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FRONT MATTER 

Abstract 

An estimated 10 million people developed tuberculosis (TB) in 2020, approximately 4 million of 

whom never received a diagnosis or notification. This may be partly attributed to continued 

reliance on conventional, inaccurate tests such as smear microscopy. While the World Health 

Organization (WHO) has approved several molecular TB diagnostic tests, their uptake is still 

limited. Molecular tests can quickly and accurately detect adult pulmonary TB, the most 

common manifestation of TB. However, improvement is needed in test uptake with regards to 

broadening the use cases for which molecular TB tests are deployed. Part of the issue is a 

lack of evidence for how these molecular tests perform in diagnosing conditions other than 

adult pulmonary TB, and how to optimize the integration of molecular TB testing with other 

infectious diseases like COVID-19. Therefore, the overall aim of this thesis was to understand 

the performance characteristics of molecular TB diagnostics when deployed in a variety of use 

cases and populations. 

The first manuscript is a 2020 narrative review of molecular diagnostics for TB. The state of 

molecular diagnostics is described, including their performance characteristics, as well as key 

emerging technologies and themes. 

In the second manuscript, we systematically reviewed the literature of studies reporting the 

diagnostic accuracy of Xpert MTB/RIF (Xpert), an automated PCR-based TB test, in detecting 

pediatric TB using stool samples. Xpert was designed to run on sputum, but young children 

often cannot spontaneously produce this sample. However, children swallow sputum while 

sleeping, so TB bacteria are detectable in stool. In a meta-analysis of results from 9 studies we 

found that stool-Xpert had a sensitivity of 67% and specificity of 99% against a microbiological 

reference standard. Stool-Xpert has most obvious utility as a rule-in test. 

In the third manuscript, we turned to extrapulmonary TB (EPTB), for which there is no gold 

standard test. Thus, a composite reference standard (CRS) of multiple tests is typically 

deployed for diagnosis. Existing TB tests are not optimized for EPTB and, correspondingly, 

might perform poorly. This has implications for evaluating molecular tests like Xpert, as 

comparisons with an imperfect CRS will bias test accuracy estimates. We illustrated this issue 

by comparing CRS-based test accuracy estimates with estimates from Bayesian latent class 

analysis (LCA) using a dataset from Delhi, India. We constructed a heuristic diagram to 

distinguish target conditions of each test, then performed Bayesian LCA to reflect this model. 

LCA considered imperfect EPTB test accuracy and conditional dependence to estimate tests’ 

sensitivities and specificities, while CRSs ignored these details and were difficult to interpret.

In the fourth manuscript, we investigated the integration of TB and COVID-19 testing with 

colleagues at the Universidad Peruana Cayetano Heredia in Lima, Peru. As many low- and 

middle-income countries now have a high burden of both TB and COVID-19, it is critical to 

understand how to integrate and optimize dual testing. With a CIHR/IDRC grant, our team 
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evaluated the combined use of Xpert MTB/RIF Ultra, a TB test, and Xpress SARS-CoV-2, a 

COVID-19 test, which are run on a common testing platform. We estimated the diagnostic 

accuracy of Xpress on sputum and assessed the diagnostic yield of using a single sputum 

sample to diagnose TB and COVID-19. Leveraging existing infrastructure to concurrently test for 

TB and COVID-19 may help maintain TB care. 

Improved uptake of newer diagnostics will be needed to find the missing TB cases and meet the 

WHO End TB Goals. Molecular test deployment in various populations, such as children and 

people with EPTB, and in innovative interventions, such as multi-disease testing, is necessary 

to maintain TB care in the on-going COVID-19 pandemic. My thesis findings are forming part of 

the evidence base for expanding the use cases of molecular TB testing. 
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Resumé 

Élargissement des types de cas pour l’utilisation de tests moléculaires pour la 

tuberculose 

On estime que 10 millions d’individus ont développé la tuberculose (TB) en 2020, dont environ 4 

millions n’ont pas été diagnostiqués. Ceci peut être partiellement dû au maintien de l’utilisation 

de tests conventionnels et imprécis, tels que la microscopie par frottis. Bien que l’Organisation 

mondiale de la santé (OMS) ait approuvé plusieurs tests diagnostiques moléculaires pour la TB, 

leur adoption demeure limitée. Les tests moléculaires peuvent détecter rapidement et de façon 

fiable la TB pulmonaire chez les adultes, la manifestation la plus répandue de la TB. Toutefois, 

l’adoption de ces tests doit être améliorée en ce qui a trait à l’élargissement des types de cas 

pour lesquels ces tests sont employés. Une partie du problème est le manque de données 

probantes démontrant comment ces tests moléculaires performent lors du diagnostic de 

conditions autres que la TB pulmonaire chez les adultes, et comment optimiser l’intégration de 

ces tests avec d’autres maladies infectieuses telles que la COVID-19. Ainsi, l’objectif principal 

de cette thèse était de comprendre les caractéristiques de performance des tests diagnostiques 

moléculaires pour la TB lorsqu’utilisés dans divers types de cas et de populations. 

Le premier article est une revue narrative des tests diagnostiques moléculaires pour la TB 

publiée en 2020. Le portrait actuel de ces tests est décrit, incluant leurs caractéristiques de 

performance, ainsi que les technologies émergentes et thèmes clés. 

Le second article est une revue de littérature systématique d’études rapportant la précision 

diagnostique de Xpert MTB/RIF (Xpert), un test PCR automatisé pour la TB, pour la détection 

de TB pédiatrique dans des échantillons de selles. Xpert a été conçu pour des échantillons de 

crachats, mais les jeunes enfants ne peuvent pas produire spontanément ce type d’échantillon. 

Toutefois, les enfants avalent des crachats durant leur sommeil, et la bactérie de TB est ainsi 

détectable dans les selles. Dans une méta-analyse des résultats de 9 études, nous avons 

trouvé que Xpert-selles avait une sensibilité de 67% et une spécificité de 99% comparativement 

à un test de référence microbiologique. Xpert-selles a donc une utilité claire comme test 

d’inclusion (peu de faux positifs). 

Dans le troisième article, nous nous sommes penchés sur la TB extrapulmonaire (TBEP), pour 

laquelle il n’existe pas de test de référence. Dans ce cas, un test de référence composite de 

plusieurs tests est généralement utilisé pour le diagnostic. Les tests existants ne sont pas 

optimisés pour la TBEP et par le fait même pourraient mal performer. Ceci a des répercussions 

sur l’évaluation de tests moléculaires comme Xpert puisque la comparaison avec un test de 

référence composite imparfait biaisera l’estimation de la précision du test. Nous avons illustré 

ce problème en comparant des estimations de précision de tests basées sur des tests de 

référence composite avec des estimations par analyse bayésienne de classe latente utilisant un 

ensemble de données de Delhi, Inde. Nous avons construit un diagramme heuristique pour 

identifier les conditions cibles de chaque test, pour ensuite exécuter une analyse bayésienne de 
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classe latente afin de refléter ce modèle. L’analyse a pris en considération la précision 

imparfaite du test pour la TBEP et la dépendance conditionnelle pour estimer les performances 

des tests, alors que les tests de référence composite ignoraient ces détails et étaient difficiles à 

interpréter. 

Dans le quatrième article, nous avons examiné l’intégration de tests pour la TB et la COVID-19 

avec des collègues de l’Universidad Peruana Cayetano Heredia (Lima, Pérou). Puisque 

plusieurs pays à revenu faible ou intermédiaire ont maintenant à la fois une charge de morbidité 

importante de TB et de COVID-19, il est impératif de déterminer comment intégrer et optimiser 

le diagnostic combiné de ces deux maladies. À l’aide d’une subvention de CRDI/IRSC, notre 

équipe a évalué l’utilisation combinée de Xpert MTB/RIF Ultra, un test pour la TB, et Xpress 

SARS-CoV-2, un test pour la COVID-19, qui utilisent la même plateforme diagnostique. Nous 

avons estimé la précision diagnostique de Xpress avec des crachats et évalué le rendement 

diagnostique lors de l’utilisation d’un échantillon de crachat unique pour diagnostiquer à la fois 

la TB et la COVID-19. Tirer partir des infrastructures existantes pour tester en concomitance la 

TB et la COVID-19 sera critique pour maintenir les soins en TB. 

L’amélioration de l’adoption de nouveaux outils diagnostiques sera nécessaire pour identifier les 

cas de TB non-diagnostiqués et atteindre les objectifs de l’OSM pour éradiquer la TB. Le 

déploiement des tests moléculaires dans diverses populations, comme les enfants et les 

individus atteints de TBEP, et dans des interventions innovatrices, telles que les tests multi-

maladies, est nécessaire pour maintenir les soins en TB durant la pandémie de COVID-19 en 

cours. Les résultats de ma thèse contribuent au bassin de données probantes pour 

l’élargissement des types de cas pour l’utilisation de tests moléculaires pour la TB. 
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1 CHAPTER 1: INTRODUCTION 

1.1 Introduction 

Tuberculosis (TB) is one of the most significant global public health threats, and, though it does 

not receive much attention in our Western context, TB continues to rage on it many parts of the 

world. This may change, as the public has a new-found interest in infectious diseases. For now, 

though, TB’s devastating impacts on patients and communities have worsened since the advent 

of the coronavirus disease 2019 (COVID-19) pandemic (1).  

There are approximately 10 million incident cases of TB each year, mostly pulmonary forms in 

adults, and it is estimated that at least one third of these cases are never officially reported to 

National TB Programs (NTPs) (2). In these instances, patients are unlikely to receive proper 

diagnosis and appropriate care. This leaves untreated people with TB at high risk of morbidity 

and death (3) and allows transmission of TB to continue unabated (4).  

A disease that has been with humans since prehistory (5), TB remains challenging to detect in 

many settings and populations. Diagnoses of TB in children or of extrapulmonary disease are 

especially uncertain because there are no perfect tests for these disease conditions (6, 7). In 

the last ten years, molecular diagnostic tests for TB have emerged, many of which have 

improved characteristics over traditional bacteriologic methods (8). Molecular tests have the 

potential to improve the quality-of-care people with TB receive, but the use cases for which 

these tools are deployed must be expanded (9).  

1.2 Research gaps addressed by this thesis 

There has been a flurry of activity in the molecular TB diagnostics space in the last decade. 

However, these tests were developed primarily to be used on sputum samples for the diagnosis 

of adult pulmonary TB (PTB). Unfortunately, children also suffer from TB, and it is often 

challenging for them to produce the requisite sputum samples for TB testing. TB also does not 

exclusively impact the lungs, and extrapulmonary disease forms are not rare. Therefore, other 

specimens have clinical relevance. As the COVID-19 pandemic continues to impact healthcare 

systems, molecular TB testing must continue, even as resources are diverted to the newer 

pandemic. During the COVID-19 pandemic, countries have greatly increased their capacities to 

conduct molecular testing, with millions of COVID-19 tests run each day. The TB community 

must learn from this experience and leverage the molecular capacity that now exists worldwide. 

The accuracy of molecular tests using alternate specimens for childhood and extrapulmonary 

TB is not particularly well-characterised, particularly when considering that no perfect reference 

standard exists for these conditions. Additionally, the systematic integration of TB and COVID-

19 molecular testing has not been investigated, although the diseases share common risk 

factors and symptoms. 
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1.3 Thesis goal and objectives 

The overall goal of my thesis is to address certain gaps in the evidence base surrounding the 

use of molecular TB diagnostics for conditions other than adult pulmonary TB. In this 

manuscript-based thesis, I will address four objectives: 

Objective 1 – Manuscript 1 

To summarise the most recent advances in the field of molecular diagnostics for TB with respect 

to new and emerging assays, as well as contemporary themes in deployment of molecular TB 

testing 

Objective 2 – Manuscript 2 

To systematically review and meta-analyse the literature regarding the use of Xpert MTB/RIF on 

an alternative specimen type, namely, stool, for the detection of TB in children 

Objective 3 – Manuscript 3 

To utilize Bayesian latent class analysis to estimate the diagnostic accuracy of multiple tests, 

including Xpert MTB/RIF, for the detection of extrapulmonary TB in the absence of a perfect 

reference standard 

Objective 4 – Manuscript 4 

To estimate the diagnostic accuracy of a molecular COVID-19 test on an alternative specimen 

type, namely, sputum, and to investigate the integration of this COVID-19 test with molecular TB 

testing in Lima, Peru 
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2 CHAPTER 2: LITERATURE REVIEW 

2.1 Tuberculosis – a global health problem 

2.1.1 Background  

Tuberculosis (TB) is an infectious disease caused by the bacteria Mycobacterium tuberculosis 

(M. tuberculosis). An airborne infection (10), transmission is thought to occur through the 

inhalation of aerosolized M. tuberculosis-containing droplets produced by an individual with TB 

(11). TB is most frequently a disease of the lungs, but extrapulmonary disease forms are also 

possible. Evidence accumulating since the beginning of the antibiotic era indicates that infected 

individuals who have not been diagnosed and thus have not started anti-TB therapy (ATT) are 

responsible for the majority of M. tuberculosis transmission (4, 12-15). Once enrolled on the 

appropriate ATT, people with TB quickly become less infectious (10, 16, 17).  

Previously, it was thought that TB could only be transmitted by symptomatic people with active 

TB disease. However, it is increasingly understood that TB exists on a continuous disease 

spectrum (18). At one end is latent TB infection (LTBI) and active TB at the other (Figure 2.1), 

but a subclinical stage in between also intermittently contributes to disease spread (18, 19).  

Therefore, in order to improve TB control efforts and decrease the global TB burden, cases 

must be quickly identified and treated. To that end, a key component of the World Health 

Organization’s (WHO) End TB Strategy is improved roll-out and uptake of new tests for TB (20). 

 

 

Figure 2.1: The spectrum of TB. TB exists on a continuum from M. tuberculosis infection to active 

(pulmonary) TB disease (21). 
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2.1.2 Global epidemiology of TB 

As mentioned above, there were an estimated 10 million incident cases of TB in 2020, although 

only 5.8 million were officially notified to NTPs. This burden is not shared equally around the 

world (Figure 2.2), as cases in the 30 high TB burden countries (22) constitute 86% of the global 

total, and eight of those countries experienced two thirds of the global TB burden (2). Most TB 

occurs in adults, but children comprise approximately 16% of all cases. Extrapulmonary TB 

prevalence varies between regions, from 8% in the WHO Western Pacific region to 24% in the 

WHO Eastern Mediterranean region (23).  

 

Figure 2.2: Estimated 2020 TB incidence rates by country (2). 

 

Before the COVID-19 pandemic emerged, there were already an estimated 3 million incident 

cases of TB that were ‘missing’ (i.e., cases that arose in people who did not receive a diagnosis 

or were not notified to NTPs) each year.  

Unfortunately, this gap in incident versus reported cases has increased significantly due to the 

pandemic, with large sudden drops in case notifications observed (Figure 2.3). The reduction in 

people accessing TB services and care has led to an increase in TB-related mortality to levels 

not seen since 2017: over 1.5 million people died of TB, a curable disease, in 2020.  
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Figure 2.3: Global trends in TB case notifications. In the top panels, case notifications from 

January 2020 to June 2021 for select high TB burden countries are shown in green, with the bold 

black line indicating the average number of monthly or quarterly case notifications in 2019. The 

bottom image shows the overall annual global trend in case notifications of people newly 

diagnosed with TB from 2016-2020 (2). 

Cascade of care analyses, which evaluate patient retention across sequential stages of disease 

care, have been constructed for different countries to investigate where people with TB are 

being lost. A generic TB care cascade is pictured in Figure 2.4. Each step contains a total 

number of people at a particular phase in care, and a proportion of these individuals is lost in 

the between-step gaps (24). Molecular testing has the potential to mitigate losses in gaps 1 and 

2; the development and roll-out of tests that can be run in peripheral settings of healthcare 

systems could help people in step 1 reach step 2, and increased use of highly accurate 

molecular tests would help more people in step 2 reach step 3. Closing gaps 1 and 2 could 
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substantially improve the proportion of people reaching recurrence-free survival. A care cascade 

analysis of the TB epidemic in India estimated that almost 30% of all people with TB never 

access testing, and a further 10% are lost due to never receiving a diagnosis (Figure 2.4) (25). 

 

 

Figure 2.4: TB cascades of care. A generic care cascade (24) (top) and the TB care cascade in 

India’s public healthcare sector (bottom) (25). 

2.1.3 TB in India 

In terms of absolute number, India has the most TB of any country. In 2020 there were an 

estimated 2.6 million cases of TB, 26% of the world’s cases, with 494,000 TB-associated 
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deaths. A gap between incident cases and case notifications persist, although it had narrowed 

in recent years until 2020 (Figure 2.5) (26). Much of the burden is in children, and around one in 

eight total cases are extrapulmonary in nature, the result of M. tuberculosis disseminating from 

the lungs into another part of the body (23). There have been successful efforts to improve 

access to molecular testing in recent years (27), but rapid molecular testing is still only used to 

identify about 18% of TB cases (26). Standardised patient studies have found that providers 

infrequently suggest sputum-based TB testing, including molecular tests (28, 29). 

 

Figure 2.5: TB cases in India from 2000 to 2020. The green line indicates the number of incident 
TB cases, with shading indicating uncertainty. The black line indicates the total number of TB 
cases notified to the National TB Program. The red line represents incident TB cases in people 
living with HIV. All figures are per 100,000 (26). 

2.1.4 TB in Peru 

Peru has been designated by WHO as a high TB burden country, specifically because of it high 

per capital levels of multi-drug resistant TB (MDR-TB) (22). Although incident cases have been 

in decline for the past two decades, in 2020, there were still an estimated 38,000 TB cases 

(Figure 2.6), about 1700 of whom were started on treatment for drug-resistant TB (DR-TB) (30). 

Peru has implemented molecular testing networks in several cities across the country and 

private laboratories are also beginning to offer molecular testing. In Lima, the capital city, the 

GeneXpert platform is available for TB testing in 16 reference laboratories (31). However, WHO 

reports that only 5.2% of notified TB cases were initially diagnosed with a molecular test.  



 

8 
 

 

Figure 2.6: TB cases in Peru from 2000 to 2020. The green line indicates the number of incident TB 
cases, with shading indicating uncertainty. The black line indicates the total number of TB cases 
notified to the National TB Program. The red line represents incident TB cases in people living 
with HIV. All figures are per 100,000 (30). 

2.1.5 Tuberculosis and COVID-19: an unfolding crisis  

The COVID-19 pandemic has reversed hard-won gains in the fight against TB. One year into 

the pandemic, countries were reporting drops in TB case notifications ranging from 16% to 41% 

(mean 23%), observed incidence levels not reported since 2008 (1). This is due to a 

combination of lockdowns, reallocation of existing public health tools and personnel to the 

COVID-19 response, and patient fears of accessing healthcare. Some evidence suggests that 

the risk of acquiring new M. tuberculosis infections likely declined due to widespread uptake of 

masking and physical distancing; however, increased duration of close household contact may 

mean that the risk of transmitting infection in these settings is actually higher. Therefore, while 

certain pandemic-related public health interventions have likely been helpful in limiting the 

spread of TB, other accompanying phenomenon may erase these benefits (32). Factors leading 

to changes in the TB cascade of care are shown in Figure 2.7. As people with TB who develop 

COVID-19 are at an increased risk of severe disease and mortality compared to those without 

COVID-19, finding people with TB and ensuring they receive care is essential (33, 34).  
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Figure 2.7: Potential impacts of COVID-19 on the TB care cascade. Arrows indicate an increase or 

decrease in number of patients at that step of the cascade. Black arrows indicate an impact on 

health service delivery and demand, grey arrows indicate an impact on vulnerability to TB, and 

light grey arrows indicate an impact on M. tuberculosis transmission (32). 

In Peru, the COVID-19 pandemic has been devastating. Since 6 March 2020, when the first 

case was detected (35), there have been approximately 3.5 million cases and 212,000 deaths 

attributable to COVID-19 (36). Following trends observed elsewhere, TB case notifications 

dropped precipitously. From March to October 2020, 8093 fewer people were diagnosed than 

the corresponding period in 2019, a drop of 20% (Figure 2.8). 
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Figure 2.8: TB case notification changes in Peru, 2019-2020. The orange and blue figures are the 

numbers of TB cases notified to the Peruvian National TB Program in 2019 and 2020, respectively. 

The vertical red line indicates the time when COVID-19 restrictions were implemented. NTP – 

National TB Program (37). 

However, permanent large losses in case notifications are not inevitable. In the state of Kerala, 

India, after a 50% drop in case notifications from April to July 2020, 90% of expected cases 

were recovered at year’s end through intensified active case finding, symptom screening for TB 

in all people with COVID-19 followed by TB testing with Xpert, and use of a hub and spoke 

model for sample collection from every village (38). By prioritizing the continuation of molecular 

testing, the majority of TB cases in Kerala were found and connected to proper care. This is a 

template that other high-TB burden settings could emulate to recover lost TB cases. The rapid 

response to COVID-19 shows that action can be taken against infectious diseases like TB (39). 

2.1.6 Integrated testing for TB and COVID-19 

In an attempt to combat the decline in case notifications, some global TB stakeholders have 

begun to share testing policy recommendations for TB and COVID-19. Stop TB Partnership and 

USAID published a policy brief in early 2021 stating that, “[when] a person presents to a 

healthcare facility or provider with respiratory symptoms including cough and difficulty breathing, 

diagnostic tests for both COVID-19 and TB should be done at the same time (simultaneous 

testing) on a multiplex testing platform (integrated testing)” (40). They also note that individuals 

with physical risk factors for severe TB or COVID-19, such as diabetes or chronic respiratory 

disorders, should receive special attention for integrated testing (40). These recommendations 

are applicable to a broad population and capture anyone with presumptive TB or COVID-19.  

Later in 2021, the Global Fund also published a briefing note providing guidance on testing for 

TB and COVID-19. Their recommendations apply to more specific populations. In particular, 
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they recommend that “[in] people who meet case definitions for both TB and COVID-19, 

systematic testing for both pathogens is recommended” when the diseases are prevalent in an 

individual’s community (41). They also recommend molecular testing in those who have had 

symptoms for longer than 7 days, and antigen rapid testing for those with symptoms lasting 5-7 

days (Figure 2.9).  

 

Figure 2.9: Global Fund's algorithm for testing for both TB and SARS-CoV-2 (41)  

This testing algorithm is decidedly less broad than the catch-all approach proposed by Stop TB 

Partnership and USAID, but ultimately may not lead to such a difference in practice, as TB and 

COVID-19 share many symptoms. It can be difficult to discern between the two diseases based 

on clinical picture alone. 

The Global Fund brief also suggests action for when people with TB are suspected to have 

developed COVID-19 (Figure 2.10). Should this situation arise, TB must continue to be properly 

managed, and then testing for SARS-CoV-2 infection may proceed if individuals “meet the 

COVID-19 case definition or when there is persistence or worsening of their condition despite 

appropriate treatment for the specific form of TB” (41). 

 

Figure 2.10: Indications for testing people with confirmed TB for COVID-19 (41) 

 



 

12 
 

There is great interest in integrated TB and COVID-19 testing as a solution to begin to recover 

the missing TB cases lost during the COVID-19 pandemic, and in the absence of WHO policy, 

other stakeholders have proposed guidance. However, knowledge gaps remain regarding this 

approach (42, 43). The feasibility of implementing integrated testing within existing laboratory 

and specimen collection workflows is unknown, as is the role of alternate specimens, such as 

sputum. The difference between the guidance issued by Stop TB Partnership/USAID and the 

Global Fund demonstrates that it is not yet well-understood who exactly should be prioritized for 

integrated testing: the target population needs to be more well-defined. The impact of integrated 

testing, with respect to its diagnostic yield, is unknown, and cost and cost-effectiveness have yet 

to be investigated. Ostensibly, integrated testing for TB and COVID-19 seems to be a beneficial 

intervention, but it has yet to be systematically evaluated and data are lacking. 

 

2.2 Tuberculosis – diagnosis  

2.2.1 New century, same tests 

Since M. tuberculosis was identified by Robert Koch in 1882, TB has been diagnosed by 

microbiological methods, namely, sputum smear microscopy and mycobacterial culture. These 

assays continue to be commonly used today, even as a range of newer molecular tests have 

become available and received WHO-endorsement (8). Established and emerging molecular 

tests for TB are reviewed extensively in Chapter 3 (Manuscript 1). Diagnostic delays of weeks to 

months are not uncommon when undergoing testing for TB (44), and contribute to losses of 

patients from the TB care cascade. These delays can be partially attributed to the low accuracy 

of smear microscopy and the slow turn-around time of culture, the two tests that continue to 

function as the backbone of TB testing programs in many countries (9).  

Smear microscopy’s sensitivity ranges from 32-94%, depending on the patient’s bacterial load 

and the skill and experience of the technician performing the test (45). Smear microscopy also 

cannot differentiate between drug-sensitive TB and DR-TB. Thus, although smear microscopy 

may quickly produce results, it often produces false negative results and drug-resistant cases 

may be started on inappropriate treatment. Culture is considered to be the gold standard 

method to diagnose TB and can detect drug-resistance, but even newer systems like BACTEC 

MGIT (BD, USA) require weeks to months to produce results (46), as well as trained laboratory 

staff and reference-level laboratories (47). Therefore, although culture is a critical tool in the TB 

diagnostic armamentarium, it is often too slow to immediately impact clinical decision-making.  

The continued use of some microbiological testing is inevitable, particularly phenotypic drug 

susceptibility testing (DST) in the context of new types of DR-TB (48). However, for each 

microbiological test there is a faster, more sensitive molecular alternative. Molecular testing has 

been shown to reduce diagnostic delays and time to treatment initiation (49-52). Unfortunately, 

molecular assays continue to be prohibitively expensive in many high-TB burden settings and 

typically require significant investment in technology and training of personnel (27, 53-55). 
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Diagnostics developers need to work with country governments to arrive at solutions that will 

facilitate the increased deployment of molecular TB tests (56). Denying proper care to people 

with presumptive TB because they cannot afford a molecular test is not a defensible position. 

Existing molecular tests have been optimized for use in detecting adult PTB with sputum 

samples. However, as mentioned above, substantial proportions of TB are found in children, 

and extrapulmonary disease forms are not rare. Children are often paucibacillary, meaning their 

disease is the result of low bacterial burden, making detection of M. tuberculosis challenging, 

and often they cannot readily produce sputum samples (57). For extrapulmonary TB, the area of 

the body suspected to be infected by M. tuberculosis must be sampled and tested; sampling of 

lymph nodes, ascitic fluid, cerebral spinal fluid, or elsewhere is invasive and requires a trained 

healthcare worker and resultant samples may be paucibacillary (58). Newer molecular tests with 

good accuracy that is well-characterised for all forms of TB in all populations could help close 

gaps in the TB care cascade. 

