight or obese (Fig H in

S1 Appendix).

There was strong evidence for correlation within households for HIV, anaemia, and

underweight status (Table 5). The highest variation particion coefficient (VPC) was for HIV

(42%) suggesting that almost half the variation in HIV prevalence was due to household

characteristics; the lowest VPC was for hypertension (9.2%) suggesting that the majority of

variation in hypertension prevalence was due to individual-level rather than household-

level variation.

percentage and number of participants with each disease combination. For panel B, known (disease) was defined as a self-report

of having, or being on medication for a condition; treated was defined as being on a relevant medication for the condition;

controlled was defined as, for HIV, CD4 count>350 cells/μl, for diabetes, an HbA1c of<6.5% and for hypertension, as a blood

pressure of<140 mmHg systolic and<90 mmHg diastolic. These are presented as relative proportions of the total number of

people with each condition (100%, with number of people with disease [N] shown in sub-panel header), stratified by sex, with

their 95% confidence intervals (grey lines).

https://doi.org/10.1371/journal.pmed.1004452.g002

Table 5. Household-level clustering of chronic conditions.

Fixed effect model* Mixed effects model*
Prevalence (95% CI) Prevalence (95% CI)† Variance VPC‡ p value§

All participants (N = 1958)

HIVll 15.0% (13.2, 17.0%) 9.4% (7.2, 12.1%) 2.38 42.0% <0.001

Anaemia 17.7% (15.9, 19.7%) 13.7% (11.5, 16.4%) 1.13 25.5% <0.001

Underweight 17.4% (15.6, 19.4%) 14.0% (11.8%, 16.6%) 0.79 19.3% <0.001

Adults (N = 1356)

Diabetes 9.4% (7.9, 11.1%) 7.4% (5.0, 10.6%) 0.69 17.4% 0.06

Hypertension 32.4% (29.8, 35.1%) 30.9% (27.9, 34.1%) 0.33 9.2% 0.02

* The fixed effect model is a single-level model including only the outcome. The mixed effects model additionally included a random effect for household. In the fixed

effect model, 95% confidence intervals (95% CI) are adjusted for household level using robust standard errors.

† Prevalence in the mixed effects model is calculated from the intercept and equivalent to a geometric mean.

‡ The variance partition coefficient (VPC) is an estimate of how much residual variation in prevalence is due to unobserved level 2 (household) characteristics.

§ p value for a random effect at level 2 (household level).
llRestricting HIV analysis to adults only (to aid comparison with diabetes and hypertension) Fixed effect model: prevalence 20.5% (18.3, 23.1%), Mixed effects model:

prevalence 12.9% (9.7, 17.0%), variance 3.07, VPC 48.2%, p < 0.001.

https://doi.org/10.1371/journal.pmed.1004452.t005
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Discussion

This study demonstrated a high prevalence of HIV, diabetes, hypertension, anaemia, and

chronic lung disease among household contacts of people with tuberculosis in Mozambique,

Tanzania, and Zimbabwe. While awareness of and effective treatment for HIV was high, most

people with diabetes and hypertension were unaware of their status, those who were diagnosed

were often un- or suboptimally treated. Over a third of adolescents were at least mildly under-

weight. By contrast, fewer adults were underweight, while overweight and obesity was very

common, particularly among women. Together, these data demonstrate that households are

affected not only by tuberculosis but by multiple colliding epidemics which increase the risk of

tuberculosis and poor tuberculosis-specific outcomes, and result in other poor health

outcomes.

There are very limited data on the prevalence of chronic conditions among tuberculosis

household contacts, with this being the first study to simultaneously consider more than one

infectious and noninfectious chronic condition. Previous studies from Africa have described

the prevalence of single diseases including HIV (pooled prevalence from 13 studies 7.3% [3.6,

11.1%] [6]) and diabetes (2 studies: Ethiopia [prevalence 5.2%] and South Africa [prevalence

17.4%; 44% undiagnosed] [7,8]) among tuberculosis household contacts. One study compared

tuberculosis household contacts to community controls, finding an elevated risk of HIV in the

former [19]. For other chronic conditions, whether there is a higher risk of chronic conditions

among members of tuberculosis-affected households compared to others living in the same

community is unknown. Here, to provide some insights into this, we calculated age-standard-

ised prevalence to facilitate comparisons with published estimates (Tables E and K in S1

Appendix). While prevalence of most conditions was similar, underweight appeared more

common among our population compared to country-specific national-level estimates. We

also found strong evidence of correlation within households in HIV status, underweight and

anaemia but not NCDs. In other words, household members appear to resemble each other in

terms of HIV, anaemia, and underweight, but less so in terms of hypertension or diabetes.

This may suggest that, while tuberculosis-affected households have a specific risk of HIV (due

to transmission within households) and undernutrition (due to shared diet), drivers of NCDs

do not act at household level. The high prevalence of NCDs in our study population, under

this interpretation, reflects tuberculosis-burden communities being at high risk of other health

conditions due to shared structural and social determinants of health, rather than a specific

increased risk among these households compared to matched community controls [20].

Assuming that household members are genetically similar, it also suggests the most important

drivers of NCDs are environmental and structural, not genetic. Tuberculosis can therefore be

considered an “indicator” of a high-risk community, at the centre of biosocial syndemics,

rather than reflecting a direct biological association between tuberculosis and risk of NCDs.

While comparison of tuberculosis-affected household members to community controls may

provide further insights, the high burden of disease demonstrated here, together with the

opportunity presented by tuberculosis screening to intervene are, in our view, sufficient to jus-

tify inclusion of interventions addressing upstream determinants of tuberculosis during

household contact screening.

Strengths of our study include the large, multi-centre design, with objective screening for a

range of conditions, rather than relying on self-report which can severely underestimate dis-

ease prevalence. This also enabled us to quantify the gap in access to care. Most eligible house-

hold contacts identified participated, limiting selection bias. While most of our participants

were women, the gender-balance of households when including the person with tuberculosis

was even, suggesting this reflects the majority of people with tuberculosis being men (in
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keeping with local tuberculosis epidemiology) rather than underparticipation by men. This

was facilitated by flexible visits, including weekends and holidays, supporting participation by

people in work.

Limitations of this study include a relatively limited assessment of nutritional status and use

of point-of-care HbA1c, which may underestimate diabetes prevalence [21]. We used mea-

surement of blood pressure on a single day as the primary definition of hypertension to align

with the WHO STEPs protocol and other screening studies; our sensitivity analysis suggested

this may have overestimated the absolute prevalence of confirmed hypertension by 12.8%.

This is similar to results elsewhere [18]. Our definition of chronic lung disease was limited to

obstructive airways or self-reported disease and therefore chronic lung diseases not included

in this definition may have been missed. While participation by eligible household contacts

was high overall, we cannot exclude that household contacts with health concerns were more

likely to participate, resulting in overestimation of prevalence of chronic diseases. Data were

missing for some assessments due to delayed implementation of chronic disease screening in

the study owing to delays in shipping of consumables and ethical approvals in the context of

COVID-19. There was no evidence that the people with missing data were systematically dif-

ferent to those who were included; this is unlikely to have resulted in bias.

Recently, the potential impact of addressing upstream determinants to prevent tuberculosis

and improve outcomes was demonstrated in a large cluster-randomised trial in India, where

provision of macro- and micro-nutrient support to tuberculosis household contacts reduced

tuberculosis incidence by 40% [10]. In that trial, undernutrition was very common (e.g., 40%

among adult women), while few people were overweight or obese. In our context, where both

undernutrition and overweight/obesity coexist, it is likely that a locally developed intervention

including a nuanced communication strategy will be needed [22]. This double burden of mal-

nutrition is likely to become increasingly relevant for tuberculosis programmes as economic

globalisation reaches the poorest communities worldwide, resulting in a shift in the burden of

overweight/obesity from the richest to the poorest, while undernutrition persists [23].

The very high risk of tuberculosis among people with HIV is well recognised [5]. In our

study yield of screening among contacts of people with tuberculosis and HIV was higher than

among people without HIV. People with diabetes have up to 3 times elevated risk of tuberculo-

sis compared to those without [24], while achieving diabetic control may reduce tuberculosis

risk [25]. Screening for diabetes among tuberculosis household contacts, together with prompt

treatment, could improve outcomes in people with co-prevalent tuberculosis and prevent inci-

dent tuberculosis [26,27]. In the context of slow rollout of tuberculosis preventive therapy, and

low tuberculosis preventive therapy completion, identification of people with conditions that

increase the risk of tuberculosis may also facilitate prioritisation of the highest risk household

contacts for tuberculosis preventive therapy initiation and adherence support. However, the

resource implications of chronic disease screening within tuberculosis screening interventions

need to be evaluated.

The gap in access to care described in this study is not specific to tuberculosis-affected

households: as east and southern African countries approach or exceed the 95-95-95 targets

for HIV, it is estimated that two-thirds of people with diabetes and half of people with hyper-

tension do not know their status, while half of those with a diagnosis are not on effective treat-

ment [28,29]. While recognising the need for population-wide interventions to prevent,

diagnose, and treat NCDs, leveraging strong, disease-specific programmes to provide a wider

range of services may be one approach to expanded service provision [11]. This is gaining trac-

tion with differentiated service delivery for other chronic diseases within HIV care, and rec-

ommendations for screening for diabetes, HIV, and undernutrition among people with

tuberculosis [30,31]. In the context of preexisting financial insecurity, the catastrophic
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healthcare expenditure associated with tuberculosis is likely to exacerbate already extremely

high barriers to accessing healthcare, particularly care for NCDs which, in Africa, are usually

associated with high clinic, medication, and other costs [32]. Households affected by tubercu-

losis divert resources to support the person who is unwell; this is likely to include delaying

health seeking and interrupting treatment for chronic conditions where that will cut costs. In

order to improve outcomes, it is imperative that screening interventions among high-tubercu-

losis burden communities include clear pathways to onward care, and support for the financial

costs of accessing care and adhering to treatment.

