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Summary
The United Nations Sustainable Development Goals target to end tuberculosis related deaths,
transmission and catastrophic costs by 2030. In order to reach this very ambitious aim, a diverse
set of various actions by country governments, civil society organisations and research
communities is needed. Central components of the collective efforts are discovery, development
and evaluation of new tools, interventions and strategies. Novel diagnostic tools are of particular
interest, since an early and accurate diagnosis is considered key to improve tuberculosis control
and to accelerate the fight against tuberculosis globally.
Therefore, the overall goal of this doctoral thesis was to evaluate four new diagnostic tests based
on different approaches for tuberculosis detection. The clinical accuracy studies were conducted
in sub-Saharan countries with high burden of tuberculosis disease.
This thesis is based on four manuscripts:
Manuscript 1: Evaluation of giant African pouched rats for detection of pulmonary
tuberculosis in patients from a high-endemic setting
The first manuscript depicts the evaluation of trained giant African pouched rats for detecting
Mycobacterium tuberculosis in sputum of 469 well-characterised patients with presumptive
tuberculosis in a rural setting of Tanzania. The rats could detect tuberculosis with a sensitivity of
57% and a specificity of 81%. The diagnostic performance was negatively influenced by low
burden of bacilli, but independent of the HIV status. Based on evidence collected in this and
other similar studies, trained tuberculosis detection rats are not suitable as a standalone
sputum-based diagnostic test. Research and development should focus on improving the
diagnostic accuracy, and but also on issues such as scalability, deliverability and costeffectiveness.

Manuscript 2: Diagnostic accuracy of computer-aided detection of pulmonary
tuberculosis in chest radiographs: a validation study from sub-Saharan Africa
The CAD4TB software, a computer-aided system for detection of tuberculosis on chest
radiographs, has been evaluated in 861 adults with suspected pulmonary tuberculosis in rural
Tanzania. The area under the receiver operating characteristic curve for the detection of culturepositive pulmonary tuberculosis was 0.84, which indicates that CAD4TB can accurately
differentiate between tuberculosis cases and controls. The performance of CAD4TB was better
in HIV-negative compared to HIV-infected individuals. Overall CAD4TB outperformed a clinical
officer reading x-ray images, but did not reach the accuracy of an expert. After adjusting, the
1
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threshold for test positivity, higher sensitivity and acceptable specificity was achieved. This
qualifies CAD4TB as a potential triage test for pulmonary tuberculosis in adults before further
molecular confirmation test.

Manuscript 3: Xpert MTB/RIF assay for diagnosis of pulmonary tuberculosis in children: a
prospective, multi-centre evaluation
The microbiological confirmation of tuberculosis in children is a challenge, because the
collection of specimen is problematic. In particular, the paucibacillary nature of the disease
rarely allows detection of microorganisms by smear microscopy, and culture -having also an
imperfect sensitivity- is usually not available in high burden settings. Thus, diagnosis in children
relies typically on clinical symptoms, tuberculin skin test, radiological findings, and history of
tuberculosis contact.
The presented multi-centre evaluation of Xpert MTB/RIF in 451 children with presumptive
pulmonary tuberculosis established an overall sensitivity of 68% and specificity of 100%
compared to culture. Cross reactivity with non-tuberculous mycobacteria has not been
observed. Xpert MTB/RIF detected ten children with smear negative but culture-positive for
Mycobacterium tuberculosis and three additional cases in absence of mycobacterial growth on
culture. Overall, the results indicate that Xpert MTB/RIF can diagnose pulmonary tuberculosis in
children better than smear microscopy, but the sensitivity is suboptimal in comparison to
culture. Therefore, Xpert MTB/RIF cannot be used as a standalone test to rule out paediatric
tuberculosis because many children will still need empirical antituberculosis therapy in case of
Xpert negative results. Yet, the technology is being further developed to a more sensitive format
that will hopefully resolve the dilemma of diagnosing tuberculosis in children.