 

2.3 Diagnostic accuracy 

2.3.1 Diagnostic accuracy’s connection to TB test scale-up 

A critical step in the developmental pipeline for any new diagnostic test is the establishment of 

its diagnostic accuracy. Unfortunately, obtaining regulatory approval for diagnostic assays does 

not follow a procedure as formulaic as the approval process for treatments, i.e., a series of four 

hierarchical phases that gradually build evidence. In general, analytical validity and strong 

clinical validity, indicating a test’s repeated ability to correctly classify individuals as diseased or 

non-diseased with high accuracy, are sufficient information to obtain regulatory approval (59, 

60); however, this information does not need to be known for all possible test use cases (60). 

For TB diagnostics, this has resulted in tests that have undergone rigorous investigations into 

their ability to diagnose PTB (which has typically been presented as the highest interest use 

case), but the evidence of their accuracy in diagnosing TB in other forms or populations is often 

delayed or of lower certainty (8, 61). This can contribute to delays in scale-up and roll-out of 

tests for other non-PTB use cases, as countries often wait for WHO endorsement before 

updating their own policies (9, 62). 

2.3.2 Characterising diagnostic accuracy  

Conducting trials to characterise a diagnostic test’s performance is often considered a hassle by 

test developers (59, 63), and studies producing accuracy estimates frequently suffer from 

limitations in design or analysis. These limitations ultimately lead to low confidence in findings, 

restricted generalizability, and uncertainty regarding applicability (59). This trend was recently 

observed in the beginning of the COVID-19 pandemic, when new tests to detect SARS-CoV-2 

were often evaluated in poorly-designed studies (63, 64) or were compared to other new tests 
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with essentially unknown accuracy, with the resultant percent agreement termed “sensitivity” or 

“specificity” (65).  

Sensitivity and specificity, however, are markedly different from percent agreement. Percent 

agreement is simply the percentage of tests run that produce concurring results. Positive 

percent agreement indicates the percentage of the tests that concurrently produce positive 

results, while negative percent agreement indicates the percentages of tests that concurrently 

produce negative results. In either case, there is no indication of whether the agreement is 

correct or incorrect. Contrastingly, to compute sensitivity or specificity, a comparison needs to 

be made between the new test of interest (the “index test”) and some sort of reference standard. 

The reference standard defines whether the person undergoing testing has the target condition, 

typically a disease, or not. Sensitivity, then, is the proportion of subjects with a positive result out 

of all people with the target condition; in other words, it is the proportion of individuals with the 

target condition who have a positive result on the index test. Specificity is the proportion of 

subjects with a negative result out of all people without the target condition, or the proportion of 

individuals without the target condition who have a negative result on the index test (66).  

2.3.3 Composite reference standards 

When a reference standard with perfect accuracy for a particular disease exists, estimating 

sensitivity and specificity is a straight-forward calculation. Unfortunately, many diseases are 

without a perfect reference standard test (67), including TB, which complicates the 

characterization of a test’s diagnostic accuracy. A comparison to an imperfect test would lead to 

biased estimates of the index test’s accuracy. In such cases, it is common to construct a 

composite reference standard (CRS) that combines the results from multiple imperfect tests 

using a particular decision rule. Other components such as clinical signs or epidemiological 

history may also be included. Disease status is defined by a rule, for example an “and” rule, 

where all tests much be positive, or an “or” rule, where any one test result much be positive. 

This is a satisfying approach as sensitivity and specificity can then be calculated based on study 

participants’ diagnosed disease status as defined by the CRS, and understanding the rules is 

straight-forward and intuitive (68, 69). For example, the diagnostic accuracy of a new molecular 

test for TB in people living with HIV could be estimated by comparing it to a CRS of Xpert and 

culture, where a positive result on either Xpert or culture indicates TB-positivity.  

However, the same issue can arise as when utilizing a single imperfect reference test: assuming 

the CRS is 100% accurate when really it is not will lead to biased estimates of the index test’s 

accuracy (70). Interestingly, the addition of more tests to the CRS may, in fact, lead to more 

biased results than a comparison of index test to one imperfect reference test (71). And unlike 

the situation with a single imperfect test, a multi-test CRS may be subject to conditional 

dependence between component and index tests, which may further bias results. Between-test 

conditional dependence arises when test results are associated with a variable other than true 

disease status; this may be a shared mechanism or the tests may tend to make the same errors 

if, for example, both assays are more likely to detect disease in individuals with a higher 
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bacterial or viral load (70-72). This can lead to over- or underestimates of the index test’s 

accuracy (72-74). Consider that as soon as one component test in a CRS has imperfect 

specificity, some truly disease-free individuals will be misclassified as disease-positive, which 

will result in an under-estimation of the index test’s sensitivity.  

2.3.4 Latent class analysis 

Latent class analysis (LCA) can overcome many of the issues that arise when utilizing a CRS. 

LCA is a statistical modeling technique that classifies people into latent, or unobserved and 

unknown, categories (75). Relatively recently, it has been deployed to estimate diagnostic 

accuracy and disease prevalence in the absence of a perfect reference standard, with “disease 

status” being the latent category of interest (76-78).  

The latent class model produces probabilities of belonging to a particular disease class for each 

individual, explicitly incorporating the uncertainty introduced by using imperfect tests. By utilizing 

the test results of all available tests, incorporating between test conditional dependence (79, 

80), and, if adopting a Bayesian approach, specifying relevant prior information (81), LCA can 

produce less biased estimates of sensitivity and specificity.  

In LCA, the joint results from multiple available tests are modelled in terms of each test’s 

imperfect sensitivity and specificity and the disease prevalence (and conditional dependences if 

relevant). Adjusted sensitivities and specificities for all tests are thus simultaneously estimated. 

The simplest case of the joint distribution of k tests (Tk), where i = 1, …, N denotes the subjects, 

with binary results (Tk=1 and Tk=0) and covariate vector Xi, for a 2-class (di) model can be 

parameterized as the following: 

𝑃(𝑇1𝑖,  … ,  𝑇𝑘𝑖) =  ∑ 𝑃(𝑑𝑖|𝑋𝑖 = 𝑥𝑖) × 𝑃(𝑇1𝑖,  … ,  𝑇𝑘𝑖|𝑑𝑖)
1
𝑑𝑖=0

 . 

Other paramaterisations are certainly possible. Conditional dependence may be included in 

different ways, for example by including a covariate (82) or addition of a random effect (83). A 

random effect model may be an appropriate approach when the covariance structure is not 

known, such as when the conditional dependence is due to an unmeasured factor (83), for 

example, unmeasured M. tuberculosis burden.  

 

~ 

 

As described above in the Objectives, in this thesis I have employed different methods for 

estimating diagnostic accuracy depending on the specific population of interest. The following 

manuscripts report my attempts to utilize these methods to produce accurate performance 

estimates, and in doing so, contribute to the evidence base supporting the expanded use of 

molecular TB testing. 
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3 CHAPTER 3: MANUSCRIPT 1:   

ADVANCES IN MOLECULAR DIAGNOSIS OF TUBERCULOSIS 

 

3.1 Preface 

In 2008, WHO recommended a molecular TB test for the first time. Since then, a variety of 

medical diagnostics companies have entered the space, with a growing range of products 

becoming available. As the field has expanded, some tests have received WHO endorsement 

and policies surrounding molecular TB testing have been updated. Trends in the space are 

changing quickly. Synthesising the recent developments is a valuable exercise to bring health 

practitioners and researchers up to speed. 

In this manuscript, I review the state of the field of molecular TB diagnostics. I report the 

performance characteristics of both WHO-endorsed and emerging molecular assays. New 

trends and developments in the space are described and put into context of the larger TB 

epidemic. 

This work was published in September 2020 in Journal of Clinical Microbiology. Relevant 

developments since publication are described in the Afterward section. 
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3.3 Abstract 

Molecular tests for tuberculosis (TB) have the potential to help reach the three million people 

with TB who are undiagnosed or not reported each year and to improve the quality of care TB 

patients receive by providing accurate, quick results, including rapid drug-susceptibility. The 

World Health Organization (WHO) has recommended the use of molecular nucleic acid 

amplification tests (NAATs) for TB detection instead of smear microscopy, as they are able to 

detect TB more accurately, particularly in patients with paucibacillary disease and in people 

living with HIV. Importantly, some of these WHO-endorsed tests can detect mycobacterial gene 

mutations associated with anti-TB drug resistance, allowing clinicians to tailor effective TB 

treatment. Currently, a wide array of molecular tests for TB detection is being developed and 

evaluated, and while some tests are intended for reference laboratory use, others are being 

aimed at the point-of-care and peripheral healthcare settings. Notably, there is an emergence of 

molecular tests designed, manufactured, and rolled out in countries with high TB burden, of 

which some are explicitly aimed for near-patient placement. These developments should 

increase access to molecular TB testing for larger patient populations. With respect to drug 

susceptibility testing, NAATs and next generation sequencing can provide results substantially 

faster than traditional phenotypic culture. Here, we review recent advances and developments 

in molecular tests for detecting TB as well as anti-TB drug resistance. 

  



 

20 
 

3.4 Introduction 

With an estimated 1.5 million attributable deaths and 10 million new cases in 2018, tuberculosis 

(TB) is the leading infectious disease killer globally (1). Despite the severity of the epidemic, 

approximately 3 million people with TB were deemed “missing” due to underdiagnosis as well as 

underreporting to national TB programs (1). The World Health Organization (WHO) End TB 

Strategy calls for finding these missing millions in order to meet the Sustainable Development 

Goal of ending TB by 2030. New diagnostic tests and optimized test deployment strategies will 

be critical to achieving this target (2). In the context of the ongoing COVID-19 pandemic, it is 

also important to consider integrating testing for TB as well as severe acute respiratory 

syndrome coronavirus 2 (SARS-CoV-2), since symptoms and testing technologies overlap (3).  

Over the last decade, the field of TB diagnostics has seen advances in the form of new 

molecular tests. Often referred to as nucleic acid amplification tests (NAATs), these assays rely 

on amplification of a targeted genetic region of Mycobacterium tuberculosis complex, typically 

by PCR. NAATs can detect TB and perform drug susceptibility testing (DST) for key drugs, such 

as rifampicin (RIF) and isoniazid (INH), more quickly than conventional mycobacterial culture 

and are also available at different levels of healthcare systems. As such, they are disrupting the 

field of TB diagnostics and are helping to improve the quality of TB care (4, 5). Here, we review 

recent advances in the field of molecular diagnostics for TB and relevant WHO policies and 

describe the emerging landscape. For advances in biomarker-based tests for active and latent 

TB detection, we refer the readers to other review articles (6, 7). 

3.4.1 State of the art 

As shown in Figure 3.1 and Table 3.1, there are several molecular TB tests that are already 

WHO recommended and commercially available. Since Xpert MTB/RIF (Cepheid, Sunnyvale, 

USA) was first endorsed in 2010, advances in the field of TB diagnostics have mostly been in 

the realm of NAATs and responsive to the needs articulated by published target product profiles 

(TPPs) (8, 9). More than ever before, new assays are emerging and undergoing validation for 

TB and TB drug-resistance detection. However, simply developing new tests is insufficient for 

ensuring their implementation in countries with the highest TB burdens, and barriers to scale-up 

molecular tests like Xpert MTB/RIF have been identified (10). A 2018 study showed that despite 

high diagnostic accuracy and quick time to results, the ratio of smear microscopy tests to Xpert 

tests performed in 17 countries with a high TB burden was 6 to 1 (11). A similar trend of low 

uptake of new TB tests has also been reported for urine lipoarabinomannan (LAM) testing (12). 

For new tests to have impact, they must be adopted and scaled up (13). 
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Figure 3.1: WHO-endorsed and emerging molecular tests for TB and drug resistance. WHO-
endorsed and emerging molecular tests for TB and drug resistance. Outlined in blue are WHO-
endorsed NAATs, including LPAs (14), Xpert Ultra (20), LAMP (16), and Truelab (21). Tests that are 
not yet WHO-endorsed, but under development or evaluation, are outlined in orange. Images 
shown are examples of products within each category. DST – drug sensitivity testing; GX – 
GeneXpert; LAMP - loop-mediated isothermal amplification; LPA – line probe assay; POC – point 
of care; NAAT – nucleic acid amplification test. 

3.5 Developments in test and platforms with WHO endorsement 

Table 3.1 provides an overview of all currently available NAATs that are endorsed by WHO, 

along with information on diagnostic accuracy. 
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Table 3.1: WHO-endorsed molecular tests for pulmonary TB detection and drug susceptibility 
testing 

Technology 
Xpert 
MTB/RIF 

Xpert 
MTB/RIF 
Ultra 

First-line Line 
probe assays 
(e.g., 
GenoType 
MTBDRplus 
and NIPRO) 

Second-line 
Line probe 
assays (e.g., 
GenoType 
MTBDRsl) 

Loopamp 
MTBC assay 

TrueNAT 
MTB Plus 

TrueNAT 
MTB – RIF 
Dx 

Year 
endorsed 

2010 2017 2008 2016 2016 2020 2020 

Method 
principle 

qPCR qPCR / 
melting 
temperature  
analysis (RIF 
resistance) 

PCR, 
hybridization 

PCR, 
hybridization 

loop-
mediated 
isothermal 
amplification 

micro RT-
PCR 

micro RT-
PCR 

Intended 
use 

MTB 
diagnosis 
& RIF 
resistance 
detection  

MTB 
diagnosis & 
RIF 
resistance 
detection 

Diagnosis of 
RIF & INH 
resistance 

Diagnosis of 
FLQ & SLID 
resistance 

MTB 
diagnosis 

MTB 
diagnosis 

Diagnosis of 
RIF 
resistance 

Sensitivity* 85% 
(pooled) 
96% (RIF 
resistance) 

90% (pooled) 
94% (RIF 
resistance) 

98% (RIF 
resistance) 
84% (INH 
resistance) 

86% (FLQ 
resistance) 
87% (SLID 
resistance) 

78% (pooled) 89% 
(pooled) 

93% (RIF 
resistance) 

Specificity* 99% (MTB 
detection) 
98% (RIF 
resistance) 

96% (MTB 
detection) 
98% (RIF 
resistance) 

99% (RIF 
resistance) 
>99% (INH 
resistance) 

99% (FLQ 
resistance) 
99% (SLID 
resistance) 

98% (MTB 
detection) 

98% (MTB 
detection) 

95% (RIF 
resistance) 

Target 
setting of 
use 

District or 
sub-district 
laboratory 

District or 
sub-district 
laboratory 

Reference 
laboratory 

Reference 
laboratory 

Peripheral 
laboratory 
 

Peripheral 
laboratory 

Peripheral 
laboratory 

Turn-
around 
time 

<2 hours <2 hours 5 hours 5 hours <2 hours < 2 hours <2 hours 

Amenable 
to rapid 
test-and-
treat? 

Yes, 
especially 
on Omni 
platform 

Yes, 
especially on 
Omni 
platform 

No No Yes Yes, on 
Truelab 
platform 

Yes, on 
Truelab 
platform 

Reference 
for policy 
guidance 

WHO 2020 
(21) 
WHO 2016 
(85)   

WHO 2020 
(21) 

WHO 2008 
(14) 

WHO 2016 
(15) 

WHO 2016 
(16)  

WHO 2020 
(21) 

WHO 2020 
(21) 

FLQ – fluoroquinolone. INH – isoniazid. LAMP – loop-mediated isothermal amplification. MTB – 
Mycobacterium tuberculosis. NAAT – nucleic acid amplification tests. RIF – rifampicin. SLID – 
second line injectable drugs. SSM+/C- – sputum smear microscopy positive / culture positive. 
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SSM-/C+ - sputum smear microscopy negative / culture positive. WHO – World Health 
Organization.    

*n.b.: performance estimates in Table 3.1 have been retrieved from different studies, and are not 
the result of head to head comparisons. Therefore, comparing performances between tests must 
be made with caution. All reported values are from the policy guidance document cited. 

 

3.5.1 Line probe assays 

Line probe assays (LPA) for first-line TB drugs (INH and RIF) have been endorsed by WHO for 

over a decade for the detection of multiple-drug-resistant TB (MDR-TB) (14). These assays 

include GenoType MTBDRplus (Hain Lifesciences-Bruker, Nehren, Germany) and Nipro 

NTM+MDRTB II (Osaka, Japan). New-generation LPAs have emerged with higher sensitivity, 

and some (e.g. GenoType MTBDRsl Version 2.0; Hain Lifesciences-Bruker) can detect 

mutations associated with fluoroquinolones (FLQs) and second-line injectables, kanamycin, 

amikacin, and capreomycin, and are recommended to guide MDR-TB treatment initiation (15). 

3.5.2 Loop-mediated isothermal amplification 

Loop-mediated isothermal amplification (LAMP) is an isothermal PCR amplification technique 

that can be performed in peripheral healthcare settings. The LAMP-based TB-LAMP assay 

(Eiken Chemical Company, Tokyo, Japan) has been recommended by WHO as a potential 

replacement for smear microscopy since 2016, owing to its superior diagnostic performance. It 

also does not require much sophisticated laboratory equipment (16) (Table 3.1). Despite this, 

TB-LAMP is underutilized (17), but some countries are creating their own LAMP assays for in-

country use. Hopefully, country-specific versions of LAMP will increase uptake.  

3.5.3 Next generation Xpert testing 

In 2010, WHO endorsed Xpert MTB/RIF use with the GeneXpert platform (Cepheid, Sunnyvale, 

USA (18), and an updated policy was released in 2013 (19). In 2017, WHO recommended Xpert 

Ultra (Cepheid) (Ultra) the next generation of Xpert MTB/RIF, as the initial TB diagnostic test for 

adults and children, regardless of HIV status, over smear microscopy and culture (20). As in 

previous generations, Ultra detects RIF resistance by employing four probes with targets in the 

rpoB gene and melting temperature analysis (Table 3.1). Compared to previous generations, 

Ultra test cartridges have a larger chamber for DNA amplification than Xpert MTB/RIF and two 

multicopy amplification targets for TB, IS6110 and IS1081, for a lower limit of detection of 16 

CFU/ml. These modifications have increased Ultra’s overall sensitivity from 85% (95% 

confidence interval [CI], 82% to 88%) to 88% (95% CI, 85% to 91%); however, compared to the 
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previous generation, Ultra’s specificity is lower at 96% (95% CI, 90% to 98%) versus 98% (95% 

CI, 97% to 98%), seemingly because it detects nonviable bacteria, particularly in people with 

recent TB (21, 22). This lower specificity is proving to be an important issue in certain settings, 

such as areas with high numbers of HIV-TB coinfections or recurrent TB cases, like South 

Africa. In a recent study by Mishra and colleagues, it was shown that the Xpert Ultra assay had 

significantly lower specificity and positive predictive value than the Xpert MTB/RIF assay and 

high numbers of Ultra positive/culture negative people with previous treatment (23). The clinical 

consequences of treating such patients are unclear, and ongoing studies are attempting to shed 

light on this information. 

The Xpert Ultra test also has a semi-quantitative “trace” category, indicating bacilli at the lowest 

limits of detection. In instances of trace positives (termed “trace calls”), one of the two multicopy 

amplification targets, but not the rpoB sequences, are detected. In instances of suspected 

extrapulmonary TB, children, and people living with HIV (PLHIV), trace positives should be 

treated as positives, as these cases tend to be paucibacillary. For other cases, a fresh 

specimen should be retested to rule out false positives (20). Trace calls may be difficult to 

interpret, as in the aforementioned study by Mishra et al, where it was observed that among 

people who were previously treated for TB, trace positives were a substantial portion of all 

positives, and these individuals by definition had indeterminate results for RIF resistance and 

were culture-negative, precluding further DST (23). Trace calls may be improving Ultra’s 

sensitivity for extrapulmonary TB, particularly in the context of definite or probable TB 

meningitis, where sensitivity of 70% (95%CI, 47% to 87%) in cerebrospinal fluid was observed 

(24); however this finding is not consistent across studies, as another group observed a 

sensitivity of definite or probable TB of only 49% (95%CI, 35% to 63%) (25). Notably, even with 

sensitivity of 77%, as observed in another study of TB meningitis (26), the Ultra test’s negative 

predictive value is still too low for use as a rule-out test. Research on Ultra for TB lymphadenitis 

(27) has shown sensitivities of 70% using fine needle aspiration and 67% using tissue biopsy in 

a study of 99 people with suspected TB lymphadenitis (27). In a multisite study using 317 frozen 

pleural fluid samples, Ultra sensitivity was 44%, compared to Xpert at 19% (28). More research 

will be necessary to determine if Ultra’s performance for other forms of extrapulmonary TB has 

improved over the Xpert MTB/RIF assay (29). 

As an automated PCR-based test, Ultra can be used by minimally trained technicians, but as it 

runs on the GeneXpert platform, it requires a continuous power supply and computer which 
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limits its use as a true point-of-care (POC) test. Alternatively, the recently launched GeneXpert 

Edge system is battery-powered and utilizes a tablet, making it more portable. 

3.5.4 Made in India: Truelab by Molbio 

Truenat MTB, Truenat MTB Plus, and Truenat MTB-Rif Dx (Molbio Diagnostics, Goa, India) are 

chip-based, micro real-time PCR-based assays for TB detection that produce results in 1 hour 

on the portable Truelab platform (Molbio Diagnostics). Already being rolled out in India, Truenat 

is characterized as a more affordable alternative to Xpert that is made in India. Products that are 

developed and manufactured in a country with a high TB burden might be quicker and more 

straightforward to scale-up in that country than products developed in another country, as 

governments often already have a degree of buy-in, data from locally-run studies will have 

accumulated, and supply chain and regulatory issues are simpler to solve (30, 31).  

Truenat MTB and Truenat MTB Plus detect MTB bacilli in sputum after extraction using the 

separate TruePrep instrument and kits, with Truenat MTB-Rif Dx available as an optional add-

on chip for sequential RIF resistance detection (32). Truelab, which comes in Uno, Duo, and 

Quattro throughput formats, was designed to be “rugged” and POC friendly: it has a dust filter 

and runs in temperatures up to 30°C, but multiple micro-pipetting steps necessitate a trained 

technician for its operation.  

In December 2019, WHO convened a guideline development group meeting to determine 

recommended use cases for Truenat assays and other rapid molecular tests. The subsequent 

rapid communication reported that Truenat MTB, MTB Plus, and MTB-Rif Dx displayed 

comparable sensitivities and specificities to Xpert MTB/RIF and Ultra for detection of TB and 

RIF resistance, although this is based on an interim analysis of a multi-centre study that is still 

on-going. A formal update of molecular TB testing which will include Truenat tests is expected in 

this year. The 2020 WHO Consolidated Guidelines on Molecular Diagnostics recommend using 

Truenat MTB or MTB Plus rather than smear microscopy as an initial diagnostic test for TB in 

adults and children with signs and symptoms of pulmonary TB. This is a conditional 

recommendation, as test accuracy certainty is moderate. Regarding DST, with a Truenat MTB- 

or MTB Plus-positive result, Truenat MTB-RIF Dx may be used as an initial test for RIF 

resistance rather than phenotypic DST. This is also a conditional recommendation, as there is 

very low certainty of evidence for test accuracy (21). 

3.6 Emerging technologies 

3.6.1 Xpert XDR 
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Another PCR-based cartridge has been designed to run on the GeneXpert and Omni platforms 

for the simultaneous detection of mutations associated with resistance to multiple first- and 

second-line TB drugs, or extensively drug resistant TB (XDR-TB). Against phenotypic drug-

susceptibility testing, a prototype version of the Xpert XDR cartridge displayed sensitivities 

(95%CI) of 83.3% (77.1% to 88.5%) for INH, 88.4% (80.2% to 94.1%) for ofloxacin, 96.2% 

(87.0% to 99.5%) for moxifloxacin at a critical concentration of 2.0 μg per milliliter, 71.4% 

(56.7% to 83.4%) for kanamycin, and 70.7% (54.5% to 83.9%) for amikacin (33). In July 2020, 

the Xpert MTB XDR-TB cartridge was launched, but further validation and WHO review are 

pending (34). As WHO updates treatment guidelines for MDR-TB and XDR-TB, it will be critical 

that molecular tools for DST can be updated to quickly reflect new recommendations. Already, 

this iteration of Xpert XDR may have less impact than it otherwise would have, as WHO has de-

emphasized second-line injectable agents in treating drug resistant forms of TB (35). Future 

developments will need to focus on drugs that are now critical for MDR and XDR-TB 

management, including bedaquiline, pretomanid, and linezolid (36), but developing highly 

accurate molecular diagnostics to detect resistance to these drugs is currently impossible due to 

the lack of knowledge on resistance mechanisms. 

3.6.2 GeneXpert Omni and other point-of-care devices 

The GeneXpert platform was originally designed for use at the district or subdistrict level. 

Although efforts were made to use the technology at lower tiers of the health system, it soon 

became evident that microscopy centres in countries with a high TB burden often lacked the 

infrastructure necessary for this technology, including continuous power and temperature 

controls (10). As such, the POC GeneXpert Omni platform is a long-awaited development, as it 

will permit the use of Xpert MTB/RIF and Ultra assays in decentralized locations (e.g. primary 

care centers). Although delays have pushed back its launch repeatedly, Omni promises to be a 

real POC platform with a 2-day battery life and no tablet or computer requirement (37). The first 

instruments will be available in 2021, and Omni will eventually be able to run Ultra and any other 

Xpert cartridges that become available.  

Other such POC NAATs are also under development. For example, Q-POC from QuantuMDx 

(Newcastle-upon-Tyne, United Kingdom) is a POC battery-operated PCR system that promises 

to deliver TB testing results in less than 30 minutes. It has been evaluated in combination with 

oral swabs as a sample, where its sensitivity and specificity, in preliminary studies, were similar 

to that of Xpert (38).  

3.6.3 Indigenous Chinese diagnostics 
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Similar to Molbio in India, Chinese biotechnology firms have used their own expertise to develop 

TB NAATs for in-country use. These companies have undergone the China Food and Drug 

Administration (CFDA) regulatory processes, received approval, and rolled out the tests 

nationally. However, none of these technologies have been reviewed by WHO, and therefore, 

uptake by other countries is limited. Table 3.2 summarizes the performance of some of these 

assays from systematic reviews (39, 40). 

Table 3.2: CFDA-endorsed molecular test for TB diagnosis and drug susceptibility testing 

Technology EasyNAT SAT-TB MeltPro TB GeneChip MDR 

Method 

principle 

Cross priming 

amplification 

Isothermal 

amplification of 

MTB 16S RNA 

PCR, melt curve 

analysis 

PCR, 

hybridization 

Intended use MTB diagnosis  MTB diagnosis DST MDR-TB 

diagnosis; INH, 

RIF resistance 

Sensitivity  87% (pooled) 71% - 94% [range] 98% (RIF resistance) 
85% (INH 
resistance) 
64% (FLQ 
resistance) 
83% (SLID 
resistance) 

79% (MDR-TB) 
89% (RIF 
resistance) 
79% (INH 
resistance) 

Specificity 97% (pooled) 54% – 83% [range] 97% (RIF resistance) 
98% (INH 
resistance) 
98% (FLQ 
resistance) 
99% (SLID 
resistance) 

98% (MDR-TB) 
97% (RIF 
resistance) 
97% (INH 
resistance) 
 

Target setting 

of use 

District or sub-
district laboratory 

District or 
reference 
laboratory 

Reference 

laboratory 

Reference 

laboratory 

Reference Deng 2019 (39) Deng 2019 (39) Sun 2019 (40) Sun 2019 (40) 

CFDA – China Food and Drug Administration. DST – drug susceptibility testing. INH – isoniazid. 
RIF – rifampicin. SLID – second line infectable drugs.  