Overall, our study shows, for the first time, that tuberculosis household contacts in east and

southern Africa are living with a range of chronic health concerns, many of which are associ-

ated with an increased risk of tuberculosis. Recognising that barriers to healthcare are often

greatest for poor and vulnerable communities, the most recent WHO guidance on systematic

screening for tuberculosis recommends that “where possible, community screening should be

combined with screening for other diseases or risk factors and with health-promotion or social

support activities” [33]. Aligned to this goal, our study supports integration of screening for

other conditions among tuberculosis household contacts in Africa. Such an approach may

reduce tuberculosis incidence and reduce the consequences of poor health among a commu-

nity who can least afford them.
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Abstract 
Tuberculosis household contacts are at high risk of developing tuberculosis. Tuberculo-

sis preventive therapy (TPT) is highly effective, but implementation is hindered by limited 

accessibility of diagnostic tests aimed at detecting Mycobacterium tuberculosis (Mtb) 

infection. Development of Mtb infection prediction models to guide clinical decision- 

making aims to overcome these challenges. We used data from 1905 tuberculosis house-

hold contacts (age ≥10 years) from Zimbabwe, Mozambique and Tanzania to develop two 

prediction models for Mtb infection determined by interferon-gamma release assay (IGRA) 

using logistic regression with backward elimination and cross-validation and converted 

these into a risk score. Model performance was assessed using area under the receiver 

operating characteristic curve (AUROC), sensitivity, and specificity. We developed a basic 

model with six predictors (age, caregiver role, index case symptom duration, index HIV 

status, household crowding, and index GeneXpert MTB/Rif results) and a comprehensive 

model with eleven predictors. The basic and comprehensive risk scores showed limited 

predictive capability (AUROC 0.592, sensitivity 76%, specificity 35% and AUROC 0.586, 

sensitivity 76%, specificity 36% respectively), with considerable overlap across IGRA- 

positive and -negative individuals. Neither model conferred net benefit over a treat-all 

strategy. Overall, our results suggest that the prediction models developed in this study do 

not add value for guiding TPT use in high-tuberculosis burden settings. This likely reflects 

complex Mtb transmission dynamics at the household- and community-level, variation  

in individual-level susceptibility and immune response, as well as limited accuracy of 

IGRA testing. Improved diagnostics to determine Mtb infection status in terms of ease- 

of-use, accuracy, and costs are needed.
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Introduction
Whilst in 2020 COVID-19 briefly overtook tuberculosis (TB) as the leading cause of death 
due to an infectious disease, TB has since regained its lead, despite being both preventable 
and curable [1]. TB is caused by pathogens of the Mycobacterium tuberculosis (Mtb) complex 
and is transmitted primarily by aerosols, putting people living with someone who has TB at 
particularly high risk of Mtb infection [2].

It is estimated that a quarter of the world’s population is infected with Mtb, representing a 
vast reservoir of people at risk of developing TB [3]. One in ten people infected with Mtb will 
progress to TB [4–6], risk of progression can be significantly reduced (≤90%) by preventive 
therapy (TPT) which is an important pillar in the WHO End-TB strategy [7,8]. Identifying 
those with Mtb infection is a critical step in the TB prevention cascade, especially in high- 
burden settings. Household contacts of individuals recently diagnosed with TB represent a 
key population for screening and preventive interventions because of their high likelihood of 
exposure to Mtb [9,10].

The most recent WHO guidelines recommend expanding TPT to all household contacts 
in high-TB incidence countries [11], if possible focused on those with demonstrated Mtb 
infection, but few countries have operationalised this. Diagnostic tests to detect Mtb infection 
include tuberculin skin tests (TST) and interferon-gamma release assays (IGRA). These tests 
require nursing skills for intradermal injections, established cold chain, and repeat patient 
visits or trained laboratory staff and infrastructure. A lack of cheap, rapid and easy to use diag-
nostic tests to screen for Mtb infection partly explains the suboptimal implementation of TPT 
for TB household contacts [12,13].

Given costs and logistics of these tests, most high-TB burden countries either i) recom-
mend TPT for all household contacts without prior testing for Mtb infection, resulting in con-
siderable overtreatment and health-system costs [14], or ii) restrict TPT to high risk groups 
(such as household contacts less than 5 years old and people living with HIV).

Considering these challenges, recent efforts have focused on improving strategies to 
identify Mtb infection among household contacts, including use of prediction models based 
on easily ascertainable risk factors [15]. These models aim to incorporate individual- and 
household-level, environmental, host- and pathogen-related predictors such as proximity to 
the person with TB, time spent with the index case, and the infectiousness of the person with 
TB [16–19]. Ideally, the predictors would be easy to ascertain from the person diagnosed and 
being treated for TB by a nurse or community health worker, thus reducing the burden on 
health systems by prioritizing individuals or households for individual assessment, diagnos-
tic testing and subsequent preventive therapy where indicated. Previous models have shown 
inconsistent performance, with some achieving moderate predictive accuracy in low-TB bur-
den settings but often underperforming in high-TB burden settings [16–19], highlighting the 
challenges of generalizability across diverse populations and epidemiological contexts.

Here, we sought to develop and systematically evaluate whether prediction models can 
accurately predict IGRA positivity as a marker of Mtb infection among adolescent and adult 
TB household contacts in East and Southern Africa, to support targeted provision of TPT 
without IGRA or TST.

Methods
In a dataset of adult and adolescent TB household contacts from Tanzania, Mozambique, and 
Zimbabwe, we developed de novo prediction models for positive IGRA result using a large and 
diverse cohort with information related to household member with TB (index case), house-
hold, and household contact factors, measured at the time of diagnosis of the index case in the 
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Early Risk Assessment in TB contactS by new diagnostic tEsts (ERASE-TB) study. Trans-
parent Reporting of a Multivariable Prediction Model or Individual Prognosis Or Diagnosis 
(TRIPOD) guidelines are used for reporting of results [20].

Study population
The study population for the development of prediction models was a large multi-national, 
observational, prospective cohort study (ERASE-TB). Inclusion and exclusion criteria are 
shown in S1 Table. We enrolled household contacts (age ≥10 years) of adults with microbi-
ologically confirmed pulmonary TB (age ≥18 years) with a positive smear (at least +1) and/
or a medium or high-level positive Xpert MTB/Rif sputum result across three sites: Maputo 
(Mozambique), Mbeya (Tanzania), and Harare (Zimbabwe). The enrolment periods were as 
follows: Maputo from 05 August 2021 to 23 March 2023, Mbeya from 31 August 2021 to 08 
February 2023, and Harare from 08 March 2021 to 17 January 2023. A total of 2109 household 
contacts were recruited (Fig 1).

Study procedures
The study protocol for ERASE-TB, including details of all study procedures, has been pub-
lished [21]. In brief, at each study visit (every 6 months for a period of up to 24 months), 
enrolled household contacts underwent TB screening (WHO symptom screen and chest 
X-ray, followed by Xpert MTB/Rif Ultra if either was suggestive of TB) and collection of 

Fig 1.  Flow diagram illustrating participants recruited and selected for analysis from the ERASE-TB study.

https://doi.org/10.1371/journal.pgph.0004340.g001
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samples for novel diagnostic tests and biobanking. All household contacts who were not 
known to be living with HIV were offered HIV testing. IGRAs (STANDARDTM F TB-Feron 
FIA [IFN-gamma; SD Biosensor, Republic of Korea]) were conducted at baseline and at subse-
quent visits dependent on reagent availability. Individual- and household-level questionnaires 
collected socioeconomic characteristics, information about living conditions, past medical 
history, and factors known to be associated with Mtb infection.

Outcome
The primary outcome of interest was IGRA binary result (negative or positive) as a marker 
of Mtb infection, interpreted according to the manufacturer’s instructions. For household 
contacts with indeterminant or missing IGRA results at baseline, the next available follow-up 
IGRA result was used to infer baseline results: a negative IGRA result at follow-up was catego-
rised as negative, and a positive IGRA result at follow-up was categorised as positive. House-
hold contacts diagnosed with TB within 30 days of the baseline visit and those with missing or 
indeterminate IGRA result after taking into account follow-up results were excluded from the 
analysis.

Development of prediction models
Analysis was done using R version 4.3.2. Inclusion of candidate predictor variables for the 
newly developed model was based on existing evidence of association with Mtb infection, 
according to reviewed literature [19,22–31] and availability in the ERASE-TB dataset. Vari-
ables related to the person diagnosed and treated for TB were regarded as household-level 
variables. Prior to model development, descriptive analyses were conducted. Continuous data 
were summarized by the mean and standard deviation or median and interquartile ranges, 
while categorical data was summarized as frequencies with percentages. For model develop-
ment, the ERASE-TB dataset was randomly split into model development (70%) and evalua-
tion (30%) datasets. Missing values in predictor variables were classified as “unknown”.

We utilized 10-fold cross-validation technique exclusively on the training data. This tech-
nique involved dividing the training set into 10 equal subsets, iteratively training the model 
on 9 of these subsets, and validating it on the remaining subset. This process was repeated 
10 times, ensuring that each subset served as the validation set exactly once. Performance 
metrics obtained from each fold were averaged to provide a robust estimate of the model’s 
performance.

Two models were developed. We first developed a model with basic individual- and 
household-level predictors, ascertainable from the person with TB by a nurse or community 
health worker using just a questionnaire (basic model). Our goal was to be able to predict 
which household contacts had Mtb infection without having to physically review and assess 
every individual member of the household. We secondly developed a model with all eligible 
individual and household predictors (comprehensive model), to determine whether predic-
tive performance could be enhanced using a more comprehensive approach. S2 Table shows 
candidate predictor variables and how data was collected.

For each model, using the training dataset, we conducted a multiple logistic regression, 
with backward elimination of candidate predictors contributing little predictive value to the 
overall multivariable model, assessed using the “varImp” function in R and examining regres-
sion coefficients and p-values (i.e., sequential removal of variables with the largest p-value and 
least important until variables with p-value < 0.2 remained). To derive a prediction risk score 
to be used by clinicians in resource-limited settings, regression coefficients were normalized 
into scores using the formula:
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	 Score
Coefficient Lowest coefficient

=
−
−

  
Highest coefficient  LLowest coefficient 

 ×10 	

Scores ranged from 0 to 10 (for category with the lowest and category with the highest pre-
dictive impact respectively) and were added up to compute a summative risk score for Mtb 
infection.

Risk score assessment
We assessed the predictive performance of our de novo basic and comprehensive risk scores 
by evaluating the agreement between observed and predicted risks using the held-back eval-
uation dataset. A confusion matrix was then used to assess the model’s sensitivity and speci-
ficity, with a decision threshold of 0.5 and the corresponding maximum Youden Index, which 
indicates the optimal balance between sensitivity and specificity, was calculated. We examined 
area under the receiver operating characteristic (ROC) curves to compare the performance of 
the two risk scores and determine the added value of including detailed clinical information in 
the model. We stratified individuals into low-, medium-, and high-risk groups for Mtb infec-
tion based on score categories.

We also visually displayed the relationship between the scores and the outcome using 
density plots, to understand how well the scores correlated with the outcome measurement. 
Decision curve analysis was used to compare the net benefit of interventions to treat Mtb 
infection based on risk scores against treat-all or treat-none approaches across different 
threshold probabilities.

To evaluate the robustness of the model, a sensitivity analysis was conducted using the 
basic model. This analysis included only participants with baseline IGRA results, excluding 
inferred results. Additionally, the results from the last available IGRA test during follow-ups 
were utilized.

Ethical considerations
Informed written consent, or guardian consent and individual assent for people under the age 
of 18, was obtained from all participants. Ethical approval was granted by all relevant insti-
tutions: the Medical Research Council in Zimbabwe (MRCZ/A/2618), the National Health 
Research Ethics Committee in Tanzania (TMDA-WEB0021/CTR/0004/03), the National Bio-
ethics Committee for Health in Mozambique (541/CNBS/21), and the ethical committees of 
London School of Hygiene & Tropical Medicine, United Kingdom (22522–2) and the medical 
faculty of the Ludwig-Maximilians-Universität München, Germany (20–0771)).