Manuscript 4: Performance of the novel TAM-TB assay to diagnose active tuberculosis in
children: a prospective, proof of concept, multi-centre study
Non-sputum-based diagnostics are considered as promising solutions in the direction towards
improved diagnosis of paediatric tuberculosis. The accuracy of a novel immunodiagnostic test the TAM-TB assay- to identify children with active tuberculosis has been evaluated in a proof-ofconcept study with 130 children in Tanzania. The assay uses the loss of CD27 expression on
Mycobacterium tuberculosis-specific CD4 T cells as a marker of active tuberculosis. Standardised
clinical case classifications based on microbiological and clinical findings served as a
comparator. The TAM-TB assay detected culture-confirmed cases with a sensitivity of 83% and a
specificity of 97%. Compared with Mycobacterium tuberculosis culture, the combination of Xpert
MTB/RIF and TAM-TB, two assays with a turnaround time of less than 24 h, had a sensitivity of
94%, missing only one culture-confirmed case. Furthermore, five of eight children who were
2
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culture-negative and TAM-TB assay positive had highly probable or probable tuberculosis. An
analysis of the five clinical cases suggested that they probably did have active tuberculosis,
suggesting that the TAM-TB assay is at least as sensitive as Mycobacterium tuberculosis culture.
However, the flow cytometry based assay is currently too complex for routine use.
Simplification, optimisation, miniaturisation, and broad clinical validation are necessary before
TAM-TB can become part of diagnostic algorithms in paediatric tuberculosis.
This doctoral thesis also analyses the four clinically evaluated diagnostic approaches in the
context of target product profiles for diagnostic needs of highest priority, as established by the
World Health Organisation and key stakeholders. Currently, none of the diagnostics fully
concurs with the requirements of the target product profiles. After further advancement,
CAD4TB holds the potential for triage testing. A more sensitive version of the Xpert assay could
become a smear-replacement test for the diagnosis of tuberculosis in children. A simpler and
faster version of the TAM-TB assay would have prospects of becoming a non-sputum-based
biomarker test.
In the last part of this doctoral thesis, accuracy studies are described in relation to current
diagnostic evaluation pathways as an overarching concept. Special emphasis has been put on the
important, but still underutilised studies on health impact and cost-effectiveness, which are
needed beyond accuracy assessment. Further improvement of the development and evaluation
of new diagnostic tests or strategies will bring the end of the global tuberculosis epidemic closer.
The results of this doctoral thesis improve our understanding of four diagnostic approaches and
the key components for effective diagnostic evaluation. The lessons learnt will help to inform
future clinical studies of new diagnostics for tuberculosis.
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1 Introduction
1.1 Background information
1.1.1

Short overview on tuberculosis biology and evolution

Human tuberculosis (TB) is a communicable infectious disease caused by genetically related
bacteria of the Mycobacterium tuberculosis complex (MTBC) [1]. The most frequent causative
agent of TB in human beings is Mycobacterium (M.) tuberculosis [2]. Besides, M. africanum is
causing almost half of the pulmonary TB cases in geographically restricted regions of Western
Africa [3]. Other members of the MTBC, described as animal-adapted (M. bovis, M. microti) or of
presumably environmental origin (M. canettii) [1,4] may cause sporadically TB in humans [5–9].
Among the latter three bacteria only M. bovis appears to be capable of spreading in a very small
proportion of cases through human-to-human transmission [10].
TB has plagued humans for ages. Likewise, MTBC and modern humans have been coevolving for
thousands of years [11]. The pathogen accompanied migrations of humans out of Africa and
subsequently reached other continents before returning to Africa again [12]. During Neolithic
Demographic Transition about 10,000 years ago, hunting was gradually replaced by farming and
human demographics changed dramatically, most likely triggered by the controlled use of fire
[13]. As a consequence, MTBC also expanded and evolved geographically together with its
human hosts [12,14]. Today, the seven human-adapted lineages of MTBC are distributed
worldwide. In accordance with the out-of-Africa hypothesis, only Africa harbours all of the seven
lineages [15].
Characteristically, TB is an airborne disease transmitted from human to human by fine droplets
produced during the pulmonary form of TB when coughing, sneezing or speaking [16]. These
droplet nuclei are up to 5 µm in size and contain as few as 1-3 bacilli [17]. The largest
respiratory droplets fall to the ground, but the smaller droplets can remain airborne for long
periods of time and are eventually inhaled by another person [18]. The quantity of aerosolised
M. tuberculosis is a reliable predictor of TB transmission, even better than established
microbiological approaches as

smear microscopy grade or culture [19].