CFDA-approved since 2014, EasyNAT (Ustar Biotechnologies, Hangzhou, China) replicates 

and detects mycobacterial DNA from sputum via cross-priming amplification (CPA). As CPA is 

an isothermal technique, Easynat may be placed at low levels of health care systems, as a 

thermal cycler is not required (39). A fully integrated and automated next generation version is 

in development (41). 
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Simultaneous amplification and testing (SAT)-TB (Rendu Biotechnology, Shanghai, China) 

detects Mycobacterial 16S rRNA from sputum, which is isothermally amplified before the 

resultant cDNA is detected by fluorescent probes, requiring laboratory infrastructure, such as 

adequate biosafety facilities for specimen manipulation and trained personnel (42). 

For drug resistance testing, MeltPro TB (Zeesan Biotech, Xiamen, China) assays for RIF, INH, 

second-line injectables, and FLQs are available, allowing them to detect MDR-TB and XDR-TB. 

After manual DNA extraction, MeltPro TB detects drug resistance via melt curve analysis using 

a PCR machine; the shift in melting temperature from wild type to mutation in sequences 

covered by multiple probes can be qualitatively detected (43). 

GeneChip MDR (CapitalBio Corporation, Beijing, China) is a microarray assay that requires 

hands-on sample preparation before reverse hybridization and analysis on a fully automated 

system. As such, it requires sophisticated laboratory equipment. GeneChip MDR utilizes 

multiplexed asymmetric PCR to detect resistance to RIF and INH in one assay, and thus can 

detect MDR-TB (44). 

3.6.4 High-throughput solutions: centralized diagnostic tests 

Recently, centralized, high-throughput NAATs for TB diagnosis and drug resistance detection 

have been developed and are currently undergoing WHO evidence evaluation. RealTime MTB 

(Abbott Molecular, Abbott Park, USA), RealTime RIF/INH (Abbott Molecular), FluoroType MTB 

(Hain Lifescience, Nehren, Germany), FluoroType MTDBR (Hain Lifescience), Cobas MTB 

(Roche, Rotkreuz, Switzerland), and Max MDR-TB (BD, Franklin Lakes, USA) assays run on 

established multi-disease platforms that are already employed for such diseases as human 

immunodeficiency virus (HIV), human papillomavirus, and hepatitis C virus (45). These almost 

entirely automated tests are all intended for tertiary laboratory use. In 2019, a WHO technical 

expert group meeting reported that the centralized assays’ performance for detecting resistance 

to INH and RIF was similar to LPA and that RealTime MTB, Cobas MTB, and Max MDR-TB 

performed similarly to Xpert MTB/RIF for TB detection (46). For now, these assays are 

recommended for operational research use only, with a WHO review of broader use expected in 

late 2020. 

The RealTime MTB is a multiplex NAAT that targets the MTB IS6100 and PAB genes with a 

limit of detection (LOD) of 17 CFU/ml. Up to 96 respiratory specimens can be inactivated and 

processed by the Abbott m2000 platform per run (47). A systematic review and meta-analysis of 

ten studies incorporating 4858 specimens found that RealTime MTB had a sensitivity of 96% 
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(95% CI, 90% to 99%) and specificity of 97% (95% CI, 94% to 99%) for TB detection; regarding 

RIF resistance detection, it had a pooled sensitivity of 94% (95% CI, 89% to 99%) and 

specificity of 100% (95% CI, 99% to 100%); and for INH resistance detection, its pooled 

sensitivity was 89% (95% CI, 86% to 92%) and specificity was 99% (95% CI, 98% to 100%) 

(45).  

Another centralized test is the semi-automated FluoroType MTB, a beacon-based PCR assay 

performed on the Hain Fluorocycler platform. Specimen decontamination, sample preparation, 

and DNA isolation must be performed manually, which requires 30 minutes of hands-on time, 

with the entire process taking 4 h to final results (48). In a systematic review and meta-analysis 

of five studies incorporating 2660 specimens, FluoroType MTB displayed a sensitivity of 92% 

(95% CI, 88% to 93%) and specificity of 99% (95% CI, 64% to 100%) (45). 

The Cobas 6800/8800 MTB assay runs on the high throughput Cobas 8800 platform that can 

run 960 samples in 8 hours. One internal manufacturer study of 744 samples reported a 

sensitivity and specificity of 95% (95% CI, 92% to 97%) and 98% (95% CI, 96% to 99%), 

respectively (49). 

Finally, the Max MDR-TB test runs on the BD Max platform and targets the MTB 16S rRNA 

gene. Up to 24 specimens are manually decontaminated and prepared before extraction and 

amplification by the Max MDR-TB assay. Time to final results is 4 h (50). A manufacturer-

sponsored validation study of 892 samples reported TB detection sensitivity of 93% (95% CI, 

89% to 96%) and specificity of 97% (95% CI, 96% to 98%). Sensitivity for RIF resistance and 

INH resistance were 90% (95% CI, 55% to 100%) and 82% (95%CI, 63% to 92%), respectively, 

with 100% specificity in both cases (51). 

Centralized TB assays are promising due to their high diagnostic accuracy and ability to run 

large numbers of samples simultaneously, and their automated nature reduces the hazard of 

contacting infectious respiratory specimens for healthcare workers and laboratory technicians. 

The developmental pipeline for centralized assays is quite robust, with platforms, such as 

MeltPro (Zeesan Biotech), Seegene (Seoul, South Korea), and MolecuTech (YD Diagnostics, 

Seoul, South Korea) currently under regulatory assessment (52). All platforms are offering tests 

for MDR-TB and XDR-TB, which will provide further options in the future.  

However, carry-over contamination is still possible with these assays, and quality assurance is 

critical. Additionally, the costs for each of these tests have not been made public, and no 

subsidized or concessional pricing schemes are yet in place. These tests do run on multi-
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disease platforms, which adds value, but it is unclear exactly who will be willing to pay to 

implement these tests if they can only perform DST for INH and RIF resistance, particularly 

when there are simpler NAATs available (Table 3.1). Furthermore, their centralized placement 

means they are unavailable where patients first present to care, and therefore, sample 

transportation is essential for success. Reliable systems for delivering test results to patients 

and healthcare providers must also be in place for these tests to have impact.  

3.6.5 Next-generation sequencing  

Next-generation sequencing (NGS) is increasingly considered a promising option for 

comprehensive DST for TB and produces results much faster than traditional phenotypic culture 

or culture-based testing (53, 54). Unlike probe-based assays where detection is limited to 

probe-specific targets, NGS-based assays can provide detailed and accurate sequence 

information for whole genomes, as with whole genome sequencing (WGS), or multiple gene 

regions of interest, as with targeted NGS (55) (Table 3.3).  

Table 3.3: Strengths and limitations of WGS versus targeted sequencing via next generation 
sequencing 

Whole genome sequencing Targeted sequencing 

Strengths 

• Full genome sequenced 

• No pre-specified targets needed 

• Comprehensive solution 

• Detect rare mutations and hetero-

resistance 

Weaknesses 

• Requires culture isolates  

• Slower than targeted NGS 

• Complicated bioinformatics 

• Expensive 

Strengths 

• Sequence directly from sample 

• Large number of gene targets 

• Less expensive than WGS 

• Simpler bioinformatics and storage 

• Detect rare mutations and hetero-

resistance 

Weaknesses 

• Knowledge of targets required 

• Less information than WGS 

• Expensive 

 

Acknowledging the value of NGS, WHO has published guidance on the role of sequencing for 

detecting mutations associated with drug resistance in TB (55), along with a consensus-based 

TPP for sequencing. In 2019, a TB sequencing database called ReSeqTB was established at 
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WHO to curate, standardize, and unify genotypic and phenotypic DST data, along with 

metadata on DR-TB (56). 

 

Figure 3.2: Targeted sequencing workflow schematic 

There are ongoing efforts by multiple stakeholders to validate targeted sequencing as a 

complete end-to-end solution for DR-TB detection, from DNA extraction direct from respiratory 

samples (i.e., without the need for first culturing and then isolating a specimen), targeted library 

preparation and sequencing, to result reporting (Figure 3.2). One such targeted assay that is 

currently available in the market is Deeplex Myc-TB (Genoscreen, Lille, France). Deeplex Myc-

TB uses ultra-deep sequencing of 24-plex amplicon mixes for mycobacterial species 

identification, genotyping, and DST. In addition, the manufacturer indicates that it can detect 

hetero-resistance, i.e., the phenomenon of subpopulations within a seemingly uniform microbial 

population displaying both resistance and susceptibility to a particular drug (57), down to 3% of 

minority strains in cases of multiple infections or emergent mutations (58). Another newly-

developed targeted sequencing assay for DR-TB is DeepChek-TB (Translational Genomics 

Research Institute, Flagstaff, USA), which has recently been licensed by ABL (Luxembourg) 

(59). Both tests are currently for research use only. 

Sequencing is currently being successfully implemented for DR-TB surveillance purposes in at 

least seven countries - Azerbaijan, Bangladesh, Belarus, Pakistan, Philippines, South Africa, 

and Ukraine (60). Select health systems in settings with low TB burden, including the United 

Kingdom (Public Health England), the Netherlands, and New York state, have already 

transitioned from phenotypic culture to WGS for DST for first-line drugs (61, 62). The US 

Centers for Disease Control and Prevention sequence isolates from all culture-confirmed TB 

cases nationwide (63). 

More countries are considering switching to a sequencing-based approach for surveillance of 

drug susceptibility. For example, India has recently expressed interest in utilizing sequencing for 

surveillance and clinical care. In 2018, infrastructure and technical support for sequencing was 

introduced at five National TB Program laboratories across India with Global Fund funding. It is 
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hoped that this will be the beginning of the foundations of a clinical diagnostic network in the 

future (64).  

South Africa has implemented and integrated sequencing into their national drug resistance 

surveillance program as an alternative to phenotypic DST and are considering its future 

potential for laboratory-based TB management and TB transmission investigations (65). 

In Brazil, the interdisciplinary group Rede Brasileira de Pesquisas em Tuberculose (REDE-TB, 

Brazilian TB Research Network) identified NGS as a key technology for implementation. 

Through the Oswaldo Cruz Foundation (Fiocruz), Brazil has also signed memoranda of 

understanding with the Beijing Genomic Institute and the Chinese Centre for Disease Control 

and Prevention. One of the planned activities under this agreement is the establishment of a 

sequencing service at Fiocruz with applications in infectious disease, including TB (66).   

Regarding sequencing for DST, centralized sequencing platforms have been the norm, but 

there is increasing interest in smaller and more portable sequencing devices, such as MinION 

(Oxford Nanopore, Oxford, UK) (67) and iSeq from Illumina (San Diego, USA) (68), validation 

for both of which is on-going.  

3.7 Potential for integrating NAAT testing for TB and COVID-19 

Across the world, healthcare systems are being upended by the COVID-19 pandemic, but it is 

critical we do not neglect other diseases like TB that persist outside of the spotlight (69, 70). A 

modelling study suggests that one unintended result of the pandemic-related lockdowns is a 

projected 1.5 million excess TB-related deaths from 2020-2025 (3). Countries must act now to 

ensure routine care for patients experiencing other disease continues and to ensure these 

projections to not become reality.  

One clear area for intervention is the integration of TB and COVID-19 testing. As patients with 

either disease may present with cough, fever, or difficulty breathing, this represents an 

opportunity to test presumptive patients for TB and COVID-19 in one clinical encounter. This 

would be more convenient for patients and healthcare workers as it could reduce the number of 

necessary follow-up visits. 

The recently launched Xpert Xpress SARS-CoV-2 (Cepheid) cartridge might allow low- and 

middle-income countries to increase their capacity to test for COVID-19, as many countries 

already have existing GeneXpert networks (71). However, concern has been expressed that a 

ramp-up of COVID-19 testing on the GeneXpert system may come at the expense of TB testing 

in low- and middle-income countries (LMICs) that rely on Xpert MTB/RIF (3, 69). Abbott and 
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Roche also have released COVID-19 assays to run on their centralized testing platforms, 

RealTime (72) and Cobas 6800 (73), respectively. Both systems are used in some reference 

laboratories of countries with high TB burden for multi-disease testing. In India, Molbio has 

released a COVID-19 test for the Truelab platform (74) that is now in use. 

Leveraging existing multi-disease NAAT platforms for both TB and COVID-19 testing could be 

an effective strategy. Research into using a common respiratory sample (e.g. sputum) will be 

necessary to understand feasibility of this strategy and to address biosafety concerns. 

3.8 Conclusion: optimizing the impact of NAATs 

Advances in molecular TB diagnostics in the last decade have resulted in TB tests that are 

highly accurate and faster than conventional microbiological tests, and emerging technologies 

promise to continue this trend. In some respects, NAATs are having positive clinical impact. For 

example, it has been shown that routine use of Xpert leads to reductions in time to TB diagnosis 

and time to treatment initiation, from several days to same-day (4, 5, 75-77), and its use also 

facilitated increased numbers of patients to commence anti-TB treatment (5, 77). However, for 

longer-term outcomes like mortality, NAAT impact is more ambiguous (78, 79) albeit inherently 

difficult to measure appropriately (80). 

As long as cascades of care in high TB settings remain weak or fragmented, diagnostic testing 

alone will be unable to decrease mortality or disease recurrence, and evaluations of NAAT 

clinical significance will continue to produce null results (81). Issues such as under-utilization of 

existing NAATs, empirical treatment of people with suspected TB, and patient loss to follow-up 

all reduce the potential beneficial effect of diagnostic testing (82). Thus, optimizing the clinical 

impact of molecular tests for TB will require their introduction into functioning, strengthened 

healthcare systems, which can also respond to outbreaks that require multidisease testing 

capacity (83). Centering patients within high quality health systems will allow NAATs to reach 

their full potential and become an integral part of a digitally connected, patient-centered, re-

imagined TB care system (84). 
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3.9 Afterward  

Since this review was published, WHO has released updated consolidated guidelines for TB. 

Regarding initial testing for TB, the guidelines strongly recommend the use of Xpert for TB and 

RIF resistance detection for all adults and children with signs and symptoms of pulmonary TB. 

Xpert Ultra is strongly recommended as the initial diagnostic test in adults who have no prior 

history of TB, but is only presented as an option for those with recent (<5 years) history of TB or 

TB treatment due to the difficulty in interpreting trace calls. Xpert and Xpert Ultra are also 

strongly recommended for the initial diagnosis of presumptive TB meningitis in adults and 

children. For other forms of extrapulmonary TB, due to limited confidence in the evidence, Xpert 

and Ultra are presented as options for initial testing. Trunat MTB and MTB Plus continue to be 

conditionally recommended as initial diagnostic tests for TB diagnosis and rifampicin resistance 

detection in adult and children with signs and symptoms of pulmonary TB, but this 

recommendation does not extend to PLHIV (84). Unfortunately, the GeneXpert Omni system 

has been cancelled by Cepheid (85), leaving the need for a POC NAAT option unfulfilled. 

There have been some notable updates in the drug resistance detection space. An updated 

TPP was issued for next-generation molecular DST in peripheral settings, laying out the specific 

characteristics the TB community is seeking over the next five years, with an emphasis on 

sequencing (86). It is hoped that the recent publication of a comprehensive M. tuberculosis 

mutation catalogue (87) will aid diagnostic developers in creating products needed to ensure 

universal DST becomes reality. In terms of specific assays, Xpert XDR has been launched, but 

the definition of extensively drug resistant TB (XDR-TB) has since been updated (88), so it 

remains to be seen how much impact this assay will have. Recent data suggests that Xpert 

XDR is very specific for all drugs in its purview and its sensitivity was similar to that of line probe 

assays, although Xpert XDR sensitivity was higher for INH resistance (89). 

Additionally, the centralized, high-throughput NAATs (termed “moderate complexity automated 

NAATs” by WHO) described in the review have now been recommended for the diagnosis of 

pulmonary TB in adults, including PLHIV, with TB signs and symptoms. They have also been 

endorsed for the detection of RIF and INH resistance detection. These recommendations are 

being extended to children based on generalisation of the existing adult data (84). 

Building on momentum in the molecular diagnostics space due to COVID-19, more new 

molecular TB tests are in the developmental pipeline. A growing number of test manufacturers 

have platforms that are now well-established thanks to the pandemic, and work is underway to 

develop TB tests for these systems (85). Specific examples include the battery-powered Lumira 

Dx instrument, which has seen wide uptake across Africa since the COVID-19 pandemic’s onset 

and can produce test results in 20 minutes (90) and SD Biosensor’s point-of-care STANDARD 

M10 system, which can run runs both PCR- and LAMP-based assays (91). TB detection assays 

for these multiplex, peripheral setting-friendly platforms are forthcoming. Hopefully, the now 

widely-understood importance of diagnostics translates into sustained funding and political will 

to increase scale-up of molecular TB tests.  
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4 CHAPTER 4: MANUSCRIPT 2:   

DIAGNOSTIC ACCURACY OF STOOL XPERT MTB/RIF FOR THE DETECTION OF 

PULMONARY TUBERCULOSIS IN CHILDREN: A SYSTEMATIC REVIEW AND META-

ANALYSIS 

 

4.1 Preface  

Children may have difficulty spontaneously producing sputum, the typical specimen used to 

diagnose TB, and the specimens that can be obtained frequently have low numbers of M. 

tuberculosis. This can make diagnosis of pediatric TB a challenge. Molecular diagnostic tools 

like Xpert MTB/RIF (Xpert) have a lower limit of detection than smear microscopy, but a 

sensitive test is of little use without an adequate sample. Therefore, interest has been growing 

in utilizing molecular tests with alternative, off-label specimens to detect TB in children. 

In this manuscript, I systematically reviewed and meta-analysed the evidence on the use of 

Xpert with stool samples for the diagnosis of childhood TB for the first time. I estimated stool 

Xpert’s sensitivity and specificity compared to microbiological reference standards and, when 

possible, clinical reference standards. I discuss the potential role of this test for diagnosing TB in 

children going forward and the short-comings in study quality and reporting in this area.  

This work was published in May 2019 in Journal of Clinical Microbiology. Relevant 

developments since publication are described in the Afterward section. 
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4.3 Abstract  

Invasive collection methods are often required to obtain samples for the microbiological 

evaluation of children with presumptive pulmonary tuberculosis (PTB). Nucleic-acid amplification 

testing of easier-to-collect stool samples could be a non-invasive method of diagnosing PTB. 

We conducted a systematic review and meta-analysis to evaluate the diagnostic accuracy of 

testing stool with the Xpert MTB/RIF assay (“stool Xpert”) for childhood PTB. Four databases 

were searched for publications from January 2008 to June 2018. Studies assessing the 

diagnostic accuracy among children of stool Xpert compared to a microbiological reference 

standard of conventional specimens tested by mycobacterial culture or Xpert were included. 

Bivariate random-effects meta-analyses were performed to calculate pooled sensitivity and 

specificity of stool Xpert against the reference standard. From 1,589 citations, 9 studies 

(n=1,681) were included. Median participant ages ranged from 1.3 to 10.6 years. Protocols for 

stool processing and testing varied substantially, with differences in reagents and methods of 

homogenization and filtering. Against the microbiological reference standard, the pooled 

sensitivity and specificity of stool Xpert were 67% (95% confidence interval [CI], 52 to 79%) and 

99% (95% CI, 98 to 99%), respectively. Sensitivity was higher among children with HIV (79% 

[95% CI, 68 to 87%] versus 60% [95% CI, 44 to 74%] among HIV-uninfected children). 

Heterogeneity was high. Data were insufficient for subgroup analyses amongst children under 

age 5, the most relevant target population. Stool Xpert could be a non-invasive method of ruling 

in PTB in children, particularly those with HIV. However, studies focused on children under 5 

years of age are needed, and generalizability of the evidence is limited by the lack of 

standardized stool preparation and testing protocols. 
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4.4 Introduction 

At least 1 million incident tuberculosis (TB) cases and 230,000 TB-related deaths are estimated 

to have occurred among children in 2017, accounting for approximately 10% of total cases and 

15% of deaths (1). Pulmonary TB (PTB) is the most common form of childhood TB (2). Xpert 

MTB/RIF (Xpert) (Cepheid, USA), an automated cartridge-based PCR assay, is currently 

recommended by the World Health Organization (WHO) as the initial diagnostic test in 

presumptive PTB cases for adults and children (3). Minimal sample preparation is required, and 

test results are produced within 2 h. In a meta-analysis that pooled data from sputum smear-

positive and -negative subjects, the performance of Xpert on respiratory samples had a 

sensitivity of 62% (95% credible interval, 51 to 73%) and specificity of 98% (95% credible 

interval, 97 to 99%). The use of Xpert on sputum is thus more sensitive than smear microscopy. 

Moreover, Xpert has several operational advantages over mycobacterial culture, the gold 

standard for TB diagnosis (4). However, in children under 5 years old, and particularly in those 

under 2 years old, the collection of sputum specimens for diagnostic testing is difficult and often 

requires invasive methods that are challenging to implement in resource-limited settings (e.g., 

nasopharyngeal/nasogastric aspiration or bronchoscopy) and not widely available (2). 

Furthermore, as pediatric TB is typically paucibacillary, the sensitivity of currently deployed tests 

is diminished in children versus adults (5).   

Mycobacterium tuberculosis-containing sputum may be swallowed, particularly during sleep, 

and acid-fast bacilli have been shown to survive digestion and are detectable in stool (6, 7). As 

such, stool may represent a more acceptable and feasible alternative to conventional 

specimens for the evaluation of suspected childhood PTB. The use of Xpert on stool has not 

been included in recommendations by WHO, nor has any claim been made by the manufacturer 

regarding stool. However, several groups have now developed preprocessing methods in order 

to use Xpert on stool for the diagnosis of childhood TB. 

We performed a systematic review and meta-analysis of the diagnostic performance of Xpert 

using stool samples for PTB in children. 

4.5 Methods 

4.5.1 Protocol and registration 

The protocol for this systematic review and meta-analysis was registered at the International 

Prospective Register of Systematic Reviews (PROSPERO) (identifier CRD42017079836). 
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4.5.2 Search strategy and information sources 

PubMed, EMBASE, Scopus, and the Cochrane Library were systematically searched from 1 

January 2008 until 15 June 2018. The search strategy was developed with a medical librarian 

and based on key validated terms for “children” and “Xpert”, as well as “tuberculosis” with no 

filters applied. The full search strategies for each database are presented in Text S1 in the 

supplemental material. Experts in TB diagnostics were consulted to identify relevant papers that 

may have been missed by the search strategy. Citations of reviews and included publications 

were also searched. 

4.5.3 Eligibility criteria 

Publications in English, French, Italian, Mandarin, Spanish, and Portuguese; of any design and 

sampling strategy; and of any enrolment timing (prospective, retrospective, cross-sectional) 

were eligible for inclusion. Conference proceedings and abstracts, commentaries, editorials, and 

reviews were excluded, as were studies with a sample size less than 10. To be included, eligible 

studies must have reported the diagnostic performance of stool Xpert in patients under 16 years 

old, compared to a microbiological reference standard for the diagnosis of PTB. Studies that did 

not explicitly state that their focus was PTB were eligible if the types of specimens used for the 

reference standard were those that are typically used for PTB diagnosis (e.g. gastric aspirate). 

Studies that used banked sputum and stool specimens originally collected from children were 

also eligible.  

4.5.4 Study screening and selection 

Search results were imported into a citation manager and duplicates were removed. Two 

authors (E. MacLean and G. Sulis) independently screened citations by title and abstract per 

pre-defined eligibility criteria, followed by full-text review for all selected studies. Results 

disagreed upon were discussed, and a third reviewer consulted if necessary (F. Ahmad Khan).  

4.5.5 Data extraction 

A data extraction form was piloted by two reviewers (E. MacLean and G. Sulis) with critical input 

from a third (C. M. Denkinger). Two reviewers (E. MacLean and G. Sulis) independently 

extracted results using a standardized form (Text S2). After data extraction, results were 

compared, and disagreements were discussed until a consensus was reached. Study authors 

were contacted for missing performance data, clarification regarding reference standard 

definitions, and sample preparation techniques. Using these data and figures indicated in the 
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publications, we reconstructed two-by-two tables for stool Xpert performance compared to the 

microbiological reference standard and, where applicable, the clinical reference standard. 

4.5.6 Risk-of-bias assessment 

The Quality Assessment of Diagnostic Accuracy Studies-2 (QUADAS-2) tool (8) was used to 

assess each included study’s risk of bias. No formal assessment of publication bias was made, 

as traditional methods such as funnel plots and regression tests are not helpful for diagnostic 

studies (9).  

4.5.7 Reference standards  

Acceptable microbiological reference standards were mycobacterial culture or Xpert MTB/RIF, 

performed on specimens that are conventionally used to diagnose childhood PTB (nasogastric 

aspirates, gastric lavage, nasopharyngeal aspirates, and expectorated sputum). No studies 

included stool mycobacterial culture in their diagnostic work-up. Stool Xpert was not included in 

the reference standard. 

Childhood PTB is often clinically diagnosed (i.e., without microbiologic confirmation). As such, 

we also examined the performance of stool Xpert compared to clinical reference standards that 

are compatible with updated international guidelines (5). Studies that followed these guidelines 

used a combination of signs and symptoms, chest radiography, epidemiological history, and 

tuberculin skin test (TST) results to classify children as “likely TB”, “unconfirmed TB”, and 

“unlikely TB” (Table S1). For our purposes, we dichotomized these outcomes into 

“likely/possible TB” and “unlikely TB”.  

4.5.8 Statistical Analysis 

Data from reconstructed two-by-two tables were used to calculate sensitivity and specificity and 

associated 95% confidence intervals (CIs). In cases of empty cells in two-by-two tables, a zero 

correction was made by replacing the cell with 0.5. Aggregate-data meta-analyses were 

performed with bivariate random-effect hierarchical models (10) to estimate pooled sensitivity 

and specificity for stool Xpert compared to the microbiologic reference standard, and, 

separately, compared to the clinical reference standard. We also estimated pooled sensitivity 

and specificity stratified by HIV status. Results from individual studies and pooled estimates 

were presented on forest plots. To assess between-study heterogeneity, we used the I2-statistic 

(11). In a sensitivity analysis, we estimated pooled sensitivity and specificity after excluding 

studies that used Xpert MTB/RIF but not mycobacterial culture of conventional specimens as 
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the microbiological reference standard. All analyses were conducted using the Midas package 

in STATA (STATA 15, Stata Corp., USA (12)). The study is reported following PRISMA 

guidelines (Table S2) (13). 