Results

Study population
In ERASE-TB, 2109 household contacts of people diagnosed with pulmonary TB were 
recruited from 822 households between March 2021, and March 2023. A total of 1905 (90%) 
were included in the analysis. Of these, 1720 (90%) had a valid baseline IGRA result and an 
additional185 (10%) had results inferred from follow-up results (Fig 1). 169 (8%) participants 
could not be classified into the outcome of interest even after inferring follow-up results and 
23 (1.1%) were diagnosed with TB at baseline, and thus were excluded from the analysis. 
Therefore, 1905 (90% recruited) household contacts were included in the analysis. Table 1 
describes the baseline individual- and household-level characteristics of included partici-
pants: 62% were female and median age was 27 (interquartile range: 17-42) years with 29% 
of participants being adolescents (10-17 years). A total of 292 (15%) household contacts were 
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Table 1.  Baseline characteristics of participants.

IGRA-Positive IGRA-Negative
N=811 (43%) N=1094 (57%)
N (%) N (%)

INDIVIDUAL LEVEL CHARACTERISTICS (HOUSEHOLD CONTACT)
Country Zimbabwe 332 (49%) 342 (51%)

Mozambique 197 (32%) 411 (68%)
Tanzania 282 (45%) 341 (55%)

Age (years) 10-17 197 (35%) 358 (65%)
18-25 149 (40%) 226 (60%)
26-35 124 (42%) 172 (58%)
36+ 341 (50%) 338 (50%)

Sex Female 511 (43%) 677 (57%)
Male 300 (42%) 417 (58%)

HIV status of household contact HIV negative 693 (44%) 895 (56%)
HIV positive 112 (38%) 180 (62%)
HIV status unknown 6 (24%) 19 (76%)

BMI category* Underweight 72 (43%) 96 (57%)
Normal weight 490 (41%) 697 (59%)
Overweight 155 (44%) 197 (56%)
Obesity 94 (48%) 104 (52%)

Frequency of contact with index person  
with TB

<1 day per week 9 (53%) 8 (47%)
1-3 days per week 26 (43%) 34 (57%)
4-6 days per week 38 (44%) 49 (56%)
Daily 737 (42%) 1002 (58%)

Directly involved in caring for the index person 
with TB

No 437 (39%) 675 (61%)
Yes 374 (47%) 419 (53%)

HOUSEHOLD LEVEL CHARACTERISTICS
Household income per person per day (USD) Median (IQR) 0.55

(0.30–1.06)
0.55
(0.31–0.98)

Impoverishment (< 1.90 USD/day) Yes 751 (42%) 1030 (58%)
No 60 (48%) 64 (52%)

Xpert semi-quantitative grade of TB index case High 499 (44%) 632 (56%)
Medium 312 (40%) 462 (60%)

HIV status of index Unknown 68 (46%) 80 (54%)
Negative 533 (45%) 665 (55%)
Positive 210 (38%) 349 (62%)

Index ART status** Not on ART 48 (29%) 118 (71%)
On ART 162 (41%) 231 (59%)

Index TB presenting symptoms Cough 808 (43%) 1089 (57%)
Haemoptysis 163 (43%) 217 (57%)

Duration of index case symptoms before start 
of treatment (days)

<30 days 91 (31%) 200 (69%)
30-89 days 348 (41%) 502 (59%)
≥90 days 372 (49%) 387 (51%)

Crowding*** No 619 (41%) 876 (59%)
Yes 192 (47%) 218 (53%)

Footnotes:
BMI = body mass index.
IGRA = interferon-gamma release assay.

(Continued)
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living with HIV. Overall, 811/1905 (43%) of the included participants were IGRA positive. The 
highest prevalence of IGRA positivity was in Zimbabwe (49%) and among older adults (50%, 
compared to 33% among adolescents aged 10-14 years).

Development and validation of risk prediction model
The training subset consisted of 1334 (70%) household contacts, and evaluation subset 
571 (30%). Eleven individual- and household-level Mtb candidate predictor variables were 
included in the initial multivariable logistic regression (S1 Code), constituting the comprehen-
sive model (S3 Table). The final basic model included six individual- and household-level pre-
dictors. Individual-level predictors were age, and whether the household contact cared for the 
index, while household-level predictors included duration of illness of the index case, index 
HIV status, Xpert/smear positivity level, and household crowing according to United Nations 
definition (≥3 people per room) (Table 2). TB index cases, not on ART contributed the lowest 
score while index symptom duration of more than 3 months had the highest score.

Neither the basic nor the comprehensive model achieved adequate prediction for positive 
IGRA result among TB household contacts. The basic model yielded low AUROC (0.592; Fig 
2). At a threshold of 0.5, the model had a sensitivity of 76% (95% CI: 70 – 79), specificity of 
35% (95% CI: 27 – 39), and Youden Index of 0.08 (95% CI: 0.01 – 0.15). The comprehensive 
model had an equally low AUROC of 0.586, while at a threshold of 0.5 the model had a sensi-
tivity of 76% (95%CI: 72 – 82), specificity of 36% (95% CI: 30 – 42) and Youden Index of 0.13 
(95% CI: 0.05 – 0.19). Sensitivity analysis of the basic model using only participants who had 
baseline IGRA results available (without inferring missing or indeterminate baseline result) 
as well as using results of last available IGRA test result during follow-up did not change the 
model performance, yielding AUROCs of 0.61 and 0.60 respectively (S1 Fig).

We developed a risk score to assess the risk of positive IGRA result in a clinical setting, 
based on the basic prediction model (Table 2). Each response to a variable in the final model 
contributed to the score independently. The maximum possible risk score for the model was 
42, while the minimum score was 20. Risk score categories were developed as low positive 
IGRA risk (<30), medium positive IGRA risk (30≤score>35), high positive IGRA risk score 
(≥35). These categories were determined based on the distribution of the scores, where 
approximately 25% of the scores are less than 30, and the upper 25% are above 35. This 
approach was taken to ensure a balanced representation across the risk categories. Risk score 
categories among IGRA positive and IGRA negative participants showed a small difference 
in proportions of people categorized as medium- and low-risk in both groups (Fig 3A). Using 
this risk stratification, the basic model classified 53% and 8.3% of IGRA negative participants 
as medium and high risk respectively, while 24% of IGRA positive participants were classified 
as low risk. The density plot revealed substantial overlap between the scores assigned to IGRA 

TB = tuberculosis.

IQR = inter-quartile range.
ART = anti-retroviral therapy.
UN = United Nations.
USD = United States Dollars
*BMI Categories were created using the WHO categories [32]
**ART status among index cases with HIV only
***Crowding categorised as per UN Habitat definitions (≥3 people per room) [33].

https://doi.org/10.1371/journal.pgph.0004340.t001

Table 1.  (Continued)
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negative and positive participants, with the IGRA positive group showing a distribution with 
slightly higher scores compared to the IGRA negative group (Fig 3B). This overlap implies 
that the model does not distinguish between these two groups effectively, overestimating 
risk for IGRA negative contacts, and underestimating risk for IGRA positive contacts. This 
is further evidenced by the calibration plot (Fig 3C), (S2 Code) which demonstrates that the 
model’s predicted probabilities do not align well with the observed outcomes.

Decision Curve Analysis (DCA) of our basic model predicting IGRA positivity compares the 
net benefit of interventions to treat Mtb infection based on risk scores against treat-all or treat-
none approaches across different threshold probabilities (i.e., the probability of disease at which 
the health system/provider would provide treatment). When considering our model in the con-
text of TB preventive interventions for TB household contacts, the net benefit of treat-all decision 
surpasses that of using risk scores across the range of threshold probabilities considered (Fig 4).

Discussion
TB remains a significant global health challenge, particularly in resource-limited settings 
where the burden of disease is highest [34]. Using risk prediction tools to guide use of TPT 
among household contacts has been proposed as one pragmatic approach to improve delivery 
of TPT in settings where current diagnostic tests are not feasible.

Table 2.  Basic model predictors of Mtb infection.

Coefficient P-Value Score
Mtb risk factors
Age (years)
10-14 4
15-17 0.2813 0.217 6
18-25 0.1880 0.331 5
26-35 0.3227 0.104 6
36 + 0.6677 <0.001 9
Cared for the index
No 4
Yes 0.2785 0.021 6
Index HIV status
Negative 4
Positive, not on ART -0.4768 0.027 0
Positive, on ART -0.0623 0.668 3
Unknown 0.3231 0.126 6
Index Symptom duration
<1 month 4
1≤ months<3 0.5828 0.001 8
3 months and above 0.8447 <0.001 10
Household crowding (≥3 people per room)
No 4
Yes 0.2629 0.058 6
GeneXpert MTB/Rif Ultra index positivity
Medium 4
High 0.1801 0.498 5
Lowest/Highest possible score 20/42

https://doi.org/10.1371/journal.pgph.0004340.t002
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Our findings do not support use of risk prediction tools for Mtb infection - as defined 
herein by IGRA testing – among adolescents and adults in high-TB burden settings. We devel-
oped two new tools using high-quality granular data from a research cohort of adolescents 
and adults from TB-affected households. Both achieved poor predictive accuracy, AUC, and 
sensitivity and specificity estimates. In short, each model was no better than random selection. 
For example, our basic risk score inadvertently misclassified 61% of individuals who were not 
infected with Mtb determined by IGRA as being medium- to high-risk. Given the high pro-
portion of household contacts misclassified by these scores, we do not recommend their use in 
clinical practice.

Our study highlights the challenges of developing effective prediction models for Mtb 
infection in high-TB burden settings. While previous models, such as the Mandalakas score, 
have shown reasonable performance in specific populations (e.g., children younger than six 
years), their application to adolescent and adult populations in high-TB burden environments 
remains problematic [18,19,31]. However, this finding is in contrast with Mtb infection pre-
diction models developed in low-TB burden settings that have achieved reasonable predictive 
performance among adolescents and adults [16,17]. This brings to attention the complexity 
of Mtb transmission dynamics in high-TB burden settings, where community transmission is 
pervasive, making it difficult to rely solely on household-related predictors to identify at-risk 
individuals [35–37]. In high-TB incidence settings, household-related risk factors alone do not 
sufficiently capture the multifaceted nature of Mtb exposure and infection from a single expo-
sure, as prior transmission events inside or outside the household may have occurred [35]. 
The high prevalence of Mtb infection in such environments complicates the identification of 
new transmission events and makes it difficult to discriminate between individuals recently 
infected and those with prior exposure.