TB can also be

transmitted through other ways such as drinking of raw, unpasteurized milk (in the case of M.
bovis) or congenital transmission [5,20].
In 90 to 95% of immunocompetent individuals, an infection with M. tuberculosis remains
contained due to host defence mechanisms, resulting in latent TB infection (LTBI), in which the
pathogen may stay in a quiescent state. For simplification purposes, LTBI is usually defined as an
absence of clinical signs and symptoms of active TB disease and concurrent evidence of
immunological response to mycobacterial proteins. However, LTBI does not refer to one defined

6
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condition but rather to a spectrum of gradually varying host responses and differently
replicating bacillary populations [21–24]. About 5% of immunocompetent individuals develop
directly active TB primary progressive TB ; Figure 1). The lifetime risk of progression from
LTBI to active TB is 5-10% with most individuals developing TB disease within the first five

years after initial infection [25]. The risk of progression is higher when factors, e.g. co-infection
with human immunodeficiency virus (HIV), diabetes mellitus, malnutrition, alcohol-related liver
disease, silicosis, end-stage renal disease, indoor air pollution, smoking or intake of
immunosuppressive medication (e.g. therapy with tumour necrosis factor (TNF)-α inhibitors) ,
perturb the immune system [23,24,26–28]. TB is most commonly characterised by necrotizing
granulomatous inflammation of the lung. However, the disease can virtually involve any, so
called extrapulmonary, site of the human body. Extrapulmonary TB constitutes between 15 and
50 per cent of all TB cases with a higher proportion in immunocompromised patients and in
children [29].
In up to 50% of cases, early infection by M. tuberculosis may be cleared. Early clearance,
presumably mediated by an effective innate immune response, leads to eradication of M.
tuberculosis even before the adaptive immune response develops [30]. In another small
proportion of cases, LTBI is probably cleared even several weeks after infection, described as
acute resolving infection [31].

Figure 1: M. tuberculosis infection: stages and outcomes [26].
1.1.2

Global TB epidemiology

TB has killed more people than any other infectious disease and is currently more prevalent in
the world than at any other time in history [32]. One-third of the global population is potentially
infected with M. tuberculosis. In 2015, the World Health Organization (WHO) estimated almost
7
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10.4 million new active TB cases (Figure2) and 1.8 million deaths, primarily in low- and middleincome countries [33]. Underreporting, mainly in the private sector, and underdiagnosis, mainly
in resource-poor settings, remain major problems leading to large detection and treatment gaps
[33].
Today, TB kills someone approximately every 20 seconds. Thus, TB has surpassed HIV as a
leading cause of death from an infectious disease worldwide. Both adults and children are
seriously affected by the global TB epidemic [27,34,35]. The risk of developing active TB
diseases after exposure differs by age; infants are at very high risk, the risk is less for children
between 2 and 10 years of age and rises to a lifelong, high plateau beginning between 20 and 30
years of age [36]. The true global burden of childhood TB is difficult to assess, because an
accurate reference standard for diagnosis is missing [37,38].
About 60% of all TB patients live in India, Indonesia, China, Nigeria, Pakistan or South Africa.
HIV/AIDS and TB co-epidemics negatively affect each other, particularly in Sub-Saharan Africa,
which is characterised by the most severe burden of active TB relative to population.
TB has become particularly dangerous to societies in Eastern Europe, Asia, and parts of Africa,
due to the emergence of resistant, multidrug resistant (MDR) and extensively drug resistant
(XDR) strains. MDR-TB is defined as resistance to at least rifampin and isoniazid and XDR-TB
describes resistance to rifampin and isoniazid plus resistance to any fluoroquinolone and to at
least one of three injectable second-line drugs (i.e., amikacin, kanamycin, or capreomycin) [39].
It is estimated that in 2015 approximately 480,000 MDR-TB and 100,000 rifampicin-resistant
cases occurred, of which 45% were found in India, China and the Russian Federation. Only about
20% of all MDR-TB were correctly detected and only about 50% of the detected cases were
successfully treated [33]. More than one out of every second country has reported at least one
XDR-TB case.