4.6 Results 

4.6.1 Search results 

Our search identified 1,589 unique citations from which 34 studies were selected for full-text 

review, and 9 studies met inclusion criteria (Figure 4.1).  

 

Figure 4.1: PRISMA study flow diagram 

4.6.2 Study and participant characteristics 

Study and patient characteristics are presented in Table 4.1. Among the 9 studies that we 

included, African countries were most well represented (7/9), whereas 2 studies recruited 
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participants from Asia. One study had multiple sites across two continents, whereas the others 

were single-country studies. In total, 1,681 children from 9 studies were included in our meta-

analysis of stool Xpert’s diagnostic performance compared to a microbiologic reference 

standard, and 869 children from 5 studies were included in the comparison against a clinical 

reference standard. The prevalence of microbiologically confirmed cases per study ranged 

widely, from 2.6% (14) to 54% (15). The prevalence of clinically confirmed or unconfirmed cases 

was much higher, ranging from 35% (16) to 100% (17). Table S1 in the supplemental material 

provides details on clinical reference standard definitions of the included studies. 

Studies enrolled children from 0 to 16 years. The ratio of females to males was generally 

balanced. The percentage of participants with a documented history of TB disease contact, 

when reported (5/9 studies), ranged from 12% (18) to 56% (19). Most studies did not include 

information about tuberculin skin test (TST) results. Two studies included only children with HIV 

(18, 20), and two restricted enrolment to HIV-negative children (16, 21); the remainder had a 

mixed population. 
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Table 4.1: Characteristics of included studies. Features of included studies and participants. Studies that included separate comparisons of 
stool Xpert for microbiological and clinical reference standards have two rows. 

Study Location 
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Banada 
2016 (15) 

South 
Africa 

40 0-15,  

NR 

21/38 
(55) 

NR 16/38 
(42) 

NR 16/38 
(42) 

Cough, EP 
symptoms, 
Weight loss 

PTB 
only 

Xpert IS, GA 37 20 

(54) 

- - NR 

Chipinduro 
2017 (17) 

Zimbabwe 218 5-16,  
10.6  
[8-13] 

123/218 
(56) 

 

17/218 
(7.8) 

51/218 
(23) 

NR 111/198 
(56) 

Cough, 
Weight loss, 
Night 
sweats, 
Fever, 
Appetite 
loss 

PTB 
onlya 

Culture/
Xpert 

IS 218 19  

(8.7) 

- - NR 

CRSb - 32 - 32 
(100) 

0  

(0) 

NR 

Hasan 
2017 (16) 

Pakistan 50 0-15,  
6.8  
[2-9] 

22/50 
(44) 

 

NR 27/50 
(54) 

NR 0/50  

(0) 

Cough, EP 
symptoms, 
Weight loss 

PTB 
only 

Culture/
Xpert 

Sputum, 
GA 

49 11  

(22) 

- - NR 

CRSb - 49 - 17 
(35) 

32 
(65) 

NR 

Lacourse 
2018 (18) 

Kenya 165 0-12,  
2  
[1.1-4.8] 

75/165 
(45) 

 

NR 20/162 
(12) 

7/151 
(4.6) 

165/165 
(100) 

Cough, 
Lethargy, 
Fever, 
Failure to 
thrive 

PTB 
onlya 

Culture/
Xpert 

Sputum, 
GA 

147 11  

(7.5) 

- - NR 

CRSb - 165 - 85 
(52) 

80 
(48) 

NR 

Marcy 
2016 (20) 

Burkina 
Faso, 
Cambodia, 
Cameroon, 
Vietnam 

272 0-13,  
7.2  
[4.1-7.2] 

132/272 
(49) 

49/272 
(18) 

58/272 
(21) 

50/27
2 (18) 

272/272 
(100) 

Cough, 
Weight loss, 
Lethargy, 
Fever,  
Broad 
spectrum 
Abx failure, 
CXR 
abnormality  

PTB 
onlya 

Culture GA, IS, 
NS, 
string 

272 27 

(10) 

- - NR 

CRSb - 272 - 245 
(90) 

27 
(10) 

NR 
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Abx = antibiotics; CRS = clinical reference standard; CXR = chest x-ray; EP = extrapulmonary; EPTB = extrapulmonary TB; GA = gastric 
aspirate; IQR = interquartile range; IS = induced sputum; NA = nasopharyngeal aspirate; No. = number of; NR = not reported; TST = tuberculin 
skin test;. a =implied only pulmonary TB cases based on collection of respiratory samples only; b = definitions of each clinical reference 
standard are given in Supplementary Table S1 

.

Moussa 
2016 (21) 

Egypt 115 1-16,  

NR 

45/115 
(39) 

NR 29/115 
(25) 

13/67 
(19) 

0/115 
(0) 

Cough, 
Weight loss, 
Night 
sweats, 
Fever, CXR 
abnormality 

PTB 
only 

Culture Sputum, 
IS 

115 36  

(31) 

- - 0/115 

(0) 

Nicol 
2013 (22) 

South 
Africa 

115 1-15,  
2.6 
[1.6-4.8] 

NR 0/115 
(0) 

NR NR 17/115 
(15) 

Cough, 
Weight loss, 
CXR 
abnormality 

PTB 
only 

Culture IS 115 17  

(15) 

- - NR 

Orikiriza 
2018 (14) 

Uganda 357 1-14,  

NR 

178/392 
(45) 

8/392 
(2.0) 

76/391 
(19) 

99/383 
(26) 

121/388 
(31) 

Cough, 
Weight loss, 
Night 
sweats, 
Lethargy, 
Fever 

PTB 
onlya 

Culture/
Xpert 

Sputum, 
IS 

349 9  

(2.6) 

- - 6/357 

(1.7) 

Walters 
2017 (19) 

South 
Africa 

379 0-13,  
1.3  
[0.8-2.4] 

184/379 
(49) 

27/379 
(7.1) 

214/379 
(56) 

 

82/294 
(28) 

51/379 
(13) 

Cough, 
Weight loss, 
Fever 

Mix of 
EPTB 
and 
PTB, 
35/379  
(9.2) 

Culture/
Xpert 

GA, IS, 
NA,  
string 

379 72  

(19) 

- - NR 

CRSb - 351 - 242 
(69) 

109 
(31) 

NR 
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4.6.3 Sample processing 

 

Table 4.2 shows the sample preparation steps utilized in each study. In one study (19), two 

sample preparation methods were attempted, with results ultimately pooled. Most studies (6/9) 

obtained one stool sample from enrolled children, typically within 24 h of obtaining respiratory 

samples. Samples were either used immediately or stored for later use, except for one study 

(20) which used some samples immediately and some after freezing and a second study (19) 

which stored samples collected at the child’s home and immediately used those collected at 

the health care center. As information on sample storage was not available for all studies, sub-

group analysis could not be performed per sample storage method.  

The mass of stool utilized, and its collection method, varied: 0.15 g of bulk stool (16), 0.15 g 

using a sterile loop (17), a flocked rectal swab (22), 0.5 g (21), 0.6g (15), 2 g (20), and 5 g (19). 

A diluent solution, such as phosphate-buddered saline (PBS), distilled water, or a sucrose 

solution, was added to the stool before a homogenization, in variable quantities, typically 

followed by vortexing. Most studies (6/9) reported a period of sample settling before further 

work-up. Final sample preparation methods were quite varied but included either centrifugation 

or filtering through syringe filter or gauze, primarily to remove large particles, before final 

addition of the sample to the Xpert cartridge ( 

Table 4.2). 
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Table 4.2: Details of stool sample preparation and processing. Details of stool sample storage and processing for each of the included studies.  

Study No. 
sample

s, 
volume 

Stool 
sample 

collection 
timing 

Imme-
diate 
use? 

Storage 
details 

  

Volume 
stool 

retrieved 

First 
reagent(s) 
added to 

stool 

Homo-
gen-

isation 

Speci-
men 

settling 

Additional reagents 
and or filtering / 

processing 

Pellet processing Final sample 
into cartridge 

Banada 
2016 

1, 5g NR No 4°C for 7 
days 

0.6g 2mL 
processing 
buffer (AL 
buffer, 10% 
povidone), 
2mL Xpert 
buffer 

Vortex 
with 
glass 
beads 

30min at 
RT 

All syringe filtered No pellet 2mL added to 
cartridge 

Chipin-
duro 
2017 

1, 5g Within 
24hr of 
respiratory 
sample 

No 4°C for 
max 2 
days  

0.15g 
using 
sterile 
loop 

2.4mL PBS Vortex 20min at 
RT 

1mL supernatant 
taken, centrifuged at 
3200rpm for 15min 

Pellet resuspended 
in 1mL PBS 

Diluted 2:1 in 
buffer, added to 
cartridge 

Hasan 
2017 

1, NR Within 
24hr of 
respiratory 
sample 

No 2-8°C for 
NR days, 
taken to 3e 
hospital, 
stored at  

-80°C 

0.15g 2.4mL PBS Vortex 20min at 
RT 

1mL supernatant 
taken, centrifuged at 
3500rpm for 15min 

Pellet resuspended 
in 1mL PBS 

Diluted 2:1 in 
buffer, added to 
cartridge 

Lacourse 
2018 

NR, NR Within 
24hr of 
respiratory 
sample 

Yes NA NR Equal volume 
PBS 

Manual 
homoge
n-isation 

12 to 
48h at 2-
5°C 

All filtered through 
fine filter, vortexed; 
added to equal 
volume NaOH-NALC; 
NRmL PBS added 
and centrifuged, twice 

Pellet resuspended 
in 0.7mL PBS by 
vortex 

Diluted 2:1 in 
buffer, added to 
cartridge 

Marcy 
2016 

NR, 
0.5g 

NR Both Some 
frozen at 
NR for NR 
days 

2g 10mL 
distilled H2O 

Vortex NR NRmL supernatant 
taken, centrifuged at 
4000rpm for 20min 

Pellet decontam-
inated in 10mL 3% 
NALC-NaOH for 
15min at RT; added 
to 40mL PBS; 
centrifuged 20min; 
pellet resuspended 
in 1mL PBS 

Diluted 2:1 in 
buffer, added to 
cartridge 

Moussa 
2016 

2, 2g NR Yes NA 0.5g 10mL 
Sheather's 
solution (28% 
sucrose) 

Manual 
homoge
n-
isation, 
Vortex 
30sec 

NR All filtered through 
funnel gauze; 
centrifuged at 100g 
for 1min;  

No pellet 0.5mL 
supernatant, 
1.8mL buffer 
added to 
cartridge; sit 
15min at RT; 
shake; run 
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3e = tertiary; max = maximum; NA = not applicable; No. = number of; NR = not reported; PBS = phosphate buffered saline; RT = room 
temperature; NALC-NaOH = N-Acetyl-l-Cysteine–Sodium Hydroxide; tx = anti TB treatment 

.

Nicol 
2013 

1, NR "At 
baseline" 

No -80°C 
within 2hr 
for max 6 
months 

0.15g 
using 
FLOQ 
Swabs 

2.4mL PBS Vortex 20min at 
RT 

1mL supernatant 
taken, centrifuged at 
3200rpm for 15min 

Pellet resuspended 
in 1mL PBS 

Diluted 2:1 in 
buffer, added to 
cartridge 

Orikiriza 
2018 

1, NR NR Yes NA NR Saline 
solution 

Vortex 5min at 
RT 

5mL mixture taken, 
added to NaOH-
NALC, vortexed, 
stand for 20min; PBS 
added to 50mL and 
centrifuged at 3000g 
for 20min at 4°C 

Pellet 
decontaminated with 
NaOH-NALC 
method; respun; 
pellet resuspended 
in 1.5mL unspecified 
buffer 

0.5mL added to 
cartridge 

Walters 
2017 
 

1, 0.3-
5g 

Within 7 
days of 
respiratory 
sample 

Both 2-8°C for 
max 3 
days if 
collected at 
home 

<5g 20mL PBS Vortex No 5mL mixture taken, 
added to NALC-
NaOH 

"Concentration" Diluted 2:1 in 
buffer, added to 
cartridge 

1, 0.3-
5g 

Within 7 
days of 
respiratory 
sample 

Both 2-8°C for 
max 3 
days if 
collective 
at home  

1-4g 10mL PBS Vortex No All centrifuged at 
3000g at 4°C for 
20min 

Pellet resuspended 
in 10mL by vortex for 
20sec; centrifuged at 
2000g for 1sec, keep 
supernatant 

1mL 
supernatant 
added to 
cartridge 
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4.6.4 Quality assessment 

Figure 4.2 displays the overall risk of bias and applicability concerns of the 9 studies included 

in our meta-analysis. Figure S1 presents the individual studies’ quality assessment results. In 

the patient selection domain (Figure 4.2), five studies were at low risk of bias, and one study 

(15) was at high risk of bias due to its use of a case-control design, whereas the remaining 

eight were either cross-sectional or cohort studies. Risk of bias was high for one study because 

of convenience sampling (16) and unclear in two studies because of an unclear sampling 

strategy and the inappropriate exclusions of certain children (17, 21). With respect to 

applicability, the majority of studies (Table 4.1) included children who presented with symptoms 

suggestive of TB. Two studies (18, 20) only included children with HIV and, because it is 

known that Xpert performs differentially in those who are HIV-infected (23), these were scored 

for applicability concerns as high. One study (15) only tested samples from confirmed TB cases 

and non-cases, which does not represent a typical clinical scenario, so we also rated 

applicability concerns as high. 

 

Figure 4.2: QUADAS-2 risk of bias and applicability concerns graph: review authors’ judgements 

about each domain presented as percentages across the 9 included studiesThe conduct of the 

index test generally was at low risk of bias, as Xpert is an automated assay with a predefined 

cut-off of detection that produces a binary response. However, since there is no standardized 

operating protocol for stool samples and no internationally recommended procedure for sample 

storage and processing, applicability concerns regarding the index test’s conduct are unclear 

(Figure 4.2). 

In light of the inherent limitations of microbiological tests for diagnosing childhood PTB, we 

classified 8/9 studies as having an unclear risk of bias with respect to correctly classifying the 
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target condition despite having used culture as the reference test. The exception was one 

study that was scored as having a high risk of bias as its microbiological reference standard did 

not include culture. Both culture and Xpert are automated assays, so we scored the risk of bias 

as low regarding test interpretation. Additionally, all studies’ reference standards were 

performed in regional or central reference laboratories, so we expect bias from operator error 

to be of low concern. Applicability concerns were uniformly unclear. 

We scored the risk of bias as low for all studies with respect to the appropriateness of the time 

interval between index test and reference standard, as all studies reported running stool Xpert 

within 7 days of specimen collection (Figure 4.2).  

4.6.5 Meta-analysis of diagnostic accuracy 

For comparison against the microbiological reference standard, sensitivities of stool Xpert 

varied from 32% (19) to 85% (15), while specificity was uniformly very high (Figure 4.3A). The 

pooled sensitivity was 67% (95% CI, 52 to 79%) and pooled specificity was 99% (95% CI, 98 to 

99%). I2 values for sensitivity and specificity were 83% (95% CI, 72 to 93%) and 62% (95% CI, 

35 to 90%), respectively, indicating high between-study heterogeneity, particularly for 

sensitivity. For the clinical reference standard comparison, the pooled sensitivity of stool Xpert 

was 22% (95% CI, 9.0 to 44%), while the specificity was 100% (95% CI, 66 to 100%) (Figure 

4.3B). 

Although 7/9 studies included children with HIV, only 5/9 studies provided sufficient information 

to construct two-by-two tables (15, 17, 18, 21, 22) (2 of these studies enrolled only children 

with HIV (18, 21)) (Figure 4.3C). One study (15) did not provide sufficient information to 

calculate specificity amongst children with HIV. Data from children that were HIV-negative were 

available from 5 studies (14, 16, 17, 20, 22) (Figure 4.3D). Using the microbiologic reference 

standard, among children with HIV, the sensitivity of stool Xpert was 79% (95% CI, 68 to 87%), 

and the pooled specificity was 99% (95% CI, 94 to 100%) (Figure 4.3C); among those without 

HIV, the sensitivity was 60% (95% CI, 44 to 79%) and specificity 99% (95% CI, 97 to 100%) 

(Figure 4.3D). For both sensitivity and specificity, I2 values were lower in HIV-stratified 

analyses than when data from all studies were pooled (Table 4.3), suggesting that HIV partially 

explained the between-study heterogeneity.  
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Figure 4.3: Forest plots of stool Xpert’s diagnostic performance A: compared to a microbiological 
reference standard of culture or Xpert positivity on respiratory samples. Two studies (18, 20) 
presented results from “intention-to-treat” (ITT) analyses, where any child who produced any 
sample was included, as well as “per protocol” analyses, where only children who produced all 
requested samples were included. In these instances, we meta-analysed the ITT results to avoid 
selection bias. B: Forest plots of stool Xpert’s diagnostic performance compared to a clinical 
reference standard of “likely/possibly TB” or “unlikely TB”. C: Forest plots of diagnostic 
performance of stool Xpert in children with HIV compared to a microbiological reference 
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standard. D: Forest plots of diagnostic performance of stool Xpert in HIV-negative children 
compared to a microbiological reference standard 

Results of the sensitivity analysis in which we excluded the study that did not use 

mycobacterial culture as part of the reference standard (15) are presented in Fig. S2. Pooled 

sensitivity and specificity estimates combining data from all studies and data stratified by HIV 

status were all similar to those estimated in our main analyses, as was between-study 

heterogeneity. Pooled estimates from our main analysis and from this sensitivity analysis are 

summarized in Table 4.3. 

We undertook two post hoc sensitivity analysis. In the first, we sought to determine whether the 

quantity of stool used for testing was associated with diagnostic accuracy (assuming that a 

higher mass might increase sensitivity). There were too few studies to estimate pooled 

accuracy stratified by stool mass used; however, visual inspection of forest plots found no 

obvious trend to support a minimum quantity (Fig. S3. In the second sensitivity analysis, we 

evaluated whether the burden of TB in the country where a study was conducted was 

associated with the accuracy of stool Xpert. As shown in Fig. S4, there was no clear trend to 

suggest such an association.  

Table 4.3: Results of meta-analyses for estimated stool Xpert sensitivity and specificity. I2-
statistic was used to quantify the effect of between study heterogeneity.  

 Main results Sensitivity analysisa 

No. studies 
included  

(no. children 
included) 

Pooled 
sensitivity 
(95% CI); I2 

statistic 
(95% CI) 

Pooled 
specificity (95% 
CI); I2 statistic 

(95% CI) 

No. studies 
included  

(no. children 
included) 

Pooled 
sensitivity 
(95% CI); I2 

statistic  
(95% CI) 

Pooled 
specificity 
(95% CI); I2 

statistic  
(95% CI) 

Stool Xpert against 
microbiological 
reference standard 

9 (14-22) (1681) 67%  
(52-79);  

83 (72-93) 

99%  
(98-99);  

62 (35-90) 

8 (15-22) 
(1644) 

64%  
(49-76); 

 81 (69-93) 

99%  
(98-100);  

61 (31-91) 

Stool Xpert against 
clinical reference 
standard 

5 (16-20) (869) 22%  
(9.0-44); 

95 (92-98) 

100%  
(66-100); 

78 (59-97) 

Not applicable Not applicable Not applicable 

Stool Xpert against 
microbiological 
reference standard 
in children with 
HIV 

5 (15, 17, 18, 21, 
22) (395) 

79%  
(68-87); 

0 (0-100) 

99%  
(94-100); 

35 (0-99) 

5 (17, 18, 21, 
22) (379) 

80% (68-88); 0 
(0-100) 

99 (94-100); 
51 (0-100) 

Stool Xpert against 
microbiological 
reference standard 
in HIV-negative 
children 

7 (14-17, 19, 20, 
22) (974) 

61%  
(40-79); 

39 (0-100) 

99%  
(98-100); 

56 (13-100) 

Not applicable Not applicable Not applicable 
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a: results from pooled meta-analysis after removal of one study that did not use culture as the 
microbiological reference standard; CI = confidence interval; no. = number of 
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4.7 Discussion 

In this systematic review and meta-analysis, we found that the sensitivity and specificity of stool 

Xpert (67% [95% CI, 52 to 79%] and 99% [95% CI, 98 to 99%], respectively) for the diagnosis 

of microbiologically confirmed childhood PTB were comparable to what has been reported for 

the performance of Xpert on respiratory specimens (62% [95% credible interval, 51 to 73%] 

and 98% [95% credible interval, 97 to 99%], respectively) (4). Sensitivity and specificity varied 

by HIV status. As stool collection is noninvasive, this is of substantial interest for the medical 

evaluation of children with suspected PTB, but a number of limitations of the existing evidence 

highlight the need for more research, and greater standardization of testing, before policy 

formulation.   

Among the most important limitations of the evidence base is the lack of data on performance 

in the subpopulation of children for whom stool Xpert is of greatest potential clinical utility, 

those under the age of 5 years, and especially the subgroup under the age of 2 years. Only 

one study compared accuracy between age categories, and a cutoff of 10 years of age was 

used (17).  

We observed substantial between-study heterogeneity in diagnostic accuracy, mostly for 

sensitivity. Different approaches to participant selection likely contributed to this, in particular 

the use of a case-control design (15) and nonconsecutive sampling (16, 21), which are at a 

higher risk of introducing bias into a study. Data also suggested that heterogeneity was partly 

explained by differences in the prevalence of HIV infection. The higher sensitivity of stool Xpert 

among children with HIV has also been observed for other specimen types in this population 

(4, 24), perhaps as a result of more severe TB disease in HIV/TB coinfected children. 

We found substantial variability in protocols for performing stool Xpert, with each study taking a 

unique approach. Differences were seen at all steps: (i) at stool collection, different methods of 

sampling, numbers of specimens, and volumes of stool were used; (ii) different reagents were 

added to stool samples before homogenization, and all studies utilized different additional 

reagents; and (iii) dissimilar filtration methods and decontamination steps were adopted. Future 

studies should ensure, at minimum, complete reporting of protocols for stool collection 

processing and testing. A standardized protocol would be of value, as would a standardized 

stool collection-and-processing kit.  

Our systematic review and meta-analysis has a number of strengths. First, all included studies 

reported using a microbiological reference standard for comparison to stool Xpert, and 8 out of 
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9 studies used liquid or solid culture. While the imperfect nature of any reference standard for 

diagnosing pediatric TB means that the true number of affected children is always unknown, 

the accuracy of stool Xpert against microbiological confirmation is likely a closer estimation of 

its true accuracy than its performance compared to the clinical reference standard (as 

symptoms of PTB are non-specific). Second, by systematically assessing each study’s sample 

preparation and processing techniques, we found substantial variability in methods of 

performing stool Xpert and were also able to identify obstacles to implementation. For example, 

most protocols required at least one centrifugation step, which is inauspicious in terms of 

translating this assay to a lower health care system level. Finally, we utilized a sensitive and 

validated search strategy that covered six languages. 

The present work also has some limitations. First, data were insufficient, and there were too 

few studies for us to perform stratified or meta-regression analyses to assess most 

demographic-related potential causes of observed heterogeneity. Hence, we suggest that in 

addition to HIV-stratified results, future studies of stool Xpert should also ensure reporting is 

stratified by age, gender, and extent of radiographic disease. Second, while we identified wide 

variability in sampling and stool processing, we could not explore these as sources of 

heterogeneity or determine if any were potentially superior. Third, we did not include one study 

concerning stool Xpert on samples from children (25) that was published after our systematic 

search was completed and therefore was not included in our meta-analysis. However, including 

it in our pooled analyses did not significantly alter sensitivity or specificity estimates (see Fig. 

S5 in the supplemental material). Finally, our pooled estimates came from study populations 

with a high prevalence of T; hence, it is possible that these estimates may not be generalizable 

to settings of lower TB burdens. 

Given that these preliminary studies of stool Xpert suggest high specificity and moderate 

sensitivity, its potential role in the diagnostic pathway would be as a first-line rule-in test rather 

than as a triage test to rule out PTB. Studies assessing whether stool Xpert has added value 

as an add-on test in combination with currently deployed assays will be useful, as will studies 

assessing the effect of repeat testing on sensitivity.  

4.7.1 Conclusion 

Preliminary data suggest that the use of Xpert on stool specimens may be potentially useful as 

a rule-in test, but a standardized stool sample preparation protocol is lacking, and the accuracy 
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of stool Xpert in children under 5 years old, the subgroup for whom the test could bring the 

most added value, remains largely unknown.  
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4.8 Afterward 

Since the publication of our systematic review and meta-analysis of stool Xpert in 2019, WHO 

recommendations regarding stool Xpert have changed, although there is still no manufacturer-

recommended stool processing protocol. The 2020 Consolidated Guidelines on Tuberculosis 

state that Xpert testing should be used as the initial diagnostic test for pediatric TB, as opposed 

to smear or culture, and stool specimens are listed as an acceptable sample. The certainty of 

evidence regarding stool Xpert’s diagnostic accuracy is low, but the use of stool as a sample 

for children is a strong recommendation (8). The data we extracted for my study were shared 

with the authors of the systematic review and meta-analysis that informed these WHO 

guidelines. 
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4.10.1 Supplemental tables 

Table S1: Clinical reference standard definitions used by publications included in meta-analysis for 

“confirmed/unconfirmed” TB. 

Study Clinical reference standards Notes 

Chipinduro 2017 (1) International guidelines (bacteriological confirmation, symptoms, 

contact history or immunologic evidence, treatment response) (2) 

Chest x-ray not 

uniformly available to 

all presenting children 

Hasan 2017 (3) Modified Kenneth-Jones criteria (BCG vaccine and scar, contact 

history, measles history, chest x-ray, PCM grade 3, 

immunocompromised/immunosuppressed) (4) 

Algorithm utilized by 

Pakistan Pediatric 

Association 

LaCourse 2018 (5) International guidelines (bacteriological confirmation, symptoms, 

chest x-ray, contact history or immunologic evidence, treatment 

response) (2) 

- 

Marcy 2016 (6) International guidelines (bacteriological confirmation, symptoms, 

chest x-ray, contact history or immunologic evidence, treatment 

response) (2) 

- 

Walters 2017 (7) International guidelines (bacteriological confirmation, symptoms, 

chest x-ray, contact history or immunologic evidence, treatment 

response) (2) 

Decision to administer 

treatment not based 

on research case 

definitions 

 

 

Table S2: PRISMA checklist. 
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Section/topic # PRISMA-DTA Checklist Item 
Reported 
on page # 

TITLE / ABSTRACT    

Title 1 Identify the report as a systematic review (+/- meta-analysis) of diagnostic test accuracy (DTA) studies. 1 

Abstract 2 Abstract: See PRISMA-DTA for abstracts. 2-3 

INTRODUCTION    

Rationale 3 Describe the rationale for the review in the context of what is already known. 4 
Clinical role of index 
test 

D1 State the scientific and clinical background, including the intended use and clinical role of the index test, and if applicable, 
the rationale for minimally acceptable test accuracy (or minimum difference in accuracy for comparative design). 4 

Objectives 4 Provide an explicit statement of question(s) being addressed in terms of participants, index test(s), and target condition(s). 5 

METHODS    

Protocol and 
registration 

5 Indicate if a review protocol exists, if and where it can be accessed (e.g., Web address), and, if available, provide 
registration information including registration number. 5 

Eligibility criteria 6 Specify study characteristics (participants, setting, index test(s), reference standard(s), target condition(s), and study 
design) and report characteristics (e.g., years considered, language, publication status) used as criteria for eligibility, giving 
rationale. 