Fig 2.  Performance of basic model and comprehensive models.

https://doi.org/10.1371/journal.pgph.0004340.g002
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Additionally, the high prevalence of HIV in these settings may partly explain the poor 
performance of Mtb prediction models. Evidence suggests that HIV-related immunosuppres-
sion in people with TB can reduce the infectiousness of the individual [38]. This was reflected 
in our analysis, where HIV-positive index cases on ART were assigned the lowest risk scores. 
These findings further underscore the intricate interplay between community-level transmis-
sion dynamics and individual-level factors, such as HIV status and ART use, in shaping Mtb 
transmission patterns.

While both our models did not achieve good enough performance, this study represents an 
important step forward in understanding what is needed to provide targeted treatment of Mtb 
infection for adolescents and adults in high burden settings. In this context, prediction models 
cannot adequately discriminate between Mtb infected and non-infected adolescent and adults, 
as measured using IGRA. Also, given that IGRA is an imperfect reference standard with lim-
ited accuracy [39], the study might be predicting the wrong outcome especially when assessed 
at one time-point only. Therefore, a more nuanced understanding of Mtb transmission 
dynamics, recognizing the complex interplay between household-related factors and broader 
community-level influences is needed. Further collaborative, interdisciplinary innovation is 
essential to develop more accurate, easy-to-use, affordable and accessible tests that identify 
people with recent Mtb infection, those infected in the distant past and those not infected to 
inform targeted interventions for TB control and prevention.

Fig 3.  Performance of de-novo risk scores on positive and negative IGRAs. 

https://doi.org/10.1371/journal.pgph.0004340.g003
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Poor model performance may however also reflect the limitations of our study. For exam-
ple, we only enrolled household contacts who were exposed to highly infectious TB index 
cases. Bacterial burden in the index case, most frequently categorized as smear positive and 
smear negative, is strongly associated with Mtb infection [40–42]. However, in this study TB 
index cases were only eligible if their sputum samples tested smear-positive or medium or 
high level Xpert MTB/Rif positive (which is equivalent to smear positive) meaning heteroge-
neity of bacterial burden in the index cases was limited. This limits our ability to generalize 
findings to lower bacterial burden categories (e.g., smear-negative or trace Xpert positive), 
which have also been shown to contribute to Mtb transmission.

In conclusion, our study provides valuable insights into the challenges of developing and or 
implementing predictive models for Mtb infection, ultimately aimed at identifying those most 
recently infected, in high burden settings characterized by intense community transmission. 
Use of individual and household predictors does not add significant benefit over the treat-all or 
treat-none strategies currently being the most implemented strategy in low resource settings.
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ABSTRACT 49 

Background: 50 

Understanding the impact of HIV and antiretroviral therapy (ART) status on 51 

Mycobacterium tuberculosis (Mtb) transmission dynamics is crucial, particularly in the 52 

context of universal ART access. 53 

Methods: 54 

This cross-sectional analysis included adults with microbiologically confirmed 55 

pulmonary tuberculosis (medium/high Xpert MTB/Rif) and their household contacts 56 

(≥10 years) from Mozambique, Zimbabwe, and Tanzania (2021–2023). Mixed effects 57 

logistic regression assessed associations between tuberculosis patients’ HIV/ART 58 

status and household IGRA positivity. 59 

Results: 60 

A total of 1,923 household contacts of 907 persons with TB were analysed. A third of 61 

persons with TB were diagnosed with HIV at the time of TB diagnosis. Overall, 46% 62 

of household contacts were IGRA-positive at baseline. Household contacts exposed 63 

to persons living with HIV but not on ART had significantly lower odds of IGRA 64 

positivity (adjusted odds ratio 0.46; 95% CI: 0.30–0.73) compared to those exposed 65 

to HIV-negative persons while there was no evidence of difference in transmission risk 66 

to household contacts between ART-treated and HIV-negative individuals. 67 

Discussion: 68 

In a selected population of people with TB with a medium to high bacillary burden 69 

measured by Xpert MTB/Rif, people living with HIV while not on ART exhibited 70 

reduced Mtb transmission, potentially reflecting differences in infectiousness duration 71 

and health-seeking behaviours.  72 
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Tuberculosis (TB) is a significant global health threat affecting over 10 million people 74 

each year.1 In the early 2000s, TB incidence rapidly increased across southern Africa 75 

as a result of rising HIV prevalence.2,3 More recently, the wide availability of 76 

antiretroviral therapy (ART) has led to a change in TB epidemiology, reducing TB 77 

incidence in the region by 36% between 2010 and 2022.4,5 Although many Southern 78 

African countries have achieved the UNAIDS 90-90-90 targets,6 the impact of high 79 

ART coverage on Mtb transmission is unknown. 80 

Prior to the availability of ART, people living with HIV (PLHIV) who developed 81 

pulmonary TB were found to be less likely to transmit Mycobacterium tuberculosis 82 

(Mtb) to their household contacts. 7–9 Proposed mechanisms for reduced 83 

transmissibility included substantial immunosuppression resulting in paucibacillary 84 

disease and reduced duration of infectiousness through rapid development of 85 

symptoms, leading to seeking of healthcare and treatment or a higher risk of early 86 

demise without treatment.  87 

This study aims to understand how HIV and ART status of a person with TB (PWTB) 88 

impacts household Mtb transmission in high TB incidence settings. 89 

  90 



 

 
 

METHODS 91 

Study design and population 92 

This study used data from the Early Risk Assessment in TB contacts by new diagnostic 93 

Tests cohort study (ERASE-TB), a multi-country observational cohort study that was 94 

conducted in Maputo (Mozambique), Mbeya (Tanzania), and Harare (Zimbabwe).10 95 

Between March 2021 and 2023, ERASE-TB enrolled adults (≥18 years) with 96 

microbiologically confirmed pulmonary TB and high bacterial load (at least +1 positive 97 

smear and/or high/medium positive Xpert MTB/Rif) and their household contacts 98 

(aged ≥10 years) across three sites.  99 

Enrolled household contacts were followed up every six months for a maximum of 24 100 

months and underwent WHO four-symptom screen11 and chest X-ray, followed by 101 

Xpert MTB/Rif Ultra if either was suggestive of TB at each visit. All household contacts 102 

were offered HIV testing if not already known to be living with HIV. Interferon-gamma 103 

release assays (IGRA; STANDARDTM F TB-Feron FIA [IFN-gamma; SD Biosensor, 104 

Republic of Korea]) were also conducted at baseline and endline visit (depending on 105 

the availability of reagents) or at any follow up visit if not done at baseline. All PWTB 106 

had sputum samples collected for culture. Individual- and household-level 107 

questionnaires were administered to PWTB and household contacts to determine risk 108 

factors associated with Mtb transmission. 109 

Statistical analysis 110 

Univariable and multivariable mixed effects logistic regression models were used in R 111 

version 4.3 to investigate the effect of PWTB HIV/ART status on risk of Mtb 112 

transmission to household contacts. Adjustment sets were informed by existing 113 

scientific knowledge (Figure 1). Household contacts with missing or indeterminate 114 

baseline IGRA results were inferred using the next available IGRA results. Individuals 115 

who remained with overall missing or indeterminate IGRA results were excluded. 116 

Household contacts who tested IGRA positive at the six-month visit after a negative 117 

baseline result were considered IGRA positive, as well as those diagnosed with TB at 118 

baseline assuming they were infected with Mtb prior to developing TB. The 119 

explanatory variable of interest was HIV/ART status of the PWTB at the time of TB 120 

diagnosis, categorized as negative, positive and on ART, positive and not on ART, 121 

and unknown. 122 



 

 
 

A sensitivity analysis was performed, restricting the analysis to household contacts 123 

aged 10-19 years to reduce misclassification due to past Mtb infection.  124 

 125 

Ethical considerations 126 

Informed written consent, or guardian consent and individual assent for people under 127 

the age of 18, was obtained from all participants. Ethical approval was granted by all 128 

relevant institutions: the Medical Research Council in Zimbabwe (MRCZ/A/2618), the 129 

National Health Research Ethics Committee in Tanzania (TMDA-130 

WEB0021/CTR/0004/03), the National Bioethics Committee for Health in Mozambique 131 

(541/CNBS/21), and the ethical committees of London School of Hygiene & Tropical 132 

Medicine, United Kingdom (22522–2) and the medical faculty of the Ludwig-133 

Maximilians-Universität München, Germany (20–0771). 134 
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RESULTS 137 

The analysis included 1,923 household contacts and 907 PWTB (Figure 1: study 138 

flowchart). 275 index PWTB (30%) were PLHIV of whom 94 (34%) were not on ART. 139 

(Table 1). 186 household contacts were excluded from the analysis because of 140 

missing IGRA results. Household contacts were predominantly female (61%) and 141 

adults aged >19 years (77%). 142 

Time to culture positivity appeared shorter in PWTB who were HIV negative (median 143 

10.7 days, interquartile range [IQR] 6-19 days) and PLHIV on ART (median 12.9 days, 144 

IQR 7-21 days respectively), versus PLHIV not yet on ART (median 14.6 days, IQR 8-145 

25 days) (Figure S1). 56% of HIV negative PWTB had ‘high’ semiquantitative Xpert 146 

MTB/Rif results, compared to 51% of PLHIV not on ART. Reported symptom duration 147 

before TB treatment was similar across HIV status categories.  148 

Overall, 46.1% (887/1923) of household contacts were IGRA positive at baseline. Of 149 

those, 7.2% (n=64) were categorized as IGRA positive based on a positive IGRA test 150 

result at six months despite a baseline negative test and 2.6% (n=23) were diagnosed 151 

with TB at baseline. 152 

Household contacts most likely to have a positive IGRA were those exposed to PWTB 153 

who were either HIV negative (49%) or with unknown HIV status (48%). The lowest 154 

proportion of IGRA positivity was seen among household contacts of a PLHIV prior to 155 

ART initiation (32%). 156 

The univariable odds of IGRA positivity among household contacts exposed to PWTB 157 

who were HIV positive and not on ART was 55% lower compared to those contacts 158 

exposed to PWTB who were HIV negative (odds ratio (OR) 0.45: 95% CI 0.30-0.69). 159 

Adjusting for country, household contact characteristics (age, sex, HIV status, 160 

exposure intensity, previous exposure to TB, previous TB treatment) and PWTB (age, 161 

sex) characteristics did not change the effect estimate (adjusted OR [aOR] 0.45, 95% 162 

CI 0.29-0.69). Adjusting for variables assumed to be on the causal pathway namely 163 

bacterial burden (Xpert semi-quantitative measure medium or high) and symptom 164 

duration did not change the effect estimate (aOR 0.46, 95% CI 0.30-0.73). Sensitivity 165 

analysis restricted to adolescents (aged < 19 years) showed similar results (aOR 0.43, 166 

95% CI 0.20-0.96) (Table 2). 167 
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DISCUSSION 169 

In this study, we used prevalence of Mtb immunoreactivity, defined as prevalence of 170 

IGRA positivity in household contacts as a proxy measure of household transmission 171 

from the index PWTB. IGRA positivity was higher in household contacts exposed to 172 

HIV negative PWTB compared to household contacts living with a PWTB newly 173 

diagnosed with HIV and not yet on ART, suggesting reduced transmission in the latter 174 

group. This association persisted after controlling for symptom duration and bacterial 175 

burden. 176 

Mtb transmission is multifactorial, driven by infectiousness of the PWTB, duration of 177 

exposure, and intensity of contact. Environmental factors such as crowding and 178 

ventilation also play an important role (Figure 2).16  Most Mtb transmission studies use 179 

the immune response to TB antigens measured by skin tests or IGRAs, as a proxy for 180 

transmission,12 although the tests cannot distinguish between recent and past 181 

infections and false negative test results occur especially in people with 182 

immunosuppression ( (e.g. malnutrition, HIV, and diabetes).13,14  183 

Prior to the wide availability of ART, HIV-associated TB was characterized by 184 

paucibacillary disease and atypical presentations, including disseminated disease and 185 

infiltrates on chest x-rays, particularly in individuals with advanced immune 186 

suppression.7–9,15,16 These features were thought to contribute to reduced Mtb 187 

transmission from people co-infected with TB/HIV. However, increasing ART coverage 188 

and earlier treatment initiation have resulted in lower proportions of PLHIV presenting 189 

severely immune suppressed and as a result TB disease presentations now resemble 190 

those of HIV negatives.17,18 Despite these shifts, our findings suggest that PWTB who 191 

are PLHIV and not on ART have lower transmission risk compared to both HIV-192 

negative individuals and PLHIV on ART. This is noteworthy given the well-performing 193 

HIV programmes across all three countries,19–21 and the fact that our study exclusively 194 

included individuals with microbiologically confirmed pulmonary TB and medium/high 195 

Xpert MTB/Rif positivity, comparable to smear-positive disease.22 This association 196 

persisted after controlling for confounding. The effect estimates also did not change in 197 

the sensitivity analysis focused on adolescent household contacts only.  198 

Possible explanations for the reduced transmission risk are differences in bacterial 199 

burden and duration of infectiousness. To further explore the effect of HIV/ART status 200 



 

 
 

on risk of transmission to household contacts, we adjusted for level of Xpert MTB/Rif 201 

positivity and symptom duration as proxies for bacterial burden and duration of 202 

infectiousness. However, this adjustment did not alter the effect estimates inviting the 203 

question about other factor or mechanisms which may explain the reduced 204 

transmission risk. Importantly, duration of symptoms which is crudely approximated by 205 

self-reported symptom duration is prone to reporting bias23,24 and further limited by 206 

increasing evidence that timing of symptoms and infectiousness do not necessarily 207 

correlate.25 This highlights the complexity of accurately measuring and adjusting for 208 

factors contributing to Mtb transmission in this population. 209 

We, therefore, hypothesise that PLHIV who are not on ART progress to symptomatic 210 

smear-positive TB disease more rapidly, potentially limiting their duration of 211 

infectiousness compared to those who are HIV negative or HIV positive and on ART. 212 

The latter may experience an undulating course of disease with periods of intermittent 213 

infectiousness with or without symptoms. A formal counterfactual causal mediation 214 

analysis approach would be needed to delineate and quantify the role of underlying 215 

mechanisms of household transmission. 216 

Despite the wide-spread availability of free of charge HIV testing and ART services, 217 

our study also revealed that 30% of PLHIV with TB were previously undiagnosed with 218 

HIV. This proportion is higher than the average population estimates of 72%, 82% and 219 

87% for Mozambique, Tanzania and Zimbabwe respectively,19–21 indicating that 220 

access to HIV testing is not equitable. The proportion of undiagnosed HIV among 221 

PWTB in this study is likely underestimated as we only enrolled people with 222 

medium/high Xpert MTB/Rif TB. It is likely that the proportion of undiagnosed HIV is 223 

much higher in those presenting with paucibacillary TB who were not included in this 224 

study. Importantly HIV diagnosis and ART initiation may have prevented the TB 225 

episode in those presenting with HIV/TB co-infected not on ART. In addition, 226 

engagement in ART care would have provided an opportunity to offer TB preventive 227 

therapy.  228 

Strengths of this study include a large and diverse sample size across three African 229 

countries and the ability to adjust for multiple confounders. Availability of household 230 

contact HIV data allowed us to account for a critical factor influencing susceptibility to 231 

Mtb infection, given its potential impact on IGRA positivity. This comprehensive 232 



 

 
 

adjustment enhances the robustness of our findings. Limitations include potential 233 

selection bias because of the ERASE-TB eligibility criteria aimed to only include highly 234 

infectious PWTB and outcome misclassification due to inclusion of all aged > 9 years. 235 

However, sensitivity analyses restricted to adolescents corroborated the findings. 236 

This study suggests that PLHIV who are not on ART are less likely to transmit Mtb 237 

despite similar bacterial loads at time of diagnosis to PLHIV on ART with TB and HIV 238 

negative PWTB, potentially reflecting shorter duration of infectiousness. These 239 

differences may stem from biological factors (immunosuppression), behavioural 240 

factors (health-seeking behaviour), or structural barriers (access to healthcare). 241 

Importantly, a large proportion of PLHIV diagnosed with TB are not on ART at the time 242 

of TB diagnosis highlighting the need for improved access to HIV diagnosis and 243 

treatment.  244 
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Figure Legends 371 

Figure 1: Flow diagram illustrating participants recruited and selected for 372 

analysis from the ERASE-TB study 373 
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IGRA: Interferon Gamma Release Assay 376 
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Figure 2: Conceptual framework for household Mtb transmission 378 
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Table 1: Index and household-level demographic data of people diagnosed with TB 
  Total HIV status of the person with TB 

Person diagnosed with TB N=907 
Negative 

N=568  
(63%) 

Positive, not on 
ART N=94  

(10%) 

Positive, on ART 
N=181  
(20%) 

Unknown 
N=64  

(7.1%) 

Country, N (%) 
Zimbabwe 314 (35%) 187 (33%) 42 (45%) 65 (36%) 20 (31%) 

Mozambique 288 (32%) 184 (32%) 26 (28%) 63 (35%) 15 (23%) 

Tanzania 305 (34%) 197 (35%) 26 (28%) 53 (29%) 29 (45%) 

Men, N (%) 621 (68%) 397 (70%) 63 (67%) 116 (64%) 45 (70%) 
Age, years, median (IQR) 36 (28-45) 34 (26-44) 37 (32-42) 39 (33-46) 36 (26-47) 
Household crowding* 185 (20%) 113 (20%) 19 (20%) 42 (23%) 11 (17%) 

Xpert MTB/Rif Ultra 
semiquantitative N (%) 

Medium 400 (44%) 247 (44%) 46 (49%) 78 (43%) 29 (45%) 
High 507 (56%) 321 (56%) 48 (51%) 103 (57%) 35 (55%) 

Days to culture positive liquid culture, medium (IQR) 11.7 (7-20) 10.7 (6-19) 14.6 (8-25) 12.9 (7-21) 11 (5-18) 
Duration of symptoms, days, medium (IQR) 60 (30-90) 60 (30-120) 33 (23-90) 60 (30-90) 60 (30-90) 
Household contacts  N=1923# N=1208 (63%) N=169 (8.8%) N=398 (21%) N=148 (7.7%) 

Country, N (%) 
Zimbabwe 686 (36%) 398 (33%) 71 (42%) 154 (39%) 63 (42%) 
Mozambique 611 (32%) 416 (34%) 51 (30%) 118 (30%) 26 (18%) 
Tanzania 626 (33%) 394 (33%) 47 (29%) 126 (32%) 59 (40%) 

Men, N (%) 725 (38%) 477 (39%) 58 (34%) 141 (35%) 49 (33%) 
Age, years, medium (IQR) 27 (17-42) 26 (17-42) 29 (17-38) 26 (16-41) 28 (17-40) 

HIV status 
Negative 1620 (84%) 1083 (90%) 124 (73%) 297 (74%) 116 (78%) 
Known positive 297 (15%) 121 (10%) 44 (26%) 100 (25%) 32 (22%) 
Newly positive 6 (0.3%) 4 (0.3%) 1 (0.6%) 1 (0.3%) 0 (0.0%) 

Previous history of exposure to TB 84 (4.4%) 43 (3.6%) 7 (4.1%) 15 (3.8%) 19 (13%) 
Past TB 118 (6.1%) 83 (6.9%) 6  (3.6%) 20 (5.0%) 9 (6.1%) 
Spouse of the person with TB, N (%) 337 (19%) 219 (18%) 35 (21%) 62 (15.6%) 21 (14%) 
Sleeps in the same room as the person with TB, N (%) 565 (29%) 351 (29%) 56 (33%) 117 (29%) 41 (28%) 
Directly cared for the person with TB, N (%) 801 (42%) 502 (42%) 78 (46%) 158 (40%) 63 (43%) 
IGRA positive, N (%) 887 (46%) 586 (49%) 54 (32%) 176 (44%) 71 (48%) 

* As per United Nations definition (≥3 people per room)26 

# 186 household contacts with missing IGRA result or not TB incident and were excluded from analysis   



 

 
 

Table 2: Odds ratios of household contact being IGRA positive  
 

 Odds ratio (95% confidence intervals) 

  Multivariable models 

  Model 1 Model 2 

Index HIV status Crude unadjusted 
N = 1923 

Adjusted for clustering 
only1 

N = 1923 

Adjusted2 

N=1923 
Adjusted random 

effect2, 
Restricted to contacts 

aged 10-19 years 
N= 626 

Adjusted random 
effect3  

N=1923 

Adjusted random 
effect3, Restricted to 
contacts aged 10-19 

years 
N=626 

Index HIV– (Reference) 1 1 1 1 1 1 
Index HIV+, not on ART 0.50 (0.35-0.70) 0.45 (0.30-0.69) 0.45 (0.29-0.69) 0.40 (0.18-0.90) 0.46 (0.30-0.73) 0.43 (0.20-0.96) 
Index HIV+, on ART 0.84 (0.67-1.06) 0.85 (0.64-1.14) 0.89 (0.66-1.20) 0.70 (0.42-1.17) 0.91 (0.67-1.24) 0.74 (0.45-1.23) 
Index HIV status 
unknown 

0.97 (0.70-1.38) 0.91 (0.58-1.43) 0.83 (0.52-1.31) 0.69 (0.30-1.55) 0.83 (0.52-1.33) 0.73 (0.33-1.63) 

1Random effects model used to account for household clustering, 2adjusted for country, household contact (age, sex, caregiver role, sleeping room sharing, other history of exposure 
to TB, history of TB treatment) and person with TB (age, sex) variable, 3 adjusted for country, household contact (age, sex, caregiver role, sleeping room sharing, other history of exposure 
to TB, history of TB treatment) and person with TB (age, sex, Gene Xpert positivity, duration of symptoms) variables 

 

Abbreviations 

HIV+ = HIV positive 

ART = Antiretroviral therapy 

TTP = Time to culture positive 

  



 