5-6 

Information sources 7 Describe all information sources (e.g., databases with dates of coverage, contact with study authors to identify additional 
studies) in the search and date last searched. 

5 

Search 8 Present full search strategies for all electronic databases and other sources searched, including any limits used, such that 
they could be repeated. 

Text S1 

Study selection 9 State the process for selecting studies (i.e., screening, eligibility, included in systematic review, and, if applicable, included 
in the meta-analysis). 6 

Data collection 
process 

10 Describe method of data extraction from reports (e.g., piloted forms, independently, in duplicate) and any processes for 
obtaining and confirming data from investigators. 

6 

Definitions for data 
extraction 

11 Provide definitions used in data extraction and classifications of target condition(s), index test(s), reference standard(s) and 
other characteristics (e.g. study design, clinical setting). Text S2 

Risk of bias and 
applicability 

12 Describe methods used for assessing risk of bias in individual studies and concerns regarding the applicability to the review 
question. 

6 

Diagnostic accuracy 
measures 

13 State the principal diagnostic accuracy measure(s) reported (e.g. sensitivity, specificity) and state the unit of assessment 
(e.g. per-patient, per-lesion). 

7 
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Page 1 of 2 

Synthesis of results 14 Describe methods of handling data, combining results of studies and describing variability between studies. This could 
include, but is not limited to: a) handling of multiple definitions of target condition. b) handling of multiple thresholds of test 
positivity, c) handling multiple index test readers, d) handling of indeterminate test results, e) grouping and comparing tests, 
f) handling of different reference standards 

 

7-8 
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Adapted From:  McInnes MDF, Moher D, Thombs BD, McGrath TA, Bossuyt PM, The PRISMA-DTA Group (2018). Preferred Reporting Items for a Systematic Review and 

Meta-analysis of Diagnostic Test Accuracy Studies: The PRISMA-DTA Statement.  JAMA. 2018 Jan 23;319(4):388-396. doi: 10.1001/jama.2017.19163. For more information, 

visit: www.prisma-statement.org. (8). 

 

 

Section/topic 
 

# 
 

PRISMA-DTA Checklist Item 
Reported 
on page # 

Meta-analysis D2 Report the statistical methods used for meta-analyses, if performed. 7-8 

Additional analyses 16 Describe methods of additional analyses (e.g., sensitivity or subgroup analyses, meta-regression), if done, indicating which 
were pre-specified. 7-8 

RESULTS    

Study selection 17 Provide numbers of studies screened, assessed for eligibility, included in the review (and included in meta-analysis, if 
applicable) with reasons for exclusions at each stage, ideally with a flow diagram. 

Fig. 4.1 

Study characteristics 18 For each included study provide citations and present key characteristics including: a) participant characteristics 
(presentation, prior testing), b) clinical setting, c) study design, d) target condition definition, e) index test, f) reference 
standard, g) sample size, h) funding sources 

 

Table 4.1 

Risk of bias and 
applicability 

19 Present evaluation of risk of bias and concerns regarding applicability for each study. Figs 4.2, S1 

Results of individual 
studies 

20 For each analysis in each study (e.g. unique combination of index test, reference standard, and positivity threshold) report 
2x2 data (TP, FP, FN, TN) with estimates of diagnostic accuracy and confidence intervals, ideally with a forest or receiver 
operator characteristic (ROC) plot. 

Figs 4.3A-D, 

S2-44 

Synthesis of results 21 Describe test accuracy, including variability; if meta-analysis was done, include results and confidence intervals. 11-12 

Additional analysis 23 Give results of additional analyses, if done (e.g., sensitivity or subgroup analyses, meta-regression; analysis of index test: 
failure rates, proportion of inconclusive results, adverse events). 

11-12 Figs 
S2-S4 

DISCUSSION    

Summary of evidence 24 Summarize the main findings including the strength of evidence. 12-13 
Limitations 25 Discuss limitations from included studies (e.g. risk of bias and concerns regarding applicability) and from the review 

process (e.g. incomplete retrieval of identified research). 13-14 

Conclusions 26 Provide a general interpretation of the results in the context of other evidence. Discuss implications for future research and 
clinical practice (e.g. the intended use and clinical role of the index test). 

12-14 

FUNDING    

Funding 27 For the systematic review, describe the sources of funding and other support and the role of the funders. 15 

http://www.prisma-statement.org/
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4.10.2 Supplemental figures 

 

Figure S1: Risk of bias and applicability concerns summary: review authors’ judgements about each 

domain for each of the nine included studies. A “-“ indicates high risk of bias; a “?” indicates unclear risk 

of bias; a “+” indicates low risk of bias.  

 

 

 

 

 



 

72 
 

Figure S2a: Forest plots of sensitivity analysis of stool Xpert’s diagnostic performance compared to a 

microbiological reference standard of culture only on respiratory samples using 8 studies; one study (9) 

that used Xpert as a reference standard was not included here.  

 

 

Figure S2b: Forest plots of sensitivity analysis of stool Xpert’s diagnostic performance in children living 

with HIV compared to a microbiological reference standard of culture only on respiratory samples using 8 

studies; one study (9) that used Xpert as a reference standard was not included here. 
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Figure S3: Forest plots of stool Xpert performance arranged by sample mass. The top three listed studies 

(n=382) utilized 0.15 g of stool collected in bulk, or using a sterile loop or FLOQ swab. The bottom three 

studies (n=424) used at least 0.5 g of bulk stool. 

 

 

Figure S4: Forest plots of stool Xpert’s diagnostic performance compared to a microbiological reference 

standard, arranged by study countries’ TB burdens. Incidence per 100,000 people is presented after the 

study author. Countries where studies recruited patients are presented in Table 1.  
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Figure S5: Forest plots of stool Xpert’s diagnostic performance compared to a microbiological reference 

standard of culture or Xpert positivity on respiratory samples using 10 studies, including one study (10) 

that was published after the date of the systematic search.  
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4.10.3 Supplemental text 

Text S1A: Search strategy used for PubMed 

No further filters 

(((((((Infan* OR newborn* OR new-born* OR perinat* OR neonat* OR baby OR baby* OR 
babies OR toddler* OR minors OR minors* OR boy OR boys OR boyfriend OR boyhood OR 
girl* OR kid OR kids OR child OR child* OR children* OR schoolchild* OR schoolchild OR 
school child[tiab] OR school child*[tiab] OR adolescen* OR juvenil* OR youth* OR teen* OR 
under*age* OR pubescen* OR pediatrics[mh] OR pediatric* OR paediatric* OR peadiatric* OR 
school[tiab] OR school*[tiab] OR prematur* OR preterm*)))) AND ((("tuberculosis"[mesh] OR 
tuberculos*[tw] OR TB[tw] OR "mycobacterium tuberculosis"[mesh])))) AND (((("Nucleic Acid 
Amplification Techniques"[Mesh] OR "molecular diagnostic techniques"[mesh:noexp] OR 
nucleic acid test*[tw] OR NAAT[tw] OR NAATs[tw] OR NAA[tw] OR molecular assay*[tw] OR 
molecular diagnos*[tw] OR Molecular technique*[tw] OR Molecular test*[tw] OR polymerase 
chain reaction*[tw] OR PCR[tw] OR PCRs[tw] OR Xpert[tw] OR GeneXpert[tw] OR cepheid[tw] 
OR MTB/RIF[tw] OR (nucleic acid[tw] AND amplification[tw]) OR NAT[ti] OR NATs[ti] OR 
(amplified[tw] AND direct test*[tw])))))) AND ( "2008/01/01"[PDat] : "2018/06/15"[PDat] )) 

Text S1B: Search strategy used for EMBASE 

Limit date range to 2008-2018, then combine with AND 

No other filters  

(Infan* or newborn* or new-born* or perinat* or neonat* or baby or baby* or babies or toddler* or 
minors or minors* or boy or boys or boyfriend or boyhood or girl* or kid or kids or child or child* 
or children* or schoolchild* or schoolchild or school child or school child* or adolescen* or 
juvenil* or youth* or teen* or under*age* or pubescen* or pediatrics or pediatric* or paediatric* 
or peadiatric* or school or school* or prematur* or preterm*).tw 

"Nucleic Acid Amplification Techniques".kw. or nucleic acid test*.tw. or NAAT.tw. or NAATs.tw. 
or NAA.tw. or molecular assay*.tw. or molecular diagnos*.tw. or molecular technique*.tw. or 
molecular test*.tw. or polymerase chain reaction*.tw. or PCR.tw. or PCRs*.tw. or Xpert.tw. or 
GeneXpert.tw. or cepheid.tw. or MTB RIF.tw. 

("tuberculosis" or tuberculos* or TB or "mycobacterium tuberculosis").tw. 

Text S1C: Search strategy used for Scopus 

Limit date range to 2008-2018, then combine with AND 

No other filters 

( TITLE-ABS-KEY ( "tuberculosis"  OR  tuberculos*  OR  tb  OR  "mycobacterium tuberculosis" )  
AND  PUBYEAR  >  2007  AND  PUBYEAR  <  2019 )  AND  ( TITLE-ABS-KEY ( "Nucleic Acid 
Amplification Techniques"  OR  nucleic  AND acid  AND test*  OR  naat  OR  naats  OR  naa  
OR  molecular  AND assay*  OR  molecular  AND diagnos*  OR  molecular  AND technique*  
OR  molecular  AND test*  OR  polymerase  AND chain  AND reaction*  OR  pcr  OR  pcrs*  OR  
xpert  OR  genexpert  OR  cepheid  OR  mtb )  AND  PUBYEAR  >  2007  AND  PUBYEAR  <  
2018 )  AND  ( ( TITLE-ABS-KEY ( infan*  OR  newborn*  OR  new-born*  OR  perinat*  OR  
neonat*  OR  baby*  OR  babies  OR  toddler*  OR  minors*  OR  boy*  OR  girl*  OR  kid*  OR  
child  OR  child*  OR  children*  OR  schoolchild*  OR  adolescen*  OR  juvenil*  OR  youth*  OR  
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teen*  OR  pubescen*  OR  pediatrics  OR  pediatric* )  OR  TITLE-ABS-KEY ( paediatric*  OR  
prematur*  OR  preterm* ) )  AND  PUBYEAR  >  2007  AND  PUBYEAR  <  2019 ) 

 

Text S1D: Search strategy used for Cochrane Library 

Title, Abstract, Keywords: tuberculosis AND 

Search all text: xpert OR NAAT AND 

Search all text: child* OR pediat* 
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Text S2: Data extracted from each of the 9 studies included in the meta analysis 

(i) bibliographic information; 

(ii) index test: number of samples tested, place of sample testing, clinical setting, unit of 
analysis, number of indeterminate results; 

(iii) reference standard: reference standard employed and remarks, number of contaminated 
cultures; 

(iv) participant information: descriptive study population information, age demographic, sex,  

total number of participants, negative population, different populations included in 

study, HIV status, smear status, EPTB status, other comorbidities, disease contacts, history of 
TB, symptoms; 

(v) study information: author-defined study design, study timing, sampling strategy, 

study location, study time period, place of sample testing, study location, study time 

period; 

(vi) diagnostic performance data: for (a) microbiological and (b) clinical reference standards, by 
HIV-status or smear-status or EPTB status  if information was available: numbers of true 
positives, true negatives, false positives, and false negatives, sensitivity and confidence 
intervals, specificity and confidence intervals, positive and negative predictive values, number of 
TB cases, number of reference standard negative controls; 

(vii) stool processing information; 
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4.10.4 Supplemental references 
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5 CHAPTER 5: MANUSCRIPT 3: 

BAYESIAN LATENT CLASS ANALYSIS PRODUCED DIAGNOSTIC ACCURACY 

ESTIMATES THAT WERE MORE INTERPRETABLE THAN COMPOSITE REFERENCE 

STANDARDS FOR EXTRAPULMONARY TUBERCULOSIS TESTS 

5.1 Preface 

Another patient group in whom TB may be challenging to diagnose are people with 

extrapulmonary TB. Although extrapulmonary forms of TB comprise a substantial fraction of the 

global TB burden, the development of diagnostics for this diverse group has lagged. Due to the 

lack of a gold standard, the performance of existing assays for diagnosing extrapulmonary TB is 

not very well-characterised, which makes evaluating the accuracy of newer molecular tests 

difficult. Other analytical approaches that can account for the tests’ imperfect accuracies would 

be appropriate, such as Bayesian latent class analysis. Having less-biased estimates of test’s 

diagnostic accuracy can allow for improved estimates of disease burden, as well as better 

resource planning and allocation.  

In this manuscript, I have used Bayesian latent class analysis to estimate the diagnostic 

accuracy of five tests, including Xpert MTB/RIF, for three forms of extrapulmonary TB: TB 

lymphadenitis, TB meningitis, and TB pleuritis. The results are also compared to previously 

published estimates derived from a series of composite reference standards.  

This manuscript has been accepted for publication at Diagnostic and Prognostic Research. 
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5.3 Abstract 

Background 

Evaluating the accuracy of extrapulmonary tuberculosis (TB) tests is challenging due to lack of a 

gold standard. Latent class analysis (LCA), a statistical modeling approach, can adjust for 

reference tests’ imperfect accuracies to produce less biased test accuracy estimates than those 

produced by commonly used methods like composite reference standards (CRSs). Our 

objective is to illustrate how Bayesian LCA can address the problem of an unavailable gold 

standard and demonstrate how it compares to using CRSs for extrapulmonary TB tests.  

Methods 

We re-analysed a dataset of presumptive extrapulmonary TB cases in New Delhi, India for three 

forms of extrapulmonary TB. Results were available for culture, smear microscopy, Xpert 

MTB/RIF, and a non-microbiological test, cytopathology/histopathology or adenosine deaminase 

(ADA). A diagram was used to define assumed relationships between observed tests and 

underlying latent variables in the Bayesian LCA with input from an inter-disciplinary team. We 

compared the results to estimates obtained from a sequence of CRSs defined by increasing 

numbers of positive reference tests necessary for positive disease status.  

Results 

Data were available from 298, 388, and 230 individuals with presumptive TB lymphadenitis, 

meningitis, and pleuritis, respectively. Using Bayesian LCA, estimates were obtained for 

accuracy of all tests and for extrapulmonary TB prevalence. Xpert sensitivity neared that of 

culture for TB lymphadenitis and meningitis but was lower for TB pleuritis, and specificities of all 

microbiological tests approached 100%. Non-microbiological tests’ sensitivities were high, but 

specificities were only moderate, preventing disease rule-in. CRSs’ only provided estimates of 

Xpert and these varied widely per CRS definition. Accuracy of the CRSs also varied by 

definition, and no CRS was 100% accurate. 

Conclusion 

Unlike CRSs, Bayesian LCA takes into account assumptions about test performance resulting in 

accuracy estimates that are easier to interpret. LCA should receive greater consideration for 

evaluating extrapulmonary TB diagnostic tests.  
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5.4 Background 

Extrapulmonary tuberculosis (TB) comprised approximately 16% of the global TB burden in 

2019, or 1.6 million cases (1). This estimate is highly uncertain as a reliable ‘gold standard’ to 

diagnose extrapulmonary TB cases is unavailable. The requisite non-respiratory samples are 

difficult to obtain, and existing diagnostic tests are not optimized for these typically 

paucibacillary samples. Mycobacterial culture and sputum smear microscopy, the conventional 

microbiological tests for TB, cannot detect bacteria at low counts, although cultures are 

substantially more sensitive than smears. Similarly, the limit of detection of Xpert MTB/RIF 

(Xpert) (Cepheid, USA), the World Health Organization-endorsed molecular test, is too high to 

detect TB in samples with low numbers of bacteria (2). Consequently, multiple microbiological 

and clinical tests often requiring invasive techniques are relied on to make a diagnosis, with 

each test’s accuracy varying by extrapulmonary specimen type (3). Therefore, when evaluating 

the performance of a new extrapulmonary TB test, the conventional tests cannot be treated as 

perfect reference standards as this will lead to bias (4).  

In response, a composite reference standard (CRS) that combines results from multiple tests 

and clinical assessments in some pre-defined way is often employed to classify individuals as 

extrapulmonary TB-positive or -negative (5-8). Though CRSs are designed with the goal of 

improving upon the accuracy of the individual component tests, it is recognized that they are 

imperfect themselves and, moreover, they have been criticized for making sub-optimal use of 

gathered data (9, 10). Specifically, the most commonly used CRSs ignore the sensitivity and 

specificity of individual assessment components (i.e., tests and clinical symptoms) and treat 

them all as having similar accuracy. CRSs also assume that the component tests are 

independent of each other. However, it is possible that different imperfect tests are conditionally 

dependent, meaning that multiple tests may be more likely to be simultaneously falsely negative 

or falsely positive than if they were independent. For example, given all microbiological tests for 

extrapulmonary TB rely on bacterial load, they may all produce false negative results for a 

paucibacillary diseased individual (10).  

Latent class analysis (LCA) is a statistical modeling solution to address these issues (11). LCA 

can model the accuracy of each imperfect diagnostic test, as well as dependence between 

tests, to simultaneously estimate disease prevalence and the sensitivity and specificity of all 

tests at hand (10, 12). Bayesian LCA can further include reliable prior information on disease 

prevalence or test accuracy parameters, when available, e.g., high specificity values for 

microbiological tests. It has been applied to estimate diagnostic test accuracy for latent TB 
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infection (13), childhood pulmonary TB (14), chlamydia (15), and Helicobacter pylori infection 

(16), among other diseases. 

Extrapulmonary TB has traditionally received less attention than pulmonary TB owing to its less 

infectious nature. Nonetheless, it presents a significant burden to healthcare systems and 

patients, particularly due to the difficulty in diagnosis, and the risk of severe outcomes with 

certain extrapulmonary TB forms is high (e.g., TB meningitis and miliary TB). LCA may 

overcome limitations of naïve methods to produce better prevalence and test accuracy 

estimates, better approximating the true burden. However, it must be acknowledged that LCA 

methods are considered methodologically complex and difficult to validate (11). 

Therefore, to illustrate the steps involved in conducting an LCA and compare with CRS, we re-

analysed an existing dataset of extrapulmonary samples from adults with presumptive 

extrapulmonary TB (17). The original study evaluated Xpert accuracy using a series of CRSs for 

TB meningitis, TB lymphadenitis, and TB pleuritis. Resultant estimates of Xpert sensitivity, 

specificity, and disease prevalence varied widely depending on the CRS used (17), making 

them difficult to interpret. Our objective was to use Bayesian LCA to estimate the diagnostic 

accuracy of all the available tests and to discuss the advantages and challenges of this 

approach. 

 

5.5 Methods 

5.5.1 Primary dataset details 

The primary dataset comprised all extrapulmonary samples from adults with presumptive 

extrapulmonary TB received by the All-India Institute of Medical Sciences (AIIMS), a tertiary 

hospital in New Delhi, India in 2012 (17). No participants had taken anti-TB therapy (ATT) for 

longer than two weeks. All samples underwent testing with Xpert, an automated PCR-based 

assay that detects mycobacterial-specific DNA; BACTEC Mycobacteria Growth Indicator Tube 

(Becton Dickinson, USA) liquid culture or Lowenstein-Jensen solid culture; and Ziehl-Neelsen 

(acid-fast bacilli) sputum smear microscopy. As conventional pulmonary TB tests perform sub-

optimally for extrapulmonary TB, non-specific assays are also deployed in conjunction with TB 

testing (18). Regarding non-microbiological tests, for presumptive TB lymphadenitis, results 

were available from cytopathology/histopathology, wherein local cells or tissues are examined 

for pathological patterns such as caseating necrosis (19), while for presumptive TB meningitis 

and pleuritis (solid tissue or fluid), levels of deaminase (ADA), an enzyme expressed in 
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leukocytes associated with granulatomous reactions (20), were available. Additionally, for each 

participant, type of extrapulmonary sample tested (indicating extrapulmonary TB form), 

resistance to rifampicin, initiation of ATT, and treatment response were available. Each 

participant had one result per test. Demographic covariates and clinical symptoms were 

unavailable. As this was a secondary analysis of previously collected data which had received 

ethical approvals and informed consent from all participants, ethical approval was not 

necessary.  

In the original publication (17), the authors focused on the then-novel Xpert test, reporting its 

sensitivity and specificity against culture. Recognizing culture’s imperfect performance, they 

subsequently compared Xpert to a series of CRSs, resulting in multiple estimates of Xpert 

sensitivity and specificity.  

5.5.2 Latent class model specification  

Diagrammatic representation: We first created heuristic diagrams for each extrapulmonary TB 

form (meningitis, lymphadenitis, pleuritis) to illustrate our assumptions about the relationships 

between observed test results and unobservable (latent) extrapulmonary TB status (14) (Figure 

5.1). These diagrams identify the measurand of each test, i.e., the quantity it measures. Culture, 

smear, and Xpert use different techniques to measure the presence of Mycobacterium 

tuberculosis in the extrapulmonary sample. We assumed that this was equivalent to their 

measurand being extrapulmonary TB itself. In the case of TB meningitis and pleuritis, the ADA 

test was also deployed. The ADA test result is determined by the latent variable ‘ADA level’ and 

not by extrapulmonary TB. Similarly, in the situation of TB lymphadenitis, the result on 

cytopathology/histopathology is determined by ‘change in cell morphology’ rather than 

extrapulmonary TB. The nonspecific tests, ADA test and cytopathology/histopathology, do not 

measure the target condition extrapulmonary TB per se; instead, their measurands are signals 

(e.g., inflammation) caused by extrapulmonary TB or other diseases. Therefore, for each of the 

LCA models we assume there are four possible latent classes resulting from combinations of 

the latent measurands: 1. Extrapulmonary TB-positive, non-specific measurand-positive; 2. 

Extrapulmonary TB-positive, non-specific measurand-negative; 3. Extrapulmonary TB-negative, 

non-specific measurand-positive; and 4. Extrapulmonary TB-negative, non-specific measurand-

negative. This approach differs from the widely used two-class LCA model which assumes all 

observed tests measure the target condition, i.e., extrapulmonary TB in our applications. We 

preferred the four-class LCA as it leads to greater interpretability of the latent classes. The 

parameters resulting from a two-class LCA (prevalence of extrapulmonary TB and accuracy of 
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tests with respect to extrapulmonary TB) may be obtained easily as a subset of the four-class 

LCA.  

Observation with smear microscopy or cytopathology/histopathology, bacterial growth on 

culture, and detection of mycobacterial DNA using Xpert are all increasingly likely as bacterial 

burden increases. Contrastingly, in people with paucibacillary extrapulmonary TB, these tests 

will tend to show negative results. We thus hypothesised that the underlying bacterial burden 

may create dependence between test results, i.e. dependence between tests conditional in the 

first two latent classes of extrapulmonary TB positive subjects (21), even though tests are based 

on different mechanisms (Figure 5.1).  

 

Figure 5.1: Heuristic model. Heuristic model. The model shows the assumed relationships 
between latent classes (ovals), diagnostic test results (rectangles), and random effect 
representing sample bacterial burden (circle). ADA – adenosine deaminase; CSF – cerebral spin 

fluid; TB – tuberculosisStatistical model: The observed diagnostic test results were assumed to 

be a mixture of results from the four underlying latent classes. The unknown parameters of the 

model were the prevalence of the four latent classes and each test’s sensitivity and specificity 

with respect to its measurand. Using these parameters, we can further determine the 

prevalence of each measurand, the accuracy of the non-specific measurand and the accuracy 

of the non-specific test for extrapulmonary TB. For example, the prevalence of extrapulmonary 

TB can be obtained by adding the prevalence of the two classes with extrapulmonary TB, with 

or without the non-specific condition. We introduced a random effect, corresponding to sample 
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bacterial burden, to account for the conditional dependence among microbiological tests and 

cytopathology/histopathology in the group of people with extrapulmonary TB. In people without 

extrapulmonary TB, all test outcomes were considered conditionally independent. Individuals 

with invalid or missing test results were assumed to be missing at random and retained in the 

analysis, with missing test results imputed by Bayesian imputation.  

5.5.3 Bayesian model estimation  

Using a four-class rather than a two-class approach increases the number of unknown 

parameters in the model and increases concerns for non-identifiability, i.e., the lack of a unique 

solution to the model. By constraining each test’s accuracy parameters to be determined only by 

its measurand, we limited the number of parameters added, resulting in fewer parameters to be 

estimated than available degrees of freedom for all three forms of extrapulmonary TB (see 

Supplemental methods for details on identifiability).  

We used a Bayesian approach to fit the latent class models (see Supplement for model 

likelihoods and prior distributions). As the posterior distributions of the parameters of interest 

(sensitivity, specificity, prevalence) could not be computed analytically, we sampled from the 

posterior distributions using a Markov Chain Monte Carlo (MCMC) approach with the rjags 

package (Version 4-8) through Rstudio (Version 3.5.2). Non-informative priors were used for all 

models with truncated prior distributions for the non-specific tests’ sensitivities and specificities 

to contain them above 50% and avoid label switching (mirror solutions) (see Supplement). The 

Supplement contains details of model specifications and sampling, and further programs for 

data preparation and model checking are available in a repository: 

https://osf.io/9wdb3/?view_only=730fb3e7d9114405bb51075748703054.  

5.5.4 LCA model validation 

There is no ideal way to validate the results of an LCA due to the lack of a perfect reference 

test. As in previous work (14, 15) we used an indirect approach. For each test pattern, we 

compared the observed frequency of receiving ATT with the LCA-derived probability of disease. 

If the LCA was valid, we expected to observe that as the LCA-derived probability of TB 

increased, the probability of ATT would also increase. 

5.5.5 Composite reference standards 

We used the same definitions for the series of CRSs as the original publication (17). “CRS 1+” 

was defined as any one component test of the CRS being positive versus all four tests being 



 

87 
 

negative; “CRS2+” was defined as any two component tests of the CRS being positive versus 

all four tests being negative; and so on to CRS 4+. For each extrapulmonary TB form, the latent 

class model was used to estimate the sensitivity and specificity of each CRS. Each individual’s 

probability of disease, as computed by LCA, was used as the reference standard. The 

Supplement contains the expressions and code used for these computations. 

 

5.6 Results 

5.6.1 Dataset description 

The original study had 1376 samples. After excluding specimens for five forms of 

extrapulmonary TB not considered in the current analyses, there remained 299 lymph node 

samples for TB lymphadenitis, 388 pleural fluid samples for TB pleuritis, and 230 cerebral spinal 

fluid (CSF) samples for TB meningitis. 