 
 

Figure 1: Flow diagram illustrating participants recruited and selected for analysis from the ERASE-TB study 
 

 
Abbreviations 

TB: Tuberculosis 

IGRA: Interferon Gamma Release Assay  



 

 
 

Figure 2: Conceptual framework for household Mtb transmission 

 

  



 

 
 

SUPPLEMENTS 

Figure S1: Distribution of culture positivity in days by HIV status of the person with tuberculosis (TB) 

 



 

 
 

Table S1 : Fixed effects model of IGRA positivity adjusted by household and country 
      
 Variables of interest  n/N (%) Crude Odds ratios 

(95% CI) 
Adjusted for household 
clustering (random effects) 
aOR 
(95% CI) 

Adjusted for household 
clustering (random effects) 
with country as fixed effect 
aOR 
(95% CI) 

Contact Age 

10-14 years 370 (19%) Ref Ref Ref 
15-17 years 192 (10%) 1.37 (0.96-1.97) 1.37(0.91-2.05) 1.39 (0.92-2.08) 
18-25 years 376 (20%) 1.33 (0.99-1.80) 1.43 (1.02-2.02) 1.48 (1.05-2.08) 
26-35 years 303 (16%) 1.44 (1.06-1.98) 1.61 (1.12-2.31) 1.56 (1.08-2.23) 
>35 years 682 (35%) 2.06 (1.58-2.68) 2.35 (1.74-3.18) 2.32 (1.71-3.13) 

Contact sex 
Female 1198 (62%) Ref Ref Ref 
Male 725 (38%) 0.94 (0.78-1.13) 0.92 (0.74-1.13) 0.93 (0.75-1.16) 

Contact HIV status 
Negative 1620 (84%) Ref Ref Ref 
Known Positive 297 (15%) 0.81 (0.63-1.05) 0.81 (0.61-1.09) 0.82 (0.62-1.10) 
New positive 6 (0.3%) 0.64 (0.11-3.54) 0.61 (0.09-4.23) 0.52 (0.08-3.52) 

Age of person with 
TB 

18-25 183 (20%) Ref  Ref 
26-35 233 (26%) 1.09 (0.83-1.43) 1.09 (0.79-1.52) 1.05 (0.76-1.45) 
35+ 491 (54%) 1.15 (0.92-1.45) 1.16 (0.88-1.52) 1.13 (0.86-1.48) 

Sex of person with 
TB 

Female 286 (32%) Ref Ref Ref 
Male 621 (68%) 0.90 (0.75-1.09) 0.86 (0.67-1.11) 0.83 (0.65-1.06) 

HIV status of 
person with TB 

HIV Negative 568 (62%) Ref Ref Ref 
HIV+, not on ART 94 (10%) 0.52 (0.37-0.74) 0.47 (0.31-0.73) 0.45 (0.29-0.69) 
HIV+, on ART 181 (20%) 0.89 (0.71-1.12) 0.92 (0.68-1.24) 0.90 (0.67-1.21) 
Unknown 64 (7.1%) 1.06 (0.75-1.49) 0.97 (0.61-1.54) 0.88 (0.56-1.40) 

Bacillary burden 
Medium 400 (44%) Ref Ref Ref 
High 507 (56%) 1.18 (0.98-1.42) 1.23 (0.97-1.57) 1.14 (0.89-1.46) 

Symptom duration 
of person with TB 

<30 days 145 (16%) Ref Ref Ref 
30≤days<90 400 (44%) 1.51 (1.15-2.01) 1.68 (1.18-2.04) 1.80 (1.26-2.57) 
90+ days 359 (40%) 2.11 (1.58-2.80) 2.67 (1.84-3.86) 2.22 (1.54-3.22) 

Proximity score  1.16 (1.09-1.24) 1.19 (1.10-1.28) 1.16 (1.08-1.25) 
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ABSTRACT
Introduction  The WHO End-TB Strategy calls for the 
development of novel diagnostics to detect tuberculosis 
(TB) earlier and more accurately. Better diagnostics, 
together with tools to predict disease progression, are 
critical for achieving WHO End-TB targets. The Early Risk 
Assessment in TB Contacts by new diagnoStic tEsts 
(ERASE-TB) study aims to evaluate novel diagnostics and 
testing algorithms for early TB diagnosis and accurate 
prediction of disease progression among household 
contacts (HHCs) exposed to confirmed index cases in 
Mozambique, Tanzania and Zimbabwe.
Methods and analysis  A total of 2100 HHCs (aged ≥10 
years) of adults with microbiologically-confirmed 
pulmonary TB will be recruited and followed up at 6-month 
intervals for 18–24 months. At each time point, a WHO 
symptom screen and digital chest radiograph (dCXR) 
will be performed, and blood and urine samples will be 
collected. Individuals screening positive (WHO symptom 
screen or dCXR) will be requested to provide sputum 
for Xpert MTB/Rif Ultra. At baseline, HHCs will also be 
screened for HIV, diabetes (HbA1c), chronic lung disease 
(spirometry), hypertension and anaemia. Study outcomes 
will be coprevalent TB (diagnosed at enrolment), incident 
TB (diagnosed during follow-up) or no TB at completion 
of follow-up. Novel diagnostics will be validated using 
fresh and biobanked samples with a nested case–control 
design. Cases are defined as HHCs diagnosed with TB 
(for early diagnosis) or with incident TB (for prediction 
of progression) and will be matched by age, sex and 
country to HHCs who remain healthy (controls). Statistical 
analyses will include assessment of diagnostic accuracy 
by constructing receiver operating curves and calculation 
of sensitivity and specificity.
Ethics and dissemination  ERASE-TB has been approved 
by regulatory and ethical committees in each African 
country and by each partner organisation. Consent, with 
additional assent for participants <18 years, is voluntary. 

Attestation by impartial witnesses is sought in case of 
illiteracy. Confidentiality of participants is being maintained 
throughout. Study findings will be presented at scientific 
conferences and published in peer-reviewed international 
journals.
Trial registration number  NCT04781257.Cite Now

INTRODUCTION
Tuberculosis (TB) remains a leading global 
public health problem, with an estimated 

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ Recruitment of highly infectious index cases aimed 
at maximising the number of tuberculosis (TB) diag-
noses in the household contact (HHCs) cohort.

	⇒ Sequencing of Mycobacterium tuberculosis isolates 
from both index cases and HHCs allows confirma-
tion of household transmission and, thus, determi-
nation of timing of the transmission event; resulting 
in more precise estimates of new test sensitivity 
compared with population-based cohorts with un-
known timing of infection.

	⇒ Large sample size across three southern African 
countries with high HIV prevalence; including ado-
lescents will ensure that study findings are gener-
alisable to the clinically relevant population at high 
risk of TB compared with studies focused on adults 
only.

	⇒ Despite the large cohort of HHCs, the number of di-
agnosed TB cases will be small, limiting the power 
of the study and subgroup analyses such as by age 
and HIV status.

	⇒ Geographically limited to sub-Saharan Africa; there-
fore, results may not be generalisable to other pop-
ulations, including those with lower HIV prevalence 
such as in South-East Asia or the Americas.
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10 million new cases and 1.5 million deaths globally in 
2020.1 In 2014, the World Health Assembly approved the 
WHO End-TB Strategy, aiming for a 90% reduction in 
TB incidence and 95% reduction in TB deaths by 2035.2 
However, in 2019, three million TB cases (‘the missing 
millions’) remained undiagnosed and untreated globally, 
resulting in potentially avoidable morbidity, mortality 
and onward transmission. The COVID-19 pandemic has 
resulted in a large decrease in the number of people newly 
diagnosed with TB and reported. This has increased the 
diagnostic gap by a further 1.3 million, resulting in an esti-
mated 4.2 million undiagnosed TB cases in 2020.3 Also, 
for the first time in a decade, TB deaths have risen, from 
an estimated 1.4 million in 2019 to 1.5 million in 2020, as 
a result of reduced access to and provision of essential 
TB services, including diagnostics during the COVID-19 
pandemic.

Without an efficacious and safe vaccine, early detection 
and containment are the main tools to interrupt transmis-
sion and successfully control TB. Similar to SARS-CoV2, 
asymptomatic spreading of M.tuberculosis and subclinical 
but infectious disease states are a major concern in the 
control of airborne infectious diseases.4 Early and accu-
rate identification of persons with TB, combined with 
identification of those at risk of progression to TB and 
provision of targeted preventive treatment, are critical 
to reducing TB-associated morbidity and mortality, and 
preventing onward transmission.

Currently available diagnostics such as sputum micros-
copy, mycobacterial culture and nucleic acid amplifica-
tion tests are based on direct pathogen detection, thus 
requiring a high mycobacterial load; they, therefore, 
predominately target advanced TB when onward transmis-
sion and significant lung damage has occurred.5 6 Further-
more, for many patients with minimal or no symptoms, 

expectoration of high-quality sputum specimens remains 
challenging, limiting the accuracy of sputum-based tests. 
The same holds true for young children and people living 
with HIV.

The Early Risk Assessment in TB Contacts by new diag-
noStic tEsts (ERASE-TB) study aims to fill this diagnostic 
gap by evaluating new sputum and non-sputum-based TB 
diagnostics for early TB detection (before onward trans-
mission occurs) as well as tools for more accurate predic-
tion of TB progression to allow for targeted preventive 
therapy.

METHODS AND ANALYSES
Study objectives
ERASE-TB’s primary objectives are (1) to determine the 
sensitivity and specificity of novel diagnostics to detect 
TB, in particular, asymptomatic or minimally symptom-
atic TB, (2) to evaluate novel diagnostics for detection 
of likely TB progression and (3) to enhance the perfor-
mance of novel diagnostics by simulating testing algo-
rithms coupled with individual risk estimates from a 
mathematical model. The secondary objectives are (1) to 
determine the TB prevalence among household contacts 
(HHCs) of infectious TB index cases (ICs) at baseline 
and during 18–24 months follow-up, (2) to establish a 
biorepository of cryopreserved specimens from HHCs for 
future development and validation of diagnostic tests and 
(3) to assess the association of selected chronic disease 
conditions and TB among HHCs.

Study endpoints
The study’s primary endpoints are the presence or devel-
opment of TB among HHCs with the following possible 
scenarios of (1) prevalent symptomatic TB at baseline, 

Figure 1  The ERASE-TB consortium. ERASE-TB, Early Risk Assessment in TB contactS by new diagnostic tEsts.
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(2) incident TB during follow-up and (3) remained 
healthy until study completion. An endpoint review 
committee will review the data and case classification 
before finalisation.

Through the sequencing of Mycobacterium tuberculosis 
(Mtb) isolates, cases of coprevalent or incident TB will 
be classified either as secondary, infected by the source 
case—the timepoint of infection will be known; or as 
infected by another, unknown source of infection, with 
an unknown timepoint of infection.