5.6.2 Bayesian latent class analysis: estimated prevalence and diagnostic accuracies 

Estimates from the latent class analysis (median values and 95% credible intervals (CrI)) of 

sensitivity and specificity for each diagnostic test are shown in Table 5.1, organized by form of 

extrapulmonary TB. Prevalence of TB lymphadenitis, TB meningitis, and TB pleuritis were 

estimated as 60.5% (95% CrI, 54.1 to 67.9), 15.9% (95% CrI, 9.70 to 24.3) and 35.3% (95% CrI, 

26.7 to 48.8), respectively. Note that these are not population-level estimates, but rather 

prevalence estimates among recruited participants at a tertiary care facility. Supplementary 

Table S1 shows the probabilities of each of the four latent classes.  

Test performance varied by specimen type, as previously observed (3, 22-24). Culture and 

Xpert sensitivities were highest for TB lymphadenitis, and lower for TB meningitis and TB 

pleuritis. Sensitivity of ADA and cytopathology/histopathology with respect to extrapulmonary TB 

were high, but imperfect specificities prevented disease rule-in. As expected, sensitivity and 

specificity point estimates of these tests were higher with respect to their measurands than with 

respect to the target condition, extrapulmonary TB (Table 5.2). Specificities for culture, Xpert, 

and smear were universally almost perfect. 

5.6.3 Composite reference standard analysis  

As in the earlier publication (17), we confirmed that the four composite reference standards 

provided four estimates of Xpert accuracy for each form extrapulmonary TB. Regardless of the 

extrapulmonary TB form, when disease-positivity was defined by the presence of any one 
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positive test result, CRS 1+ classified most individuals as disease positive and therefore had the 

highest sensitivity and lowest specificity (Table 5.3). This was observed across extrapulmonary 

TB forms. Correspondingly, with increasingly stringent CRS definition of disease-positivity, the 

sensitivities declined across all disease forms, while specificities increased, as the number of 

false positives decreased. 
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Table 5.1: Bayesian latent class analysis-derived diagnostic accuracies of tests for each form of extrapulmonary TB 

 Culture Xpert Smear microscopy 
Cytopathology / 

Histopathology 
ADA 

TB lymphadenitis 

Sensitivity (%) (95% CrI) 90.1 (80.3, 95.4) 86.6 (77.2, 92.2) 26.8 (20.6, 33.7) 98.7 (96.1, 99.7) NA 

Specificity (%) (95% CrI) 99.3 (96.2,100) 98.5 (94.4, 100) 99.4 (97.0, 100) 83.5 (74.6, 93.2) NA 

TB meningitis 

Sensitivity (%) (95% CrI) 60.5 (43.2, 82.7) 52.6 (36.2, 73.3) 27.5 (14.9, 42.6) NA 83.1 (64.8, 94.5) 

Specificity (%) (95% CrI) 99.2 (96.8, 100) 99.5 (97.6, 100) 98.6 (96.3, 99.7) NA 90.7 (83.8, 98.1) 

TB pleuritis 

Sensitivity (%) (95% CrI) 75.4 (56.1, 94.5) 37.7 (27.2, 49.8) 15.4 (9.4, 23.4) NA 94.6 (88.8, 98.1) 

Specificity (%) (95% CrI) 99.4 (97.3, 100) 96.9 (93.8, 99.0) 99.3 (97.7, 99.9) NA 74.7 (65.1, 90.3) 

 
Lymph node samples were used for TB lymphadenitis; CSF samples were used for TB meningitis; pleural fluid samples were used for 
TB pleuritis. The performance of all tests in this table are the estimates with respect to the target condition, extrapulmonary TB.  

ADA – adenosine deaminase; CrI – credible interval; CSF – cerebral spinal fluid; NA – not applicable; TB – tuberculosis. 
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Table 5.2: Cytopathology/histopathology and ADA test performance with respect to each extrapulmonary TB form and measurands LCA 

 

Cytopathology / 

Histopathology with 

respect to EPTB form 

ADA test  

with respect to EPTB 

form 

Cytopathology 

/histopathology with 

respect to 

measurand 

ADA test with 

respect to 

measurand 

TB lymphadenitis 

Sensitivity (%) (95% CrI) 98.7 (96.1, 99.7) NA 99.8 (98.2, 100) NA 

Specificity (%) (95% CrI) 83.5 (74.6, 93.2) NA 91.7 (79.6, 99.5) NA 

TB meningitis 

Sensitivity (%) (95% CrI) NA 83.1 (64.8, 94.5) NA 91.9 (73.3, 99.6) 

Specificity (%) (95% CrI) NA 90.7 (83.8, 98.1) NA 95.0 (86.5, 99.8) 

TB pleuritis 

Sensitivity (%) (95% CrI) NA 94.6 (88.8, 98.1) NA 97.5 (91.9, 98.1) 

Specificity (%) (95% CrI) NA 74.7 (65.1, 90.3) NA 86.8 (70.1, 99.4) 

 
The performance of each test with respect to type of EPTB, otherwise referred to as the target condition, and with respect to the 
measurand is provided. Regarding non-specific tests ADA and cytopathology/histopathology, we have discerned between their 
performance at measuring their measurands versus the target condition, EPTB. This paramaterisation more accurately captures the 
nuance of the testing scenario, as ‘target condition’ and ‘measurand’ are not interchangeable entities(31). Reassuringly, they both 
performed better at measuring their measurand (ADA level or change in cell morphology) than measuring EPTB.  

ADA – adenosine deaminase; CrI – credible interval; EPTB – extrapulmonary TB; NA – not applicable; TB – tuberculosis. 
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Table 5.3: Diagnostic accuracy of a series of composite reference standards for each form of extrapulmonary TB 

 CRS 1+ CRS 2+ CRS 3+ CRS4+ 

TB lymphadenitis 

Sensitivity (%) (95% CI) 99.8 (97.0, 100) 97.1 (89.1, 99.5) 81.8 (74.8, 84.2) 26.4 (24.2, 27.2) 

Specificity (%) (95% CI) 83.9 (80.9, 92.3) 99.6 (98.4, 100) 100 (100, 100) 100 (100, 100) 

TB meningitis 

Sensitivity (%) (95% CI) 95.0 (84.6, 99.6) 64.4 (46.3, 87.1) 44.4 (31.3, 61.9) 17.8 (12.5, 24.8) 

Specificity (%) (95% CI) 88.3 (84.8, 94.1) 98.8 (97.8, 99.9) 100 (100, 100) 100 (100, 100) 

TB pleuritis 

Sensitivity (%) (95% CI) 98.9 (96.0, 99.9) 75.5 (56.3, 94.8) 31.1 (23.1, 39.2) 9.00 (6.70, 11.4) 

Specificity (%) (95% CI) 73.7 (67.2, 88.0) 99.3 (97.9, 100) 100 (99.8, 100) 100 (100, 100) 

 

CRS 1+ indicates any one positive test in CRS versus all four parameters being negative. CRS 2+: any two tests positive in CRS versus 
all four parameters being negative. CRS 3+: any three tests positive in CRS versus all four parameters being negative. CRS 4+: all four 
tests positive in CRS versus all four parameters being negative(17). Lymph node samples were used for TB lymphadenitis; CSF 
samples were used for TB meningitis; pleural fluid samples were used for TB pleuritis.  

CI – confidence interval; CRS – composite reference standard; CSF – cerebral spinal fluid; TB – tuberculosis. 
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5.6.4 Model fit 

As shown in Table 5.4, Table 5.5, and Table 5.6, expected counts for all observed test result 

patterns generally resembled observed frequencies, indicating that the data did not deviate from 

the proposed model. There was no evidence that residual correlation deviated significantly from 

0, implying there was no evidence of unaccounted conditional dependence; see Supplemental 

results, Figure S1, and Figure S2 for further details on model fit.  

5.6.5 Probability of extrapulmonary TB and association with probability of receiving ATT 

Table 5.4, Table 5.5, and Table 5.6 also display the LCA-derived probability of each 

extrapulmonary TB form for an individual with a particular test result pattern. In all three 

examples, many patterns were associated with high probability of extrapulmonary TB (close to 

1) or a low probability (close to 0). The most difficult subjects to classify were those with a 

positive result only on the non-specific test. Contrastingly, using the CRSs, all subjects would be 

classified as diseased or non-diseased with 100% probability, regardless of the CRSs’ 

performance. Consider that for TB pleuritis (Table 5.6), individuals with positive results for Xpert 

and ADA but negative results for culture and smear would be classified as disease-positive by 

CRS1+ and CRS2+ but disease-negative by CRS3+ and CRS4+. Using LCA, their probability of 

having TB pleuritis was estimated as 0.54, reflecting the lack of certainty in their true 

classification based on the available evidence.  

The observed probability of ATT was usually 100% whenever at least one test produced a 

positive result. This was true even when the calculated probability of extrapulmonary TB is low, 

an observation that was consistent across disease forms. For example, in CSF, with three 

microbiological tests negative but ADA positive, the probability of TB meningitis was only 33%, 

but the probability of ATT was 96% (26/27 patients). In pleural fluid, with all tests negative 

except Xpert, the probability of TB pleuritis was 1.6%, but all four patients with this test pattern 

received ATT. Thus, we did not find the probability of receiving ATT to be informative about the 

validity of the LCA models. 
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Table 5.4: Observed counts, expected counts, and TB lymphadenitis probability by test result pattern 

 

Tests were all performed in lymph node samples (n=299). A “+” indicates positive test result and “-” indicates negative test result. CRS 
1+ indicates any one positive test in CRS versus all four parameters being negative. CRS 2+: any two tests positive in CRS versus all 
four parameters being negative. CRS 3+: any three tests positive in CRS versus all four parameters being negative. CRS 4+: all four 
tests positive in CRS versus all four parameters being negative. 

CrI – credible interval; LCA – latent class analysis; NA – value not available. NE – result not estimable. No. – number of; Smear – smear 
microscopy; TB – tuberculosis. 

 

 

Culture Xpert Smear 
Cytopathology/ 

histopathology 

No. 

observed 

No. expected by 

LCA  

(95% CrI) 

Probability of TB 

lymphadenitis  

by LCA 

(95% CrI) 

Probability of TB lymphadenitis by 

CRS 

CRS1+ CRS2+ CRS3+ CRS4+ 

- - - - 96 92 (85, 98) 0.003 (0, 0.08) 0 0 0 0 

- - - + 21 22 (15, 29) 0.18 (0.04, 0.73) 1 0 0 0 

- + - - 1 2 (0, 6) 0.18 (0.01, 0.89) 1 0 0 0 

- + - + 10 9 (5, 15) 0.98 (0.85, 0.99) 1 1 0 0 

+ - - + 15 14 (8, 20) 0.99 (0.94, 0.99) 1 1 0 0 

+ - + + 2 2 (1, 5) 1.00 (0.99, 1) 1 1 1 0 

+ + - + 85 86 (75, 98) 1.00 (0.99, 1) 1 1 1 0 

+ + + - 1 0 (0, 1) 1.00 (0.99, 1) 1 1 1 0 

+ + + + 42 40 (31, 49) 1.00 (0.99, 1) 1 1 1 1 

NA - - - 1 NE 0.002 (0, 0.01) NE 0 0 0 

NA - - + 1 NE 0.47 (0.28, 0.85) 1 NE 0 0 

NA + - + 13 NE 1 (0.99, 1) 1 1 NE 0 

NA + + + 4 NE 1 (0.99, 1) 1 1 1 NE 

NA NA - NA 7 NE 0.53 (0.45, 0.61) NE NE NE 0 
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Table 5.5: Observed counts, expected counts, and TB meningitis probability by test result pattern 

 

Tests were all performed in CSF samples (n=230). A “+” indicates positive test result and “-” indicates negative test result. CRS 1+ 
indicates any one positive test in CRS versus all four parameters being negative. CRS 2+: any two tests positive in CRS versus all four 
parameters being negative. CRS 3+: any three tests positive in CRS versus all four parameters being negative. CRS 4+: all four tests 
positive in CRS versus all four parameters being negative. 

ADA – adenosine deaminase; CrI – credible interval; CSF – cerebral spinal fluid; LCA – latent class analysis; NA – value not available. 
NE – result not estimable. No. – number of; Smear – smear microscopy; TB – tuberculosis. 

 

 

Culture Xpert Smear ADA 
No. 

observed 

No. expected by 

LCA 

(95% CrI) 

Probability of TB 

meningitis by LCA 

(95% CrI) 

Probability of TB meningitis by CRS 

CRS1+ CRS2+ CRS3+ CRS4+ 

- - - - 170 166 (158,173) 0.01 (0, 0.04) 0 0 0 0 

- - - + 27 29 (22,37) 0.33 (0.08, 0.76) 1 0 0 0 

- - + - 2 2 (1,6) 0.004 (0, 0.07) 1 0 0 0 

- + - + 3 2 (1,4) 0.96 (0.06, 0.99) 1 1 0 0 

+ - - - 1 2 (1,6) 0.30 (0.03, 0.93) 1 0 0 0 

+ - - + 6 4 (2,7) 0.97 (0.08, 1) 1 1 0 0 

+ + - + 7 6 (4,10) 1.0 (0.99, 1) 1 1 1 0 

+ + + - 2 1 (0,3) 1.0 (0.99, 1) 1 1 1 0 

+ + + + 6 6 (4,9) 1.0 (0.99, 1) 1 1 1 1 

- - - NA 6 NE 0.03 (0, 0.08) NE 0 0 0 
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Table 5.6: Observed counts, expected counts, and TB pleuritis probability by test result pattern 

 

Tests were all performed in pleural fluid samples (n=388). A “+” indicates positive test result and “-” indicates negative test result. CRS 
1+ indicates any one positive test in CRS versus all four parameters being negative. CRS 2+: any two tests positive in CRS versus all 

Culture Xpert Smear ADA 
No. 

observed 

No. expected by 

LCA 

(95% CrI) 

Probability of TB 

pleuritis by LCA 

(95% CrI) 

Probability of TB pleuritis by CRS 

CRS1+ CRS2+ CRS3+ CRS4+ 

- - - - 180 175 (162, 185) 0.008 (0, 0.03) 0 0 0 0 

- - - + 84 86 (75, 98) 0.33 (0.06, 0.78) 1 0 0 0 

- - + - 1 1 (0, 4) 0.005 (0, 0.07) 1 0 0 0 

- + - - 4 6 (2, 11) 0.016 (0, 0.10) 1 0 0 0 

- + - + 4 4 (2, 7) 0.54 (0.05, 0.92) 1 1 0 0 

+ - - - 1 4 (1, 7) 0.70 (0.2, 0.99) 1 0 0 0 

+ - - + 50 45 (36, 53) 0.99 (0.96, 1) 1 1 0 0 

+ - + + 3 3 (1, 6) 1.0 (0.99, 1) 1 1 1 0 

+ + - - 2 1 (0, 3) 0.98 (0.81, 0.99) 1 1 0 0 

+ + - + 24 26 (20, 33) 1.0 (0.99, 1) 1 1 1 0 

+ + + + 11 12 (8, 16) 1.0 (0.99, 1) 1 1 1 1 

NA - - - 3 NE 0.02 (0.01, 0.05) NE 0 1 0 

NA - - + 7 NE 0.53 (0.33, 0.84) 1 NE 0 0 

NA + - - 1 NE 0.29 (0.10, 0.62) 1 NE 0 0 

NA + - + 6 NE 0.98 (0.96, 1) 1 1 NE 0 

NA + + - 1 NE 0.59 (0.28, 0.93) 1 1 NE 0 

NA + + + 4 NE 0.99 (0.98, 1) 1 1 1 NE 

NA + + NA 1 NE 0.99 (0.96, 1) 1 1 NE NE 

NA NA - NA 1 NE 0.32 (0.23, 0.45) NE NE NE 0 
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four parameters being negative. CRS 3+: any three tests positive in CRS versus all four parameters being negative. CRS 4+: all four 
tests positive in CRS versus all four parameters being negative. 

ADA – adenosine deaminase; CrI – credible interval; LCA – latent class analysis; NA – value not available; NE – result not estimable. No. 
– number of; Smear – smear microscopy; TB – tuberculosis. 
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5.7 Discussion 

Producing correct estimates of diagnostic test accuracy is challenging without a perfect 

reference standard. We used Bayesian LCA to estimate multiple tests’ accuracies for three 

forms of extrapulmonary TB, along with disease prevalence. We also estimated the accuracy of 

a series of CRSs for these same conditions. By employing these two methods, we hope to 

demonstrate the utility of Bayesian LCA for evaluating diagnostic test accuracy. We observed 

that each test’s sensitivity varied by extrapulmonary TB form, and none was perfect. 

Specificities were generally very high with respect to the target condition, except for ADA and 

cytopathology/histopathology. Culture sensitivity, often treated as 100%, was imperfect and only 

slightly higher than Xpert’s for TB lymphadenitis and meningitis; indeed, India’s Index-TB 

Guidelines recommend Xpert for these two disease forms (18). Though there is no way to 

validate these models, the results were in-keeping with our expectations. For example, for all 

forms of extrapulmonary TB we found that the sensitivity of culture was greater than the 

sensitivity of Xpert which, in turn, was greater than the sensitivity of smear, as would be 

expected based on the knowledge of the mechanisms behind these tests, while all of them had 

near perfect specificity. The non-specific tests always had higher accuracy with respect to the 

measurand they were designed to measure than with respect to extrapulmonary TB. 

We calculated that no CRS was 100% accurate; rather, accuracy varied depending on the rule 

by which the CRS was defined. Further, there is no way of knowing which rule provided the true 

measure of disease status. With extrapulmonary TB, the diagnostic tests that comprise the 

CRSs are themselves imperfect, so assuming 100% sensitivity and specificity is unreasonable 

and ignores relevant test-specific information. Such use would result in biased index test 

accuracy estimates, with the true values obscure (10). When using LCA, there is no assumption 

that reference tests perform perfectly. Instead, LCA incorporates all available tests results, 

concurrently adjusting for their unique accuracies and between-test dependence: this more 

comprehensive approach more closely approximates the real-world setting where each test 

brings a different quantum of information by the target condition. In doing so, LCA produces one 

figure that, based on stipulated assumptions, can be interpreted as the best estimate; for 

example, the latent class model estimated Xpert sensitivity for TB meningitis as 53% (95% CrI: 

36-73). Contrast this with the original study, where the series of CRSs resulted in four different 

Xpert sensitivity estimates for TB meningitis, 33%, 50%, 70%, and 100% (17). It is impossible 

for the reader to know which was the true measure of test accuracy. In this way, LCA-derived 
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values are more clinically interpretable, as the reader does not need to discern between a series 

of values and select one as the best estimate. 

In our study we constructed a four-class latent class model as we felt it was more likely to 

achieve the desired separation into ‘extrapulmonary TB’ and ‘not extrapulmonary TB’.  

Depending on the combination of observed test results, a two-class model may have resulted in 

the combining of two classes where either extrapulmonary TB or the non-specific measurand 

was present into one class, potentially leading to biased estimates of test accuracy (25). We did 

fit the two-class latent model as well, for comparison (Tables S2 and S3). For TB lymphadenitis 

and TB meningitis, results from the two-class and four-class models were very similar because 

the two discordant classes had relatively low prevalence (Table S1). In the case of TB pleuritis, 

the two-class model gave a prevalence estimate that appeared equivalent to the probability of 

the latent classes where either extrapulmonary TB or ADA was positive (Table S2 and S3), 

resulting in slightly lower point estimates of the sensitivities of the microbiological tests and a 

slightly lower specificity of the ADA test.  

We relied on a multi-disciplinary team of experts when creating our model, as goodness-of-fit 

metrics may fail to indicate model misspecification (26). Consider that pathological signs on 

cytopathology/histopathology may be attributable to causes other than TB lymphadenitis. This 

means that individuals who had positive cytopathology/histopathology signals would be a mix of 

people with extrapulmonary TB and people with some other disease. Choosing a 4-class model 

allowed us to distinguish between conditions that could produce positive test results and 

prevented grouping a mix of extrapulmonary TB-positive and -negative people together in our 

‘diseased’ condition. 

We found that the LCA-derived probability of extrapulmonary TB was not a good predictor for 

receiving ATT, as even in cases of low disease probability, patients received treatment. 

Seemingly, one, and certainly two, positive test results was sufficient to commence ATT. This is 

perhaps not surprising given the high TB prevalence in the study setting and the very high 

mortality risk of, for example, TB meningitis (27), so clinicians would rather ‘treat now and ask 

questions later’. When diagnosing extrapulmonary TB, clinicians also consider clinical variables 

that were unavailable in our dataset (18). It is worth emphasizing that obtaining diagnostic test 

accuracy estimates is unlike making a clinical decision. Here, we have constructed a model to 

estimate test performance and have attempted to be transparent in unknowns, assumptions, 

and subjective choices, but other parameterisations are certainly possible.   
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5.7.1 Strengths 

We estimated the prevalence of three forms of extrapulmonary TB; understanding prevalence in 

a particular healthcare setting is critical to planning and policy making. Using LCA, we have 

made the best possible use of data by incorporating results from all available tests to determine 

sensitivities and specificities, while adjusting for the possibility of between-test dependence. 

Unlike with CRSs, we did not ignore any observed test results. Consider that for CRS1+, a 

single positive test result defines disease positivity; if there are three other negative test results, 

those three are functionally non-informative. Obtaining specimens for most forms of 

extrapulmonary TB is invasive and requires trained healthcare workers, so ensuring collected 

data are used to their best potential is an ethical decision. 

5.7.2 Limitations  

First, as with any statistical model, the latent class models we have fit cannot be shown to be 

the true models. However, our models were reasonably well-specified, as evidenced by good 

agreement between observed and expected test result patterns and low residual correlation 

between test results. In some applications, external information, such as the proportion of 

patients with a given test pattern who were treated, provides useful information to validate the 

model. Here, this information was not very informative due to the sparse nature of the datasets. 

Second, LCA has been characterised as ‘black box-y’ (28) and cautions have been raised that 

model misspecification is difficult to detect (26). Certainly its mechanisms are less intuitive to 

understand than Boolean decision rules like those often used when defining CRSs, but the 

theory underpinning LCA is well-defined and transparent (29, 30). We have attempted to be 

clear by providing DAGs illustrating our assumptions of the relationships within the model. A 

final, general limitation is that parameter estimates depend on the available data. The available 

datasets had a small sample size and did not contain demographic or clinical assessment 

variables, resulting in poor precision of the estimates. Additionally, this prevented any relevant 

subgroup analyses.  

5.7.3 Conclusion 

Basic methods like two-by-two table calculations and CRSs are known to produce imperfect 

estimates of diagnostic test accuracy. Latent class analysis, which can reflect knowledge of the 

individual tests used for diagnosis, should receive greater consideration in evaluating new tests’ 

performance.  
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5.10 Supplemental material 

 

Bayesian latent class analysis produced diagnostic accuracy estimates that were more 

interpretable than composite reference standards for extrapulmonary tuberculosis tests  
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5.10.1 Supplemental methods 

 

5.10.1.1 Latent class model: Likelihood and prior distributions 

Observed test results for the ith subject (i = 1,…, N) on the jth diagnostic test (j=1,…,4) are 
denoted by Tij. Test results take values 1 (for a positive test) and 0 (for a negative test).  

Likelihood: 

We assume: 

Tij ~ Bernoulli(pij), where pij = ∑ Pr⁡(4
L𝑖=1 L𝑖)Pr⁡(Tij = 1|L𝑖) 

and where Li denotes the latent classes of interest, such that ∑ Pr⁡(4
L𝑖=1 L𝑖) = 1. Li = 1 denotes 

EPTB-positive, non-specific measurand-positive, Li = 2 denotes EPTB-positive, non-specific 
measurand-negative, Li = 3 denotes EPTB-negative, non-specific measurand-positive, and Li = 
4 denotes EPTB-negative, non-specific measurand-negative. 

The probability of a positive test result conditional on each latent class is expressed as follows: 

Pr(Tij = 1|L𝑖 = 𝑙) = Φ(𝑎𝑗𝑙 + 𝑏𝑗𝑙𝑟𝑖), where Φ denotes the cumulative normal distribution function, 

ajl and bl are unknown parameters to be estimated and ri ~ N(0, 1) is a subject-level random 
effect. 

The following constraints were placed on the ajl and bl parameters to reflect that the accuracy of 
each test was only determined by its own measurand: 

aj1 = aj2 and aj3 = aj4 for culture, Xpert and smear 

aj1 = aj3 and aj2 = aj4 for the non-specific tests, cytopathology/histopathology and ADA 

bj1 = bj2 for culture, Xpert and smear for all forms of extrapulmonary TB 

bj1 = bj2 for cytopathology/histopathology for TB lymphadenitis 

bjl = 0 for ADA when l=1 or l=2 

bjl = 0 for all tests when l=3 or l=4 

 

Prior distributions: 

The following non-informative prior distributions were used: 

Li ~ Dirichlet((1,1,1,1)) 

ajl ~ Normal(0,1) 

bjl ~ Uniform(0,5) 

To avoid label switching, we truncated the prior distributions over the a4l values such that they 
covered values greater than 0 when l=1=3 and covered values less than 0 when l=2=4.   
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MCMC sampling details 

Three MCMC chains were run. After an adaptation phase of 2000 iterations, followed by a burn-
in phase of 5000 iterations, we retained 15,000 iterations in each chain. For all parameters of 
interest, we examined the trace plots, the Gelman-Rubin R-hat statistic and the posterior density 
plots to determine if randomly selected initial values led to the same solution and convergence 
was achieved. Once convergence was achieved, we extracted the posterior median and equal-
tailed 95% credible intervals for the parameters of interest.  

Model fitting and checking 

To examine how well the model agrees with the data used to fit it, we compared the different 
observed and expected frequencies of different patterns of test results. To verify if our approach 
to modeling conditional dependence was appropriate, we plotted the observed and expected 
pairwise correlation residuals (1). We also considered the probability of receiving treatment for 
extra-pulmonary TB versus the probability of extra-pulmonary TB, as estimated by the model. 

Identifiability 

To determine if a model was identifiable, we first checked if the number of unknown parameters 
was less than the available number of degrees of freedom. All models were fit with data on four 
observed dichotomous tests. Therefore, the number of degrees of freedom available in each 
case was 24 – 1 = 15. For all models, the number of unknown parameters to be estimated was 
12 (3 latent class probabilities, 8 ajl parameters and 1 bjl parameter). Therefore, the necessary 
condition for identifiability that the number of degrees of freedom exceed the number 
parameters to be estimated was satisfied. 

We additionally checked for a sufficient condition for local identifiability by examining the rank of 
the Jacobian of the transformation from the joint probabilities of the test results to the 
parameters being estimated (sensitivity, specificity, prevalence parameters) (2). For the TB 
meningitis and TB pleuritis models we found that the criterion of local identifiability was not met 
as the rank was 10 (less than 12, the number of unknown parameters).  

To detect possible problems with convergence and non-identifiability we examined the results of 
using non-informative prior distributions for all parameters. We encountered label-switching 
problems with some chains reaching solutions corresponding to (prevalence, sensitivity, 
specificity), while other reached (1-prevalence, 1-specificity, 1-sensitivity). We also noticed that 
the parameters of interest (prevalence of extrapulmonary TB or accuracy parameters with 
respect to extrapulmonary TB) appeared to converge in fewer iterations than estimates of the 
prevalence of the non-specific measurand and accuracy with respect to this measurand, 
particularly for the non-specific test. This could be because in all our models three tests 
measured the target condition whereas only one test measured the non-specific measurand. To 
fix the problem of label switching, we used truncated prior distributions over the sensitivity and 
specificity of the non-specific test with respect to its measurand. We also provided randomly 
selected starting values closer to the desired solutions. The Rhat statistics were close to 1 for all 
parameters once the label-switching problem was removed, suggesting good convergence. A 
visual examination of the posterior density plots (Figure S2 A-C) shows that most parameters 
had posterior density plots with a single mode. The specificity of the non-specific test with 
respect to its measurand was the one parameter that seemed to have multiple values with the 
same posterior density (Figure S2). 
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5.10.1.2 rjags code for model likelihood and priors – TB lymphadenitis example 

 

model  
 
# variables 
#r: random effect 
#p: matrix of probabilities for patient i and test j 
#se: sensitivities 
#d: true disease status 
#sp: specificities 
#a: intercept 
#b: coefficient 
# indices 1, …, 4 indicate culture, Xpert, smear microscopy, and ADA or cytopathology/histopathology 
   
 { 
    ##--------------------- LIKELIHOOD -------------------------------------------------## 
   
for (i in 1:N) { 
     
    for (j in 1:4) { 
      y[i, j] ~ dbin(p[LC[i],i, j], 1) 
      pp[i, j] <- pow( p[1,i,j], equals(LC[i],1) )*pow( p[2,i,j], equals(LC[i],2) )*pow( p[3,i,j], equals(LC[i],3) )* pow( p[4,i,j], 
equals(LC[i],4) ) 
    } 
     
    LC[i] ~ dcat(pLC[1:L]) 
    r[i] ~ dnorm(0,1) 
     
    # LATENT CLASS 1 : Target condition positive (EPTB+) and Measurand positive  
    p[1, i, 1] <- phi(a[1, 1] + b.RE[1] * r[i]) 
    p[1, i, 2] <- phi(a[1, 2] + b.RE[2] * r[i]) 
    p[1, i, 3] <- phi(a[1, 3] + b.RE[3] * r[i]) 
    p[1, i, 4] <- phi(a[1, 4] + b.RE[4] * r[i]) 
     
    # LATENT CLASS 2 : Target condition positive (EPTB+) and Measurand negative  
    p[2, i, 1] <- phi(a[2, 1] + b.RE[1] * r[i]) 
    p[2, i, 2] <- phi(a[2, 2] + b.RE[2] * r[i]) 
    p[2, i, 3] <- phi(a[2, 3] + b.RE[3] * r[i]) 
    p[2, i, 4] <- phi(a[2, 4] + b.RE[4] * r[i])   
     
    # LATENT CLASS 3 : Target condition negative (EPTB-) and Measurand positive  
    p[3, i, 1] <- phi(a[3, 1]) 
    p[3, i, 2] <- phi(a[3, 2]) 
    p[3, i, 3] <- phi(a[3, 3]) 
    p[3, i, 4] <- phi(a[3, 4]) 
     
    # LATENT CLASS 4 : Target condition negative (EPTB-) and Measurand negative  
    p[4, i, 1] <- phi(a[4, 1]) 
    p[4, i, 2] <- phi(a[4, 2]) 
    p[4, i, 3] <- phi(a[4, 3]) 
    p[4, i, 4] <- phi(a[4, 4]) 
  } 
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  ##--------------------- PRIORS -----------------------------------------------------## 
   
  for (j in 1:3) { 
    a[1,j]    ~ dnorm(0,1) 
    a[2,j]   <- a[1,j]    
    a[3,j]    ~ dnorm(0,1)  
    a[4,j]   <- a[3,j]    
  } 
  a[1,4]    ~ dnorm(0,1) T(0, )    # non-specific test sensitivity truncated above 0 
  a[2,4]    ~ dnorm(0,1) T(,0)     # non-specific test specificity truncated above 0 
  a[3,4]  <- a[1,4] 
  a[4,4]  <- a[2,4] 
     
  b.RE[1] ~ dunif(0, 5) 
  b.RE[2] <- b.RE[1] 
  b.RE[3] <- b.RE[1] 
  b.RE[4] <- b.RE[1] 
   
   
  pLC[1:L] ~ ddirch(prior[1:L]) 
  for (i in 1:L) { 
    prior[i]<-1 
  } 
   
  ##--------------------- PARAMETERS OF INTEREST -------------------------------------## 
 
  # SENSITIVITY AND SPECIFICITY WITH RESPECT TO TARGET CONDITION (EPTB) 
   
  # culture 
  se_cult <- ( phi(a[1, 1]/sqrt(1 + b.RE[1] * b.RE[1]))*pLC[1] + phi(a[2, 1]/sqrt(1 + b.RE[1] * b.RE[1]))*pLC[2] 

)/(pLC[1]+pLC[2]) 
  sp_cult <- ( phi(-a[3, 1])*pLC[3] + phi(-a[4, 1])*pLC[4] )/(pLC[3]+pLC[4]) 
   
  ## xpert 
  se_xpert <-( phi(a[1, 2]/sqrt(1 + b.RE[1] * b.RE[1]))*pLC[1] + phi(a[2, 2]/sqrt(1 + b.RE[1] * b.RE[1]))*pLC[2] 

)/(pLC[1]+pLC[2]) 
  sp_xpert <- ( phi(-a[3, 2])*pLC[3] + phi(-a[4, 2])*pLC[4] )/(pLC[3]+pLC[4]) 
   
  # # smear 
  se_smear <- ( phi(a[1, 3]/sqrt(1 + b.RE[1] * b.RE[1]))*pLC[1] + phi(a[2, 3]/sqrt(1 + b.RE[1] * b.RE[1]))*pLC[2] 

)/(pLC[1]+pLC[2]) 
  sp_smear <- ( phi(-a[3, 3])*pLC[3] + phi(-a[4, 3])*pLC[4] )/(pLC[3]+pLC[4]) 
   
  #  # cytopathology/histopathology (CH) 
  se_CH <- ( phi(a[1, 4])*pLC[1] + phi(a[2, 4])*pLC[2] )/(pLC[1]+pLC[2]) 
  sp_CH <- ( phi(-a[3, 4])*pLC[3] + phi(-a[4, 4])*pLC[4] )/(pLC[3]+pLC[4]) 
   
  # SENSITIVITY AND SPECIFICITY WITH RESPECT TO NON-SPECIFIC MEASURAND 
 
  #  # cytopathology/histopathology (CH) 
  se_CH_measurand <- ( phi(a[1, 4])*pLC[1] + phi(a[3, 4])*pLC[3] )/(pLC[1]+pLC[3]) 
  sp_CH_measurand <- ( phi(-a[2, 4])*pLC[2] + phi(-a[4, 4])*pLC[4] )/(pLC[2]+pLC[4]) 
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  # PREVALENCE OF EPTB AND NON-SPECIFIC MEASURAND  
  prev.EPTB <- pLC[1] + pLC[2]  
  # # prevalence of non-specific marker 
  prev.nonsp <- pLC[1] + pLC[3] 
}  
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5.10.2 Supplemental results 

 
5.10.2.1 Model fit 

Table 1 displays the different test pattern results observed in lymph node samples from 
individuals tested for TB lymphadenitis. The observed counts of each test result pattern, along 
with expected counts, are shown, with generally good concordance. Exceptionally, there were 
fewer individuals observed with all positive test results except smear than the model expected 
(85 observed versus 98 expected), but the remaining patterns showed little discrepancy. 

Pairwise residual correlations between test results are displayed in Supplementary figure 1. 
Residual correlation between tests was generally low, reflecting the observed conditional 
dependence was not more than expected under the model. 

 

Figure S1: Pairwise residual correlation plots for tests run on A) lymph node, B) CSF, and C) pleural fluid. 
Test pair 1: culture and Xpert; 2: culture and smear microscopy; 3: culture and 
cytopathology/histopathology or ADA; 4: Xpert and smear microscopy; 5: Xpert and 
cytopathology/histopathology or ADA; 6: smear microscopy and cytopathology/histopathology or ADA. 
ADA – adenosine deaminase; CSF – cerebral spinal fluid; TB – tuberculosis. 
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Supplemental figure S2: Density plots. For each of the three models (one per form of extrapulmonary 

TB), density plots were generated for each parameter of interest. For test result parameters specificity, C, 

and sensitivity, S, the indices 1, …,4 indicate culture, Xpert, smear microscopy, and ADA or 

cytopathology/histopathology.  

 
 

A) TB lymphadenitis 
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B) TB meningitis  

 

 
 
 
  



 

112 
 

C) TB pleuritis  
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5.10.2.2 Bayesian latent class analysis: estimated probabilities of the four latent classes  

Supplementary Table S1: Probabilities of the four latent classes, for each form of extrapulmonary TB as 
estimated by Bayesian latent class analysis. 

 EPTB-positive, non-

specific measurand-

positive (“LC1”) 

EPTB-positive, non-

specific measurand-

negative 

(“LC2”) 

EPTB-negative, non-

specific measurand-

positive (“LC3”) 

EPTB-negative, non-

specific measurand-

negative  

(“LC4”) 

TB lymphadenitis 

Probability 

(95% CrI) 

0.60  

(0.53, 0.67) 

0.0060  

(0.0004, 0.023) 

0.030  

(0.0010, 0.082) 

0.36  

(0.29, 0.43) 

TB meningitis 

Probability  

(95% CrI) 

0.14  

(0.085, 0.22) 

0.013  

(0.001, 0.048) 

0.043  

(0.002, 0.13) 

0.79  

(0.70, 0.87) 

TB pleuritis 

Probability  

(95% CrI) 

0.31  

(0.26, 0.47) 

0.010  

(0.001, 0.036) 

0.073  

(0.003, 0.21) 

0.55  

(0.45, 0.69) 

 

The most common classes are EPTB-positive, non-specific measurand-positive and EPTB-negative, non-

specific measurand-negative. The two classes where EPTB status and non-specific measurand are 

discordant were of far lower probability. This indicated that the four-class latent class model worked well 

to identify the target condition of interest in our study population, EPTB. CrI – credible interval; EPTB – 

extrapulmonary tuberculosis; TB – tuberculosis  
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5.10.2.3 Two-class latent class model results:  

Table S2: Diagnostic accuracies of tests for each form of extrapulmonary TB by latent class analysis.  

 Culture Xpert Smear microscopy 
Cytopathology / 

Histopathology 
ADA 

TB lymphadenitis 

Sensitivity (95% CrI) 90.4 (81.9, 95.4) 86.9 (78.7, 92.4) 27.4 (21.1, 34.3) 98.9 (96.5, 99.8) NA 

Specificity (95% CrI) 99.3 (96.3,100) 98.4 (94.5,99.8) 99.4 (97.0,100) 84.8 (75.8, 95.2) NA 

TB meningitis 

Sensitivity (95% CrI) 59.2 (41.7, 80.8) 51.5 (35.0, 71.1) 27.0 (14.0, 42.2) NA 87.8 (70.1, 97.1) 

Specificity (95% CrI) 99.2 (96.8, 100) 99.5 (97.2, 100) 98.6 (96.4, 99.7) NA 90.7 (83.8, 98.1) 

TB pleuritis 

Sensitivity (95% CrI) 69.3 (51.3, 91.8) 35.0 (25.1, 47.8) 14.2 (8.63, 22.3) NA 95.8 (90.4, 98.9) 

Specificity (95% CrI) 99.4 (97.3, 100) 96.9 (93.8, 99.0) 99.3 (97.5, 99.9) NA 79.0 (66.8, 98.6) 

 

 
Table S3: Prevalence of each form of extrapulmonary TB as estimated by the two-class latent class model 

 TB lymphadenitis TB meningitis TB pleuritis 

Prevalence 

(95% CrI) 

60.4%  

(54.0–67.0) 

16.2%  

(9.65–25.0) 

38.0%  

(27.6–51.5) 
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6 CHAPTER 6: MANUSCRIPT 4:   

INTEGRATION OF MOLECULAR TESTING FOR M. TUBERCULOSIS AND SARS-COV-

2 IN LIMA, PERU 

 

6.1 Preface 

The COVID-19 pandemic has led to decreased healthcare access for people with health issues 

unrelated to COVID-19, including TB. As described in the literature review, TB case notifications 

in Peru have declined precipitously since the beginning of the COVID-19 pandemic. Resources 

have been re-allocated towards pandemic response and away from existing health services, so 

it is more critical than ever to utilise the available tools and personnel in a maximally efficient 

manner. One approach is to integrate existing healthcare services with specific COVID-19 

services. Molecular testing is one potential opportunity, particularly as Peru already has an 

existing network of GeneXpert platforms for TB testing. 

In this manuscript, I describe our prospective study that aims to respond to the double disease 

burden of TB and COVID-19 by investigating the diagnostic accuracy and feasibility of 

integrated molecular TB and COVID-19 testing on the GeneXpert platform. This study is a 

collaboration between McGill University and the Universidad Peruana Cayetano Heredia. 

This is a manuscript in preparation for submission to Journal of Clinical Microbiology.  
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6.3 Abstract 

Background  

Tuberculosis (TB) case notification rates have plummeted since the beginning of the COVID-19 

pandemic. Integrated molecular testing is an opportunity to detect and provide care for both 

diseases. Many high TB burden countries already have existing GeneXpert networks for TB 

testing using Xpert MTB/RIF Ultra (Ultra), and now a GeneXpert SARS-CoV-2 assay, Xpert 

Xpress SARS-CoV-2 (Xpress), is available. We evaluated the diagnostic accuracy of Xpress for 

SARS-CoV-2 detection and assessed the feasibility of integrating TB and COVID-19 testing 

using a single sputum specimen with Ultra and Xpress in Lima, Peru.  

Methods  

We recruited 506 consenting adults presenting with clinical symptoms or epidemiologic history 

suggestive of TB and/or COVID-19. All participants provided one nasopharyngeal swab (NPS) 

and one sputum sample. For COVID-19, NPS and sputum were tested on Xpress and standard-

of-care RT-PCR; sputum was also tested for TB using culture and Ultra. Diagnostic accuracy of 

Xpress on sputum and NPS was estimated using different reference standards. To assess 

testing integration, the diagnostic yields of Xpress and Ultra were compared to that of RT-PCR 

on NPS and sputum culture, respectively.  

Results   

Data were available from 500 participants. In-study TB positivity was 9.6% (48/500) and for 

SARS-CoV-2 was 29% (145/500). Among TB cases, concurrent SARS-CoV-2 positivity ranged 

from 0% to 17%, depending on the COVID-19 test and specimen used. Compared to all 

reference standards, Xpress’ positive percent agreement was lower on sputum than on NPS, 

while Xpress’ negative percent agreement was higher on sputum than on NPS. Regarding 

integrated testing’s diagnostic yield, Ultra detected 98% of culture-confirmed TB cases, while 

Xpress on sputum detected 83% of COVID-19 cases defined by positive RT-PCR on NPS. 

Using Xpress with NPS instead of sputum increased yield to 90%, a non-statistically significant 

difference (p=0.127). Clinical and laboratory staff reported that molecular testing for both 

diseases was easy and acceptable.  

Conclusion  

Integrated molecular testing using GeneXpert identified most cases of TB and of COVID-19 and 

was considered feasible, but sputum was not the ideal sample. More research is needed to 

determine in which situations integrated testing is most worthwhile. 
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6.4 Introduction 

Tuberculosis (TB) was the leading cause of death by an infectious disease until the emergence 

of coronavirus disease 2019 (COVID-19). The World Health Organization (WHO) estimated that 

there were 10 million cases of TB and 1.5 million TB-related deaths in 2020 (1). Since it 

emerged, there have been over 485 million cases and 6 million deaths attributable to COVID-19 

(2). Resource mobilisation in the face of the ongoing pandemic has been vast (3), but some of 

this has come at the expense of other diseases’ control programs, with existing personnel, 

facilities, and supplies re-allocated to the COVID-19 response. Routine health services have 

also been disrupted due to lockdowns (4-7). For TB, this has resulted in case notification rates 

that were on average 23% lower in 2020-2021 compared to pre-pandemic figures (8). Since an 

estimated 4 million people who developed TB in 2020 were not diagnosed or notified (1) and, 

consequently, did not receive proper care, strategies and catch-up efforts to mitigate the 

detrimental effects of COVID-19 are urgently needed.  

In response, in mid-2021 Stop TB Partnership and USAID recommended simultaneous, 

integrated (on a multiplex platform) testing approaches for TB and COVID-19 in high TB burden 

countries for individuals presumed to have either disease (9). In late 2021, the Global Fund 

released a briefing note recommending that individuals whose clinical signs and symptoms 

meet the case definitions for TB and COVID-19 be tested for both diseases using sputum and 

nasopharyngeal swabs (NPS), respectively (10). WHO has yet to issue a policy 

recommendation on integrated testing.  

One platform that may be used for this purpose is GeneXpert (Cepheid, USA), which runs 

cartridge-based, automated PCR tests for a variety of diseases, including TB and COVID-19. 

Xpert MTB/RIF and newer generation Xpert MTB/RIF Ultra (Ultra) are WHO-endorsed 

molecular TB tests that run on sputum samples (11). The Xpert Xpress SARS-CoV-2 (Xpress) 

test has received United States Food and Drug Administration Emergency Use Authorisation for 

SARS-CoV-2 detection with NPS samples (12). Both Ultra and Xpress cartridges are available 

to National TB Programs at concessional prices via the Global Drug Facility of the Stop TB 

Partnership (13). Therefore, Ultra and Xpress testing on the GeneXpert platform presents a 

clear opportunity for presumptive patients to receive care for TB and COVID-19 in one clinical 

encounter, as existing equipment, staff, and know-how can be leveraged.  

This type of integrated intervention could be particularly applicable in countries like Peru, a high 

TB burden country (14) that has been particularly hard-hit by the COVID-19 pandemic and has 



 

120 
 

one of the world’s highest COVID-19 cumulative mortality rates (15). Peru has also experienced 

a pandemic-associated drop-off in TB case notifications: there were 8093 fewer TB case 

notifications from March to October 2020 than in that same period in 2019, a drop of about 20% 

(16). Since early 2020, there have been approximately 3.5 million notified cases of COVID-19 

and 212,000 COVID-19 related deaths in Peru (2) (Figure 6.1). Due to high endemic levels of 

TB and multi-drug resistant TB, there is an existing network of GeneXpert platforms across 

seven regions of the country, and use of Xpert MTB/RIF or Ultra is recommended for TB 

diagnosis among key populations, such as children and people living with HIV (17).  

Against this backdrop, we aimed to investigate integrated TB and COVID-19 molecular testing, 

i.e., simultaneously testing for both diseases in the same clinical encounter, including with a 

single sputum specimen, on the GeneXpert system. To do so, we estimated the accuracy of 

Xpress on sputum samples for COVID-19 diagnosis, since sputum is not the preferred sample 

for COVID-19 detection. We compared the proportion of TB and COVID-19 cases identified 

using Ultra and Xpress, respectively, when integrated testing is in place versus standard-of-care 

methods. We also comment on the feasibility of performing integrated testing. 

 

6.5 Methods 

6.5.1 Study design and population 

We conducted a cross-sectional diagnostic accuracy study with prospective recruitment.  

Participants were recruited from February to October 2021. Before July 2021, participants were 

recruited from three sites across Lima: the COVID-19 clinic at Huaycán Hospital, a secondary 

referral hospital in the Ate-Vitarte district; the TB clinic at Huascar XV Health Centre, a primary 

health facility in San Juan de Lurigancho district; and the TB clinic at Max Arias Health Centre, a 

primary health facility in La Victoria district. After July 2021, participants were also recruited from 

the TB clinics of 32 other primary health facilities in San Juan de Lurigancho district (Figure 

6.1Figure 2.1).  



 

121 
 

 

Figure 6.1: Number of daily incident COVID-19 cases in Peru between February 15 and November 
14, 2021. The blue line represents weekly average. Modified from (18) 

Adult outpatients (18 years or older) with presumptive COVID-19 and/or TB (i.e., symptoms 

including but not limited to cough, fever, difficulty breathing, sore throat of any duration; or 

epidemiologic history suggestive of COVID-19 and/or TB) with no history of COVID-19 in the 

previous three months and no history of anti-TB therapy in the previous six months were eligible 

for study inclusion. Participants self-reported all information. 

Participants provided one spontaneously expectorated sputum sample (approximately 5 mL) as 

well as one NPS which was placed in approximately 3 mL of transport media. All participants 

provided written informed consent. This study received ethical approval from the Comité 

Institucional de Ética en Investigación at Universidad Peruana Cayetano Heredia (UPCH) and 

the McGill University Health Centre Research Ethics Board. This study was registered in the 

PRISA repository at Instituto Nacional de Salud in Peru (number EI00000001484). 

6.5.2 Procedures 

Eligible individuals presenting at a recruitment site were invited to participate in our study. Due 

to logistical considerations and staff availability, consecutive sampling was not feasible.  NPS 

and sputum were stored and transported at 2-8°C and processed within the same day. 

Procedures are shown in Figure 6.2. 
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Figure 6.2: Study procedures performed for each participant recruited in the study. Each 
participant provided one NP swab and one sputum sample. DST – drug susceptibility testing; 
MGIT – Bactec MGIT culture; NPS – nasopharyngeal swab; TB – tuberculosis 

NPSs were transported via approximately 3 mL of transport media (VTM Swab Kit [Boenmed, 

China], AB Transport Medium [AB Medical, Korea], or VTM transport medium [Liofilchem, Italy], 

depending on availability). 140 μL of NPS sample media was used for testing with a 

commercially available COVID-19 test (RT-PCR) (Norgen Biotek, Canada) according to the 

manufacturer’s instruction for use (LOT numbers: 598068, 598069, 598323, 600755). The RT-

PCR on NPS was the standard-of-care for SARS-CoV-2 detection in our study setting. A further 

300 μL was used for testing on Xpress as per manufacturer’s protocol (LOT numbers: 

1000224306, 1000265143). RT-PCR primers target the nucleocapsid genes N1 and N2, while 

Xpress primers target genes for N2 and E, the envelope protein E (19, 20).  

The 5 mL sputum sample was homogenized using glass beads and split. For TB testing, 1 mL 

was used for Ultra, while for COVID-19, 140 μL was run on RT-PCR and 300 μL was run on 

Xpress. The remaining sputum was decontaminated with the NALC-NaOH method; this sample 

was used for smear microscopy and bacteriologic culture (BACTEC MGIT, BD, USA), with 

positive tests undergoing drug-susceptibility testing with DST SIRE (BD).  

Participants recruited at primary health clinics received chest X-rays on-site; other individuals 

were referred to private clinics and given a voucher to recoup costs of the procedure. Chest X-
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rays were read by a blinded physician experienced in reading radiographic images. Chest X-ray 

abnormalities were considered suggestive of TB, COVID-19, or neither. 

The laboratory staff who performed all assays were blinded to clinical details of participants. 

Laboratory procedures were conducted at the Dr Humberto Guerra Alisson laboratory, a 

reference level laboratory at the Instituto de Medicina Tropical Alexander von Humboldt at 

UPCH. Study data were collected and managed using REDCap electronic data capture tools 

hosted at the Research Institute of the McGill University Health Centre (21). REDCap (Research 

Electronic Data Capture) is a secure, web-based application designed to support data capture 

for research studies. 

Information on testing integration feasibility was collected through semi-structured interviews 

with study staff.  

6.5.3 Statistical analyses 

6.5.3.1 Diagnostic accuracy of Xpress on NPS and on sputum 

Contingency tables for Xpress accuracy using NPS and sputum were constructed. Positive 

percent agreement (PPA) and negative percent agreement (NPA) with 95% confidence intervals 

(95% CI) calculated by exact method were estimated compared to two reference standards for 

COVID-19 diagnosis: the first was defined as a positive result on RT-PCR with NPS; the second 

was a composite reference standard (CRS) defined as positive RT-PCR on NPS accompanied 

by chest radiography abnormalities suggestive of COVID-19. Tests that produced errors or 

inconclusive results were excluded from analyses. Analyses were conducted using `epiR` 

package (version 2.0.33) (22) in RStudio (23). 

6.5.3.2 Proportion of TB and COVID-19 cases identified using GeneXpert 

Here, the index test for TB is Ultra. There is no perfect reference standard for TB, but 

microbiological confirmation of Mycobacterium tuberculosis (M. tuberculosis) by liquid culture is 

acknowledged to be the most accurate option (24) and positivity served as reference standard 

for confirmed TB. The index test of interest for COVID-19 is Xpress-sputum and secondarily 

Xpress-NPS. As standard-of-care in our study setting, the RT-PCR on NPS test served as 

COVID-19 reference standard and individuals with a positive result were classified as having 

COVID-19. Diagnostic yield was calculated as the proportion of index test positives compared to 

reference standard positive. Overlap in test results was visualized using ‘VennDiagram’ (version 

1.7.1) (25) in Rstudio. 
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6.6 Results 

6.6.1 Study participant information 

Between January and October, 506 eligible individuals were enrolled in our study, with 6 

excluded due to inadequate sputum specimen volume. Thus, 500 participants were included in 

our analyses. Demographic characteristics of the study population are shown in Table 6.1. 

Approximately one quarter (139/500, 28%) of our study population had previously been tested 

for SARS-CoV-2. The study population was balanced between men and women and was 

relatively young (median age 39.5, range 18 to 87). Few participants (58/500, 4.7%) reported 

underlying comorbidities. Almost all participants were mildly ill when enrolled (457/500, 91%). 

The most commonly reported symptoms at study enrolment were cough (94%, 78% less than 

two weeks in duration, 16% longer than two weeks), headache (86%), and general malaise 

(83%). To be eligible for study inclusion, participants had to produce a sputum sample, thus 

there was likely a selection bias against the inclusion of asymptomatic individuals who had 

difficulty expectorating.  