Recruitment sites
Recruitment of ICs and HHCs at selected primary health-
care facilities and communities has commenced in 
Harare, Zimbabwe in March 2021, Maputo, Mozambique 
in August 2021, and Mbeya, Tanzania in September 2021. 
Partners of the ERASE-TB consortium are illustrated in 
figure  1. All three countries have a high TB incidence 
ranging from 100 to 499/100 000 population1 and HIV 
prevalence among adults aged 15 years and older of 
5%–20%.7 The African research institutions have estab-
lished collaborations with their respective National 
Tuberculosis Programs ensuring referral and appropriate 
follow-up of patients with TB. Figure  2 illustrates the 
geographic location of research institutions, healthcare 

facilities where recruitment is taking place, demographic 
characteristics of study populations and estimates on TB 
incidence and HIV prevalence.8–15

Study design
ERASE-TB is a non-interventional, longitudinal, prospec-
tive cohort study among HHCs aged ≥10 years exposed to 
highly infectious pulmonary TB ICs aged ≥18 years. Eligi-
bility criteria are detailed in figure 3 and the study design 
is shown in figure 4. TB ICs are eligible if the bacterial 
load in their sputum is at least at the ‘medium’ level 
according to Xpert MTB/RIF or Xpert MTB/RIF Ultra, 
and they have received less than seven daily doses of 
anti-TB treatment before enrolment. This maximises the 
likelihood of culturing and storing Mtb isolates. The total 
study duration will be 36 months. This includes 12-month 
enrolment of ICs and HHCs, and 18-month to 24-month 
follow-ups of HHCs. Follow-up ends when a HHCs with-
draws from the study, is lost to follow-up, dies or is diag-
nosed with TB and referred for treatment. Scheduled or 
unscheduled unwell visits can be conducted physically 
and/or telephonically in case of abnormal finding, for 
example, by abnormal digital chest radiograph (dCXR), 
or when a participant feels unwell in between scheduled 
follow-up visits.

Figure 2  Location and characteristics of ERASE-TB study sites. The location of each study site is indicated by a red asterisk. 
Source data used within this figure are taken from the references.7–15 40–42 ERASE, Early Risk Assessment in TB contactS by new 
diagnostic tEsts; TB, tuberculosis.
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Figure 3  Eligibility criteria and schedules of events for index cases and household contacts. A=depending on the time point 
of study enrolment and consequently on the duration available for follow-up, that is, 18 or 24 months, the follow-up visit at 24 
months±30 days may be conditional; B=the follow-up visit by phone may be conducted after the last scheduled follow-up visit 
at 18 months±30 days or 24 months ±30 days to assess whether symptoms suggestive of TB have occurred, TB diagnosis 
has been made or anti-TB treatment has been initiated; C=unwell visits by phone or on-site may be conducted between 
scheduled follow-up visits if a participant presents at a recruitment healthcare facility with signs and symptoms suggestive of 
TB; D=coached spontaneous or induced sputum collection for storage at scheduled follow-up visit at 18 months±30 days or 24 
months ±30 days, and for repetition of HIV testing if tested negative at baseline; E=coached spontaneous or induced sputum 
collection on the decision of the investigating team for testing by Xpert MTB/RIF Ultra if participant presents with signs and 
symptoms suggestive of TB; F=coached spontaneous or induced sputum collection in case of Xpert MTB/RIF Ultra positivity 
or strong clinical suspicion of TB for repetition of the Xpert MTB/RIF Ultra; G=in case of HIV positivity to be followed by the 
assessment of CD4 counts; H=CXR to be conducted at an unscheduled on-site unwell visit on the decision of the investigating 
team depending on the nature of symptoms reported, and the time elapsed since the last CXR including its findings; I=not to 
be conducted among pregnant women; J=stored venous blood includes 6 mL EDTA blood for whole blood and plasma, 4 mL 
serum and 2.5 mL PAXgene blood, all samples will be deep frozen for retrospective testing using new diagnostics as described 
in text; K=in case the evaluation of symptoms of a participant unable to present at a recruitment healthcare facility is required 
an unscheduled on-site or home visit will be arranged by phone, the resolution of symptoms can alternatively be addressed 
by phone; L=collection of PBMC at baseline and follow-up visit at 6 months±30 days is optional, thus will not be performed 
at each participating site and for each participant; M=in case the evaluation of symptoms of a participant unable to present at 
a recruitment healthcare facility is required or doubtful if required an unscheduled unwell visit by phone will be arranged, the 
resolution of symptoms can alternatively be addressed by phone; N=spirometry and/or diabetes (HbA1c) will be performed 
at scheduled follow-up visits at 6 months±30 days, 12 months ±30 days and 18 or 24 months±30 days if required or not 
performed at baseline, anaemia (Hb) will be performed at baseline and scheduled follow-up visits at 6 months±30 days, 12 
months ±30 days and 18 or 24 months±30 days if possible; O=blood pressure measurement will be performed at baseline and 
scheduled follow-up visits at 6 months±30 days, 12 months ±30 days and 18 or 24 months±30 days; P=WGS to be performed 
once Mtb infection is confirmed and an isolate could be recovered. CD4, cluster of differentiation 4; CXR, chest radiograph; 
Hb, haemoglobin; HbA1c, glycated haemoglobin; IGRA, interferon gamma release assay; LAM, lioparabinomannan; MTB, 
Mycobacterium tuberculosis; MBLA, molecular bacterial load assay; PBMC, peripheral blood mononuclear cell; RIF, rifampicin; 
TAM-TB, T- cell activation marker tuberculosis; TB, tuberculosis; WGS, whole genome sequencing.
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Procedures
TB index cases
Following informed consent obtained, a questionnaire is 
administered to collect sociodemographic information, 
TB risk factors and the medical history of TB, HIV and 
other diseases. Two spontaneous sputum samples are 
obtained, of which one is for mycobacterial culturing and 
one for storage for performing retrospectively Molecular 
Bacterial Load Assay to quantify viable Mtb by 16s rRNA6; 
an alternative means to quantify expectorated bacterial 
load for an estimate of infectiousness. Both liquid and 
solid mycobacterial cultures are performed on decon-
taminated sputum samples, with all Mtb isolates stored 
at −80° for future DNA extraction and whole genome 
sequencing. A questionnaire on symptom duration and 
TB risk factors is also administered.

Household key informant
At baseline, a household key informant (either the TB 
IC or one of the HHCs) is identified and asked to answer 
questions of a household questionnaire that collects socio-
economic elements like structure of the house or flat, 
income and household assets and covariates possibly asso-
ciated with risk of TB infection, for example, windows/
air exchange, presence of comorbid conditions and risk 
factors like the source of cooking energy and properties 
of the household kitchen.

Household contacts
Informed consent is obtained from all eligible adult 
HHCs. For HHC <18 years of age, the guardian is asked 
to provide informed consent, with assent also sought 
from children dependent on local guidance. At base-
line, a questionnaire is administered collecting informa-
tion on socioeconomic and demographic characteristics, 
previous medical history of TB, HIV and other diseases, 

exposure risk factors, smoking and alcohol history. The 
physical examination includes height, weight, mid-upper 
arm circumference and blood pressure measurement. In 
addition, all HHCs are offered free HIV testing according 
to the National Guidelines. All people with confirmed 
HIV infection will have CD4 counts performed and be 
referred for TB preventive therapy. Those not yet on 
antiretroviral therapy (ART) and those who interrupted 
ART are referred for ART at local services.

Point of care HbA1c (A1cCare, SD Biosensor, Gyeong-
gi-do, Republic of Korea) and haemoglobin (Hemocue 
301+, Hemocue, Angelholm, Sweden) tests and spirom-
etry (including prebronchodilation and postbroncho-
dilation with inhaled salbutamol) are performed at 
baseline or the 6-month visit. HHCs who did not take up 
HIV testing or other screening at baseline are offered 
these tests at each study visit. Any HHCs with test results 
requiring treatment or further investigations are referred 
for respective services.

HHCs are screened for TB using the WHO symptom 
screening questionnaire and a dCXR, reviewed by a clin-
ical officer. dCXRs are not performed in pregnant HHCs. 
HHCs with a positive WHO symptom screening and/or 
abnormal dCXR are asked to provide sputum samples for 
TB investigations, that is, for GeneXpert and mycobac-
terial culture. Those with negative symptom screen and 
normal dCXR are asked to provide a spontaneous sputum 
sample for storage (with sputum induction performed if 
required).

At baseline, urine, serum, plasma, whole blood (native, 
and with RNA preservation in PAXgene tubes (BD Biosci-
ences, New Jersey)) are stored. A finger-prick sample is 
taken and investigated using the Xpert TB Host Response 
RUO Prototype cartridge (Cepheid, Sunnyvale, Cali-
fornia). T-cell Activation Marker Tuberculosis (TAM-TB) 

Figure 4  Study design. CXR, chest radiograph; FU, follow-up; HHC, household contact; IC, index case; MTB, Mycobacterium 
tuberculosis; pos=positive; RIF, rifampicin; SS, symptom score; TB, tuberculosis.

 on N
ovem

ber 6, 2022 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2022-060985 on 19 July 2022. D
ow

nloaded from
 



6 Marambire ET, et al. BMJ Open 2022;12:e060985. doi:10.1136/bmjopen-2022-060985

Open access�

assay and Interferon Gamma Release Assay (IGRA; STAN-
DARDTM F TB-Feron FIA (IFN-gamma; SD Biosensor, 
Republic of Korea) are performed on fresh venous blood. 
In Tanzania and Mozambique, storage of peripheral 
blood mononuclear cells for later characterisation of the 
TB-specific immune response is also performed.

Procedures for follow-up and unwell visits are similar 
to those at baseline. Measurement of HIV status, haemo-
globin (HB), HbA1c, spirometry, CD4 count and IGRA 
testing are not performed at follow-up visits, unless not 
done previously. At the last scheduled visit, all HHCs 
not known to have HIV are reoffered HIV testing and a 
spontaneous or induced sputum sample is stored for all 
participants.

HHCs screening positive for TB symptoms and/or with a dCXR 
suggestive of TB
HHCs screening positive for symptoms and/or those 
with dCXRs suggestive of TB are asked for a sputum 
sample, which is investigated using Xpert MTB/RIF Ultra 
(Cepheid). If this sample is positive for Mtb (including a 
trace result), a minimum of two additional sputum samples 
are investigated, following decontamination, with Xpert 
MTB/RIF Ultra, solid and liquid culture. Isolates stored 
from these cultures will be sequenced for matching with 
the IC isolates in order to verify intrahousehold transmis-
sion. Sputum induction is performed for those unable to 
provide a spontaneous sputum sample. HHCs with micro-
biologically confirmed TB are referred for TB treatment 
to the National TB Programme.