Table 6.1: Demographic characteristics of study population (n=500) 

Trait  

Gender (%)  

Women 
Men  

248 (50) 
252 (50) 

Age (median [IQR]) 39.5 (29, 54) 

Known exposure to COVID-19 case in 2 weeks 
prior to symptom onset (%) 

166 (34) 

Disease severity at study entry (%)  

Not ill 
Mildly ill 
Moderately ill 
Gravely ill 
NA 

0 (0) 
457 (91) 
41 (8.3) 
0 (0) 
2 (0.41) 

Smoking status (%)  

Current 
Former 
Never routine 
NA 

30 (6.2) 
126 (28) 
317 (65) 
2 (0.41) 

Chest x-ray results (%)  

No abnormalities 57 (11) 
Abnormal signals considered suggestive of 
COVID-19 

162 (32) 

Abnormal signals considered suggestive of 
TB 

62 (12) 
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Not available 219 (44) 

Comorbidities (%)  

Cardiovascular disease 29 (6.0) 

Asthma 24 (5.0) 

Other chronic respiratory condition 3 (0.62) 

Diabetes mellitus 9 (1.9) 

Known HIV infection 6 (1.2) 

Chronic kidney disease 2 (0.41) 

Current cancer 2 (0.41) 

Symptom positivity (%)  

Breathing difficulties 197 (39) 

Cough 468 (94) 

Less than 2 weeks 388 (78) 

2 weeks or longer 80 (16) 

Fatigue 361 (72) 

Fever 294 (59) 

General malaise 415 (83) 

Headache 429 (86) 

Loss of smell 96 (19) 

Loss of taste 90 (18) 

Muscle pain 388 (78) 

Sore throat 425 (85) 

Thoracic pain 333 (67) 
aClinical severity definitions are as follows: Not ill: healthy and strong impression throughout 
examination Mildly ill: able to carry out routine activities, but symptomatic with fatigue, cough, 
etc. upon careful inspection. Moderately ill: some impairment of activities; visibly ill to a lay 
person; still ambulatory and mostly self-sufficient, but clearly symptomatic. Gravely ill: unable to 
carry out usual activities, visibly distressed, requires hospitalization. IQR – interquartile range; NA 
– not available  

6.6.2 Prevalence of test-positivity 

In our study population, 48/500 (9.6%, 95% CI, 7.2 to 12) of participants were found to have 

culture-confirmed TB, while 145/500 (29%, 95% CI, 0.25 to 0.33) were deemed positive for 

COVID-19 based on detection of SARS-CoV-2 using RT-PCR with NPS.  

Altogether, 10 people were concurrently positive on TB culture and at least one COVID-19 test. 

Among the 48 people with culture-confirmed TB, the number who also tested positive for SARS-

CoV-2 varied by test and specimen (Table 6.2): for RT-PCR, 3 tested positive on NPS (6.3%) 

and none tested positive on sputum (0.0%), while for Xpress, 8 tested positive on NPS (17%) 

and 2 tested positive on sputum (4.2%). This demonstrates that the rate of concurrent TB and 

COVID-19 observed in a particular population depends on the test and specimen used for 

SARS-CoV-2 detection. From the alternative perspective, of 145 people with standard-of-care-

defined COVID-19, 3 individuals (2.1%) had culture-confirmed TB.  
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Table 6.2: Test result patterns among 48 people with culture-confirmed TB. The number of times 
the test result pattern was observed is indicated in the right-most column. 

Test result 

Observed 

frequency 

Culture RT-PCR on 

NPS for 

SARS-CoV-2 

RT-PCR on 

sputum for 

SARS-CoV-2 

Xpress on 

NPS for 

SARS-CoV-2 

Xpress on 

sputum for 

SARS-CoV-2 

+ - - - - 38 

+ - - - + 1 

+ - - + - 6 

+ + - - - 1 

+ + - + - 1 

+ + - + + 1 

“+” denotes a positive test result and “-” denotes a negative test result. NPS – nasopharyngeal 
swab; Xpress – Xpert Xpress SARS-CoV-2 

Symptoms are stratified by disease status in Table 6.3. Participants ultimately diagnosed with 

COVID-19 had higher rates of most symptoms, including fatigue, headache, loss of smell or 

taste, and muscle pain. However, individuals diagnosed with TB typically reported experiencing 

a particular symptom longer than those with COVID-19. For example, breathing difficulties were 

reported in 46% of participants with TB and in 48% of participants diagnosed with COVID-19; 

but the median duration among people with TB was 7 days (IQR: 2, 14) compared to 3 days 

(IQR: 2, 4) among people with COVID-19. Cough lasting longer than two weeks was very rare in 

people with COVID-19 (7/145, 5%) but was observed in almost half of people with TB (23/48, 

48%) (Figure 6.3). Yet, cough for less than 2 weeks could not rule-out either disease, as 91% of 

people with COVID-19 and 42% of people with TB reported short-term cough. Symptoms are 

also presented for the 10 people with culture-confirmed TB and a positive result on any COVID-

19 test. This is a small group (1% of study population) and therefore strong inferences should 

not be drawn. 
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Table 6.3: Time since symptom onset in 48 people with TB, as defined by culture-positivity, and in 
145 people with COVID-19, as defined by NP swab RT-PCR positivity. 

Trait 

No. people 

with TB 

reporting 

symptom 

(%) 

Symptom 

duration in 

people with 

TB  

(median 

days [IQR]) 

No. people 

with 

COVID-19 

reporting 

symptom 

(%) 

Symptom 

duration in 

people with 

COVID-19  

(median 

days [IQR]) 

No. people 

with TB and 

any 

concurrent 

positive 

COVID-19 

test (%) 

Symptom 

duration in 

people with 

TB and any 

concurrent 

positive 

COVID-19 

test 

(median days 

[IQR]) 

Breathing 

difficulties 

22 (46) 7 (2, 14) 69 (48) 3 (2, 4) 5 (50) 7 (4, 7) 

Cough 43 (90) 15 (8, 32) 139 (96) 5 (3, 8) 9 (90) 14 (7, 19) 

Less than 2 

weeks 

20 (42) 8 (5, 9) 132 (91) 5 (3, 7) 4 (40) 6 (4, 8) 

2 weeks or 

longer 

23 (48) 32 (20, 46) 7 (5) 32 (23, 35) 5 (50) 19 (15, 20) 

Fatigue 26 (54) 9 (5, 15) 113 (78) 4 (2, 6) 5 (50) 5 (4, 7) 

Fever 34 (71) 4 (2, 8) 101 (70) 2 (2, 4) 4 (40) 3 (2, 4) 

General 

malaise 

33 (69) 8 (4, 14) 124 (86) 4 (3, 7) 7 (70) 5 (4, 7) 

Headache 29 (60) 7 (4, 14) 128 (88) 4 (2, 5) 5 (50) 6 (5, 13) 

Loss of smell 3 (6.3) 5 (4, 6) 50 (35) 3 (2, 5) 1 (10) 3 (3, 3) 

Loss of taste 5 (10) 4 (3, 5) 41 (28) 4 (2, 5) 1 (10) 3 (3, 3) 

Muscle pain 29 (60) 8 (7, 11) 116 (80) 4 (3, 6) 5 (50) 5 (4, 7) 

Sore throat 39 (81) 8 (7, 26) 124 (96) 4 (3, 6) 9 (90) 7 (5, 7) 

Thoracic pain 28 (58) 11 (7, 18) 90 (62) 4 (2, 5) 7 (70) 7 (7, 11) 

IQR – interquartile range; No. – number of; NPS – nasopharyngeal swab; TB – tuberculosis 
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Figure 6.3: Boxplots of cough duration stratified by disease condition. COVID-19 was defined by a 
positive test result on RT-PCR with NP swabs (n=145). TB was defined by culture positivity (n=48). 
Concurrent TB and COVID-19 was defined as concurrent TB culture and a positive result on any 
COVID-19 test (n=10) 

6.6.3 Diagnostic accuracy of Xpress on NP swab and on sputum 

Estimates of Xpress’s diagnostic accuracy with NPS and sputum compared to different 

reference standards are shown in Table 6.4. The PPA of Xpress on NPS was higher in both 

comparisons than Xpress on sputum. Xpress on sputum, however, had better NPA with both 

reference standards than Xpress on NPS. Compared to Xpress on NPS, Xpress on sputum had 

low PPA of 68% (95% CI, 61 to 75), although NPA was very high at 97% (95% CI, 94 to 99).  

Table 6.4: Diagnostic accuracies of Xpress on NPS and Xpress on sputum for SARS-CoV-2 
detection. Positive chest radiography results were any abnormal signals considered suggestive of 
COVID-19. 

Comparison 
Positive percent 

agreement (95% CI) 
Negative percent 

agreement (95% CI) 

Xpress (NPS) vs  
RT-PCR (NPS) 

90 (84, 95) 82 (77, 86) 

Xpress (NPS) vs  
RT-PCR (NPS) and chest radiography 

92 (83, 97) 80 (76, 84) 

Xpress (sputum) vs 
RT-PCR (NPS) 

83 (76, 89) 93 (90, 96) 

Xpress (sputum) vs 
 RT-PCR (NPS) and chest radiography 

85 (75, 92) 92 (89, 95) 

Xpress (sputum) vs 
Xpress (NPS) 

68 (61, 75) 97 (94, 99) 
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NPS – nasopharyngeal swab; Xpress – Xpert Xpress SARS-CoV-2 

6.6.4 Diagnostic yield  

All individuals included in our study were able to produce a sputum sample. Compared to 

culture-positive TB cases, Ultra on sputum correctly detected 46/47 (97.9%) of TB cases. 

Compared to individuals positive for SARS-CoV-2 on standard-of-care RT-PCR on NPS, Xpress 

on sputum detected 116/139 (83.4%), while Xpress on NPS detected 130/144 (90.3%), a 

difference that was not statistically significant (p=0.127) (Figure 6.4). Discrepant denominators 

are due to errors or indeterminate results: for RT-PCR on NPS, RT-PCR on sputum, Xpress on 

NPS, and Xpress on sputum there were 17, 14, 1, and 10 unavailable results, respectively. As 

10 of our 500 participants had culture-positive TB and a positive result on any COVID-19 test, at 

least 100 people with presumptive TB and/or COVID-19 would have to be tested to find one 

person with both diseases. 

 

Figure 6.4: Venn diagram of COVID-19 molecular test results. NPS – nasopharyngeal swab. Xpress 
– Xpert Xpress SARS-CoV-2 

6.6.5 Testing integration feasibility  

Integration of TB and COVID-19 testing using a single sputum specimen was considered very 

feasible in our study. The additional collection of an NPS was not considered difficult. Clinical 

staff at recruitment sites were already experienced at collecting sputum samples and NPSs and 
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had existing protocols regarding personal protective equipment and biosafety for these 

procedures. Collecting NPS was considered simpler than sputum, as some participants needed 

coaching. Sputum specimen and NPSs were collected outdoors or in well-ventilated areas to 

reduce biosafety concerns. Splitting the sputum sample for use in multiple assays may be 

challenging, but laboratory staff used glass beads to homogenise the sample prior to allocating 

the appropriate volume to each test. As UPCH already utilizes Ultra in their laboratory work-

flow, the addition of Xpress was straight-forward, whether using sputum or NPS. 

 

6.7 Discussion 

Even as the COVID-19 pandemic continues, it is crucial that on-going public health threats like 

TB are not ignored. In high TB burden settings, taking advantage of already widespread testing 

platforms to concurrently investigate TB and COVID-19 could be one way to start recovering the 

millions of people with TB who have not received care since the pandemic’s onset. Finding 

these missing cases is especially critical given that recent evidence suggests that people with 

previously diagnosed or current TB are at high risk of complications and death if infected by 

SARS-CoV-2. A multi-country cohort investigating the effects of COVID-19 in 767 people with 

current or previous TB reported that 61.7% were hospitalized for COVID-19 and more than 1 in 

10 died (11.1% (85/767)) (26). Recent data from Peru suggest that mortality risk in people with 

concurrent TB and COVID-19 is 7.3%, compared to 4.6% in people with TB alone (16).  

As such, our study investigated the integration of COVID-19 and TB testing, namely by 

simplifying the identification of both diseases by using a single respiratory sample for testing on 

the GeneXpert platform. Compared to our setting’s standards-of-care, this approach had a 

diagnostic yield of 97.9% for TB and 83.4% for COVID-19. Using NPS raised the proportion of 

COVID-19 cases identified to 90.3%. We found that Xpress had moderate PPA and relatively 

high NPA on sputum, and relatively high PPA and low NPA on NPS. 

Based on our findings from 2021 in Lima, using a single sputum specimen on GeneXpert may 

not be the ideal approach for COVID-19 and TB testing integration, since Xpress had moderate 

PPA on sputum. Indeed, our PPA estimates for the molecular tests were lower than have been 

previously reported (27, 28). In a hypothetical population of 1000 people diagnosed with 

COVID-19 based on positive RT-PCR with NPS, Xpress on sputum would miss 166 individuals, 

while Xpress on NPS would miss 97. It should be noted that these figures are the result of a 

comparison to one particular definition of COVID-19, and therefore the exact numbers would 
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vary by reference standard deployed. Consider that Xpress produced more positive results than 

RT-PCR with either NPS or sputum, but our reference standard definitions deemed those 

additional positive results as ‘false positives’. As the reference standard is considered perfect, 

all observed error, i.e., discrepant results, are attributed to Xpress (29, 30). However, Xpress 

likely has improved analytical characteristics compared to the reference standards. Analytical 

studies have reported Xpress’ limit of detection as ranging from 8.26 copies/mL (19, 31) to 100 

copies/mL (32), which is lower than RT-PCR’s at approximately 2 copies/μL (20, 33). This might 

explain Xpress’ lower NPA on NPS, as it may be able to detect SARS-CoV-2 genetic material in 

people near the end of their SARS-CoV-2 infection. Therefore, in situations without a perfect 

test, careful consideration of reference standard definitions is critical, and alternative analytic 

approaches, like latent class analysis, may be important to detect biased results. 

New recommendations from The Global Fund recommend testing for COVID-19 and TB when 

“clinical signs and symptoms meet the case definitions for both diseases” (10). This seems 

consistent with our low concurrent positivity rate, suggesting that testing everyone with either 

presumptive TB or COVID-19 for both diseases may not be a worthwhile approach. However, 

17% of people with culture-confirmed TB also tested positive for SARS-CoV-2 on Xpress with 

NPS, so integrated disease testing may be more pertinent in people with presumptive TB.   

Unfortunately, clinical signs and symptom duration alone could not differentiate participants 

diagnosed with TB from people diagnosed with COVID-19 (Table 6.3). Our study population, 

although almost all mildly ill, were almost all symptomatic and the relatively high upper IQR 

values for symptom durations suggest that many had delayed seeking care, even as local 

COVID-19 prevalence was quite high. Many symptoms, including cough and breathing 

difficulties, were frequently reported by both groups, although some, including loss of smell or 

taste and headache, were more frequently reported by participants who were SARS-CoV-2 

positive. Although median symptom duration in people with positive RT-PCR for SARS-CoV-2 

was less than one week, duration distributions overlapped with those observed in people with 

TB. Contrastingly, the median symptom duration for people with TB was typically closer to one 

week or longer. In those (very few) individuals with culture-positive TB and a positive SARS-

CoV-2 test, the moderately longer reported durations perhaps indicates that these individuals 

had incidental SARS-CoV-2 infections. And in those where neither M. tuberculosis or SARS-

CoV-2 was detected, the intermediate symptom duration may be the result of no infection or of a 

prior infection that is now only present at undetectably low levels. 



 

132 
 

Therefore, from our study population, it appears that integrated TB and COVID-19 testing may 

be most warranted when individuals are presenting with symptoms lasting less than one week. 

In particular, for individuals who will receive steroids as part of COVID-19 treatment, it would be 

very important to know whether they also have TB. For those with longer-lasting symptoms, 

seemingly only TB testing is needed. More research is needed to understand if this trend is 

maintained in other high TB burden settings, and caution should be exercised when 

generalizing our findings, as they are only representative of one city during a period of high 

COVID-19 incidence (Figure 1). Investigating testing integration in another setting may result in 

different findings.  

As resources have been re-allocated towards pandemic response and away from existing 

health services, it is necessary to utilize available tools in a maximally efficient manner. Sample 

collection supply shortages have driven the investigation into NPS alternatives for molecular 

testing (34). For example, using saliva for molecular testing had comparable accuracy (35) and 

would be less resource-intensive in terms of personnel and cost (36). We have shown that using 

a single sputum sample to test for both M. tuberculosis and SARS-CoV-2 in a single clinical 

encounter was feasible, particularly as clinical and laboratory staff already are experienced in 

obtaining and processing sputum samples and with the GeneXpert system. Anecdotally, 

individuals whose clinical picture was most suggestive of TB were pleased to be offered COVID-

19 testing. This suggests integrated testing was acceptable in our setting. Other work in Kerala, 

India has shown that systematic integration of COVID-19 and TB testing is possible, particularly 

with provider-directed advocacy campaigns (37). In high TB burden settings like South Africa, it 

has been suggested that community-based screening networks deployed for COVID-19 could 

support TB testing and linkage to care (38). 

In planning for future pandemics, and when considering the breadth of infectious diseases 

endemic to many high TB burden settings, integrated testing on a multi-disease platform seems 

an obvious intervention, although running multiple tests simultaneously requires resources. 

GeneXpert is one possible platform already available in many high TB burden countries (39), 

but other well-established systems, e.g., m2000 Realtime System (Abbott, USA), or more novel 

options, e.g. Truelab (Molbio, India), exist for which TB tests are also WHO-endorsed. Most of 

these platforms can also evaluate other repository pathogens. It is likely particularly relevant for 

lower-resource settings, where budget constraints may preclude procurement of multiple stand-

alone systems, to invest in platforms that can be quickly updated to incorporate assays for 

emerging pathogens. Diagnostic companies must ensure these tools are accessible. 
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6.7.1 Strength and limitations 

Our study is one of the first to investigate the diagnostic accuracy of Xpress on sputum sample 

and its integration with TB testing in a real-life pandemic setting. Our study had a large sample 

size, which improves measures of uncertainty and reduces random error. We ran multiple tests 

for each participant. Findings on testing integration feasibility are likely generalizable to other 

urban settings with a high burden of TB and COVID-19. 

Regarding challenges, we faced some logistical issues related to the COVID-19 pandemic. As 

participants needed to provide a sputum sample, our results are likely most generalizable to 

settings testing mostly symptomatic individuals. As well, the index text, Xpress, likely had better 

analytical sensitivity than the reference standard, which makes interpreting PPA and NPA 

challenging. 

6.7.2 Outstanding issues 

Further work is needed to determine whether there is some combination of clinical signs and 

epidemiologic history that could indicate in whom integrated TB and COVID-19 testing is most 

warranted, which specific contexts should prioritise integrated testing (e.g., high TB prevalence 

settings, populations with a high prevalence of immune-compromised individuals), and the 

impact integrated testing policies have on recovering missing TB patients. 

6.7.3 Conclusions 

The diagnostic yield of Xpress on sputum was lower than on NPS (yet non-statistically 

significant), but integrated testing for TB and COVID-19 using GeneXpert was feasible. 

However, systematic testing for both diseases may not be a worthwhile approach in people 

presenting with either presumptive TB or COVID-19, as concurrently positive cases were rare in 

our study population. More research is needed to understand when integrated testing is most 

appropriate and to identify the epidemiological situations wherein integrated testing would be 

most valuable. 
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7 CHAPTER 7: SUMMARY & CONCLUSIONS 

7.1 Summary of results 

In my review of molecular TB diagnostics, I discussed recent advances in molecular tests for the 

detection of TB as well as the identification of anti-TB drug resistance. WHO-endorsed 

molecular tests have improved speed and accuracy compared to smear microscopy and culture, 

and many emerging products are in the developmental pipeline. Promising trends include the 

increased diagnostic test development in countries with a high TB burden, such as India and 

China, and an increase in countries investing in WGS. 

The results of my systematic review and meta-analysis demonstrated that Xpert testing using 

stool samples for pediatric TB had similar accuracy to Xpert on sputum compared to a 

microbiological reference standard. With a pooled sensitivity of 67% (95% CI, 52 to 79%) and 

specificity of 99% (95% CI, 98 to 99%), stool Xpert is more suited for use as a rule-in test, as it 

will still produce many false negative results. Sensitivity was higher among children with HIV 

(79% [95% CI, 68 to 87%]) than in HIV-uninfected children (60% [95% CI, 44 to 74%]). This 

review also identified the need for improved reporting of results with respect to age stratification. 

My analysis of the performance of extrapulmonary TB diagnostic tests demonstrated the utility 

of Bayesian LCA in assessing diagnostic test accuracy. Results from the LCA were compared to 

those produced by a series of CRSs. The LCA approach considered each test’s imperfect 

performance and between-test conditional dependence to model all tests’ sensitivities and 

specificities without assuming any test was perfect. All CRSs in the series ignored these details 

and the CRS-derived results were more difficult to interpret, as it was not clear which CRS 

produced the correct accuracy estimate. 

Finally, in our study of integrating TB and COVID-19 testing, we showed that testing for TB and 

COVID-19 on the GeneXpert platform using a single sputum sample was a feasible intervention. 

Diagnostic yield for COVID-19 was moderately high and yield for TB was very high compared to 

standard-of-care testing. However, we found that the diagnostic accuracy of Xpress using 

sputum was lower than Xpress using NP swabs. More research is needed in high TB burden 

settings to determine whether testing all individuals with presumptive TB or presumptive 

COVID-19 is an optimal approach. 

 

7.2 Strengths and limitations 

An overall strength of my thesis is the diverse nature of the work, including the deployment of 

different methods for estimating diagnostic accuracy. Meta-analysis via bivariate random effect 

models, Bayesian latent class analysis, and composite reference standards are all used in 

appropriate instances. All manuscript and analyses were planned with input from experts in 

epidemiology, biostatistics, clinical medicine, and global health. As such, the manuscripts all 

have broad perspective.  
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Of course, it is also important to acknowledge limitations. In the meta-analysis, the pooled 

sensitivity and specificity were generated by comparison with two reference standards that are 

known to be imperfect; therefore, the resultant accuracy estimates are also biased. However, as 

there is no perfect reference standard for pediatric TB and these two reference standards are 

widely understood, we accepted this degree of bias. Thus, we produced an imperfect estimate, 

but one that incorporated all the data available at the time. Regarding the latent class analyses, 

the models are not as immediately intuitive to understand as composite reference standards, 

but the theory behind them is well-characterised and sound. As with any modeling exercise, 

validation can be a challenge, but I have attempted to be transparent and clear with each 

model’s assumptions. I also have explicitly illustrated the relationships between variables with 

heuristic diagrams. Additionally, generalizability of my findings is not universal; this is a direct 

result of my thesis’ exploration of the use of molecular TB tests in very specific sub-populations.  

For example, the sensitivity and specificity estimates of tests used for extrapulmonary TB 

diagnosis are probably most applicable to tertiary hospital settings, while the findings regarding 

the integration of TB and COVID-19 testing with GeneXpert are most likely representative of 

urban settings where sample transportation is not a prohibitive issue.  

 

7.3 Implications 

In this work, I have presented evidence that supports the continued and broadened use of 

molecular TB diagnostics. To create inclusive policies regarding molecular testing for TB, it is 

necessary to understand how well tests perform in detecting TB in all its manifestations. 

Alternate types of TB are more difficult to diagnose accurately than PTB, and the results from 

my studies suggest that improved tools are needed. However, alternative analytic approaches 

should also be considered going forward when trying to assess the accuracy of tests for 

diseases without a perfect reference standard, and the work presented using LCA is one such 

option. My work has also shown that molecular testing for TB and COVID-19 can be integrated 

with minimal difficulty and that multi-disease testing on a multiplex molecular platform is 

feasible. 

As discussed above, high confidence in the evidence base vis-à-vis diagnostic accuracy is 

needed for country policies to adapt and recommend their use, thus encouraging the scale-up of 

newer tests. As molecular tests continue to emerge from the developmental pipeline, it will be 

critical that they are evaluated in all people with TB, not just adults with pulmonary forms, and it 

will also be relevant to consider how these tests can be integrated with testing for other 

infectious diseases. This will help ensure policies regarding new molecular TB tests can be 

extended to all types of TB.  
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7.4 Directions for future research 

Evaluating new molecular TB tests in all people with presumptive TB using appropriate 

statistical methodology should be a priority for researchers in the TB diagnostics space. It is 

widely understood that there is no perfect TB test, so methods that can account for this nuance, 

like latent class analysis, should be considered for future diagnostic test accuracy estimation. It 

would also be wise to look beyond accuracy and consider the feasibility of integrating testing 

with other diseases as well as clinical utility and impact (59). Future research on upcoming 

molecular TB tests should examine accuracy and feasibility in a broad range of use cases early 

in the clinical evaluation phase. 

More research is needed to understand optimal integrated testing for TB and COVID-19. 

Concurrent positivity for M. tuberculosis and SARS-CoV-2 was low in our study populations, 

which suggested that integrated testing for TB and COVID-19 for any individual with signs or 

symptoms of either disease may not be the best approach. Further examination in larger 

populations of combinations of epidemiologic history, clinical symptoms, and distributions of 

symptom duration may help in drawing firmer conclusions regarding who exactly needs to be 

tested for both diseases. As well, examining integrated testing in a diversity of settings is 

needed to understand where this intervention should immediately be applied, for example, 

urban settings with very high TB prevalence where there are many shared risk factors for 

COVID-19; rural settings in high TB burden countries where integrated disease testing could 

greatly improve quality of care; countries with a higher proportion of people who are 

immunocompromised; or in times of COVID-19 surges in areas with high TB prevalence. 

Additionally, as new SARS-CoV-2 variants of concern arise, integrated testing policies will need 

to be re-examined and updated as needed. Future studies will also help to understand the effect 

that integrated testing policies have on recovering missing TB cases and linking people with TB 

to care. Careful design of studies and outcomes will need to be considered to ensure the real 

impact of integrated testing can be identified and measured (92-94). 

Regarding work in this thesis, research continues with the integrated testing cohort in Lima. All 

participants are undergoing a 3-month follow-up phone call where variables regarding their 

health and disease status are being collected. An expansion of this cohort is planned with the 

intention of examining rates of TB and COVID-19 in people who have received a diagnosis of 

either disease. Molecular tests will be employed to make these diagnoses. 

 

7.5 Conclusion  

To increase the uptake of molecular diagnostic tests for all people with TB and in the context of 

other concurrent respiratory diseases, the accuracy of these tests needs to be well-

characterised. The sooner test accuracy is accurately and reliable estimated, the sooner tests 

can be implemented and contribute to improving patient outcomes.  
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In this thesis, I have demonstrated different methodological approaches for such 

characterization. The work in this thesis is a small step towards realizing the goal of all people 

with presumptive TB receiving accurate, rapid molecular testing, thereby enabling them to 

quickly receive appropriate care and halting disease transmission. Even in the era of a global 

pandemic, testing and care for other diseases must continue, and new strategies such as 

integrated molecular testing may have a role to play.  

Thanks to the COVID-19 pandemic, the critical importance of diagnostics to health is more 

appreciated than ever before. Countries have invested in multiplex platforms and rapid 

technological developments have resulted in such ‘wish-list’ assays as take-home, disposable 

molecular tests (95). As a field, we must push to see these innovations applied to the next-

generation of patient-centred TB tests, and ensure they are quickly evaluated for use in all 

people with TB.  
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