Patient and public involvement
The ERASE-TB study sites have established Community 
Advisory Boards, which are voices of communities, people 
affected and study participants, providing a strategic link 
between the communities and the study team. Commu-
nity Advisory Boards meet regularly and provide feed-
back on design, procedures and conduct of the study. 
They will also be closely involved in the dissemination 
of study results. In addition to the Community Advisory 
Boards, each study site conducts community engagement 
activities focused on young people with the aim to foster 
interst in science and research, specifically in the field of 
respiratory diseases/illness. This includes close partner-
ship with schools and universities. Furthermore, planned 
qualitative research will specifically aim to understand the 
perceptions of HHCs with regards to TB diagnostics and 
screening.

Sample size
An estimated 800 to 900 TB-confirmed ICs are required 
for the subsequent enrolment of an anticipated 2100 
HHCs, that is, 700 HHCs per country. Loss to follow-up 
of HHCs is estimated to be 10%. A total of 64 HHCs (3%) 
are estimated to be diagnosed with TB during the study 
period, based on previous active case finding studies 
among HHCs.16 Validation for subclinical and early TB 
will include incident (n=49) and coprevalent TB cases 

(n=15). Validation for detection of incipient Mtb infec-
tion will include samples of participants with incident TB 
(n=49) matched 1:4 to samples of participants without 
TB (n=196). For tests diagnosing incipient Mtb infection 
sensitivities of 73% and 82% would be detected with a 
precision of 59%–85% and 68%–91%, respectively. For 
specificities of 92% and 94%, the CIs would be 87% to 
95% and 90% to 97%.

Novel test candidates
A range of novel test candidates targeted at pathogen 
detection or identification of host responses to Mtb are 
being applied, either in real-time (for all participants) 
or retrospectively (in a case–control design). While a 
number of novel test candidates have been prespecified, 
the ERASE-TB biobanking processes allow for addition of 
further candidate tests to be evaluated on stored samples 
as they become available.

DCXRs offer good sensitivity for diagnosis of pulmo-
nary TB. However, high interinvestigator and intrainvesti-
gator variability, and lack of trained interpreters presents 
a barrier to implementation in many high-TB burden 
settings. Computer-aided interpretation systems, such as 
CAD4TB (Delft Imaging, Hertogenbosch, Netherlands) 
and qXR (​Qure.​ai, India), may increase image-reading 
capacity, with good performance, and serve, therefore, as 
a systematic screening tool to identify individuals in need 
of confirmatory TB tests.17 18

Xpert MTB/RIF Ultra is a nucleic acid amplification 
test for Mtb with a lower limit of detection compared with 
the previous Xpert MTB/RIF generation, and, therefore, 
conferring higher sensitivity in paucibacillary specimens. 
This, however, comes at the expense of specificity, partic-
ularly in high TB incidence settings, resulting in ‘false 
positives’.19 WHO guidelines recommend Xpert MTB/
RIF Ultra for TB diagnosis among adults and children 
acknowledging that further evaluation, particularly of 
the role of Xpert MTB/RIF Ultra for TB screening, is 
needed.20 21

FLOW-TB is an advanced ELISA for the detection 
of Mtb lipoarabinomannan (a mycobacterial cell wall 
component) in urinary specimens with results available 
within 65 min.22

The TAM-TB detects Mtb-specific CD4 T-cells through 
in vitro antigen stimulation with Mtb-derived peptides, 
that is, from ESAT-6 to CFP-10, followed by flow cytom-
etry. TAM-TB discriminated latent Mtb infection from 
TB in freshly collected blood with 83% sensitivity and 
96%–98% specificity in previous studies. Furthermore, 
TAM-TB may detect early TB disease progression up to 9 
months prior to the identification of Mtb in sputum.23–25

Multiple transcriptomic signatures, capturing the host 
response to TB, have been described as promising candi-
date tests for earlier TB diagnosis (up to 2 years before 
microbiological diagnosis). An individual patient data 
meta-analysis suggested equivalent performance of eight 
signatures, with 25%–40% sensitivity and 92%–95% spec-
ificity, 0–24 months before TB diagnosis. Diagnostic 

 on N
ovem

ber 6, 2022 by guest. P
rotected by copyright.

http://bm
jopen.bm

j.com
/

B
M

J O
pen: first published as 10.1136/bm

jopen-2022-060985 on 19 July 2022. D
ow

nloaded from
 



7Marambire ET, et al. BMJ Open 2022;12:e060985. doi:10.1136/bmjopen-2022-060985

Open access

accuracy of each signature improved as the interval 
between testing and microbiological TB diagnosis short-
ened.26 Several signatures have been developed into PCR-
based assays to facilitate real-time implementation: the 
recent The Correlate of Risk Targeted Intervention Study 
(CORTIS) reported sensitivity of 48% and specificity of 
75% for incipient TB for the RISK-11 transcriptomic 
signature of TB risk.27 Cepheid have developed a three-
transcript TB score into a fully automated in-cartridge 
PCR assay performed on finger-prick blood using the 
Xpert platform (Xpert TB Host Response RUO Proto-
type cartridge). This cartridge will be evaluated using 
freshly collected specimens in ERASE-TB; storage of 
RNA-stabilised blood samples also allows for retrospective 
evaluation of additional transcriptomic signatures in our 
cohort.28 29

An alternative approach to capture the host response 
to TB is through protein-based biomarker signatures. 
Candidate tests in this category include a serum-based 
or plasma-based multiplex assay assessing 13 protein 
biomarkers (C reactive protein, procalcitonin,30 sTREM-1 
(soluble triggering receptor expressed on myeloid cells-
1),31 32 angiopoietin-2,33 34 IL-6,35 TRAIL (TNF-related 
apoptosis-inducing ligand)36 and IP-1035) that is being 
developed by the London School of Hygiene and Trop-
ical Medicine; in addition, a seven biomarker signature 
is under development as a point-of-care test for TB diag-
nosis, with 94% sensitivity and 73% specificity detected in 
previous work.37

Statistical analyses
Baseline characteristics and analytical data will be 
summarised using descriptive statistics inclusive of 
mean, median, range, SD and absolute as well as relative 
frequencies depending on the nature of data. A logistic 
regression model will be used to identify characteristics of 
TB among ICs, households and HHCs that are predictive 
of incident TB. From the study database, we will simulate 
algorithms of different tests to obtain the testing combi-
nation with the best accuracy. We will couple tests with a 
mathematical model that quantifies the risk of infection 
and/or disease to enhance predictive performance. The 
reporting of the development of the prediction model 
will follow the Transparent Reporting of a multivariable 
prediction model for Individual Prognosis Or Diagnosis 
Initiative.38

The validation of novel diagnostic tests for detecting 
TB will be analysed as a 1:4 matched nested case–control 
study with HHCs diagnosed with TB at baseline and 
during follow-up serving as cases, and HHCs who do 
not develop TB during follow-up as controls; controls 
will be matched for site, age, sex, HIV status and other 
risk factors for developing TB. Sensitivity and specificity 
of novel tests will be determined using pre-existing posi-
tive/negative cut-offs where these exist39; and receiver 
operating curves (ROC) constructed with area under the 
ROC curve calculated. For tests aiming to identify individ-
uals at high risk of TB in the future, only HHCs who are 

diagnosed with TB during follow-up will serve as cases (ie, 
those diagnosed with TB at baseline will be excluded). 
Stored samples from all timepoints will be retrieved and 
diagnostic accuracy (ie, sensitivity and specificity) of the 
novel test determined at different timepoints before 
TB diagnosis. The decision of assigning the ‘active TB’ 
endpoints to participants will be blinded from the new 
test results to avoid inclusion bias.

Data management
All source data will be kept confidential in secured loca-
tions with restricted access by authorised personnel only 
inclusive of monitors, auditors and reviewers of ethical 
and regulatory committees in line with applicable data 
privacy regulations. Each participant is asked to consent 
to this handling of the data and is assigned a pseudony-
mous identification number that is used throughout the 
study on all source data.

Accurate documentation of paper-based and electronic 
source data, for example, original records and certified 
copies of original records, progress notes, screening logs 
and recorded data from automated instruments, will be 
maintained. The pseudonymised clinical data captured 
on paper-based Case Report Forms will be entered at the 
sites into a database using the web-based Clinical Data 
Management System of OpenClinica (OpenClinica LLC, 
Waltham, Massachusetts). The study-specific database has 
been built, maintained and hosted by the LMU Klinikum 
on a centralised secure server. Data modifications and 
necessary corrections performed in the database also 
within the context of double data entry will be docu-
mented and tracked in audit trails. Data quality and plau-
sibility are assured by a series of preprogrammed edit and 
range checks in OpenClinica. Further validation checks 
are programmed in Stata (Statacorp, College Station, 
Texas) with extracts of the database and electronically 
received data, for example, spirometry, dCXR and labora-
tory, will be integrated into analyses of datasets.

Monitoring
Assigned study monitors will visit the sites at regular inter-
vals physically and/or virtually in addition to frequent 
day-to-day communication. Close follow-up on all study-
related aspects will be performed to ascertain compliance 
with standards of Good Clinical Practice, the Declaration 
of Helsinki and other local and national regulatory guide-
lines inclusive of guidelines for infection prevention and 
control of airborne-transmitted diseases, for example, 
social distancing in well-ventilated spaces, and wearing of 
personal protective equipment. In particular, monitors 
that support designated study personnel are responsible 
to verify (1) adequacy of the study personnels’ qualifi-
cations and facilities, (2) accuracy of informed consent 
procedures and patient eligibility, (3) adherence to the 
study protocol, (4) protection of rights and well-being of 
participants, (5) adherence to infection prevention and 
control measures, (6) accuracy and completeness of study 
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documents and other study-related records and (7) main-
tenance of source documents.

Ethics and dissemination
The study protocol and informed consent/assent docu-
ments have been approved by regulatory and ethical 
committees of the participating institutions (Medical 
Research Council in Zimbabwe (MRCZ/A/2618), the 
National Health Research Ethics Committee in Tanzania 
(TMDA-WEB0021/CTR/0004/03), the National 
Bioethics Committee for Health in Mozambique (541/
CNBS/21), and the ethical committees of London 
School of Hygiene & Tropical Medicine, United Kingdom 
(22 522–2) and the medical faculty of the Ludwig-
Maximilians-Universität München, Germany (20–0771)).

Adult ICs and HHCs are asked for written informed 
consent prior to their participation. Underage HHCs 
are asked for assent in addition to obtaining the consent 
of their legal guardians/parents; with ages for assent 
depending on local guidance. In case of illiteracy, the 
participant is asked to give its consent by fingerprint 
while an adult impartial, literate witness present during 
the entire consent procedure signs the consent on behalf. 
All participants have the right to withdraw from the study 
at any time. Findings derived from ERASE-TB will be 
presented at scientific conferences and published in peer-
reviewed international journals.

Current study status
The recruitment of ICs and HHCs is in progress in 
Zimbabwe, Mozambique and Tanzania since March, 
August and September 2021, respectively. The follow-up 
of HHCs is anticipated to be completed in March, August 
and September 2023 in Zimbabwe, Mozambique and 
Tanzania, respectively; laboratory analyses are estimated 
to be performed by December 2024.
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