Figure 2: Estimated TB incidence rate worldwide, 2015 [33].
8
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1.1.3

Poverty and TB

TB is a disease of poverty. People in resource-constrained settings have to live and work under
difficult conditions. Overcrowding and poor ventilation, two catalysts of TB transmission,
increase the likelihood of infection in those settings. Further risk factors such as malnutrition or
inadequate diet, smoking, alcohol abuse prevail among the poorest. Limited health knowledge
and a lack of empowerment to act on improvement of health conditions contribute further to the
TB epidemic among the poor [40]. A global ecological analysis showed linear association
between per capita gross domestic product (GDP) and incidence of TB, i.e. doubling of GDP is
associated with almost 40% decrease in TB incidence [41]. Similarly, the country level human
development index correlates with trends of TB incidence over time [42]. In the second half of
the 19th and the first half of the 20th century, TB incidence decreased in high-income countries,
e.g. in Europe, primarily due to improved socioeconomic conditions, better housing and more
effective public health measures. Specific medical pharmacotherapies or the BCG vaccine
became available late and did not play the most important role in the reduction of TB incidence
[43–45].
TB also creates poverty. The economic impact of TB and treatment for patients and household
members is often immense. In Africa, the pre-diagnostic costs - incurring between the onset of
symptoms and the TB diagnosis- accounted in average for more than

% of patients annual

income [46]. Different household coping strategies are necessary to deal successfully with the
illness costs. However, particularly among the poor families these strategies are weak, e.g.
because very poor households are often excluded from community support mechanisms such
as friendship networks [47]. On country level, TB can have an enormous economic burden on
the economy. In Africa, the estimated total expected GDP loss attributable to deaths by TB is
50.4 billion USD, approximately 1.37% of the combined GDP of the 47 WHO African Region
countries [48].
1.1.4

Challenges in TB control

Since the WHO has declared TB a global emergency in 1993 [49] and the United Nations (UN)
has launched the Millennium Development Goals (MDGs) in 2001 [50], some remarkable
progress has been made in TB control. Globally, the TB mortality rate in 2015 was 47% lower
than in 1990, with almost the entire improvement taking place between 2000 and 2015.
Furthermore, diagnosis and treatment of TB saved 43 million lives, and the global cumulative TB
incidence dropped by 18% between 2000 and 2014 [51]. Although overall the MDG target of
halting and reversing the TB epidemic has been achieved in each of the six WHO regions and in
16 of the 22 high-burden countries, the global TB burden remains unacceptably high [51].
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The new UN Sustainable Development Goals which were adopted in September 2015 specifically
aim at ending the TB epidemic by

. This means that TB incidence and death rates should

be reduced by 80% and 90%, respectively [52]. Equally ambitious goals have been announced
by the End TB Strategy of the WHO: overall 90% reduction in incidence and 95% reduction in
mortality by 2035 [53].

Figure 3: Desired decline in global TB incidence rates to reach the 2035 targets; WHO
[53].
Similarly, the Stop TB Partnership Global Plan to End TB

-2020 has the ambition to reach

90% of all people who need TB treatment, including 90% in key populations such as HIVinfected individuals or mining communities and achieving 90% treatment success [54].

TB eradication instead of TB control within the scheduled time-frame appears to be unattainable
without major innovations in diagnostics, drugs, vaccines and prevention tools (Figure 3) [55–
59]. Moreover, until this bold target of TB elimination becomes reality a spectrum of
complementary measures are needed: health systems of the affected countries have to be
strengthened; poverty and inequality, two major determinates of TB, need to be effectively
reduced [60,61]; and all stakeholders in politics, health care, research and industry need to work
in synergy towards a common goal of ending TB [62,63]. In addition, there is a need for better
housing, transport and healthcare in fast growing urban conglomerations, where the majority of
TB transmission takes place [64].
In absence of an effective vaccine, at present, the key to TB control relies in early diagnosis
followed by effective therapy. A major challenge is the lack of cost-effective, widely available,
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point-of-care diagnostic TB tests for adults and children. The development and the evaluation of
such tests is on top of the research priority list [65]. Novel diagnostic TB tests should provide
fast and reliable information on detection and drug resistance of M. tuberculosis with high
sensitivity and specificity. This should lead to a reduction of patient and provider delays and
eventually to a decline of transmission, morbidity, and mortality [66–68]. In this context, a
mathematical decision-tree model predicted that

TB deaths can be annually prevented

if a rapid, 100% sensitive and 100% specific test is accessible for everyone in need [69].
1.1.5

Advancement and evaluation of novel diagnostic tools

Innovation in TB diagnostics technology holds the potential to advance the diagnostic landscape
and consequently, to improve detection and management of TB cases particularly in resourcepoor countries. Efforts to develop better TB diagnostics and to improve laboratory services were
triggered by the emergence of drug-resistant TB, particularly by the 2005 outbreak of XDR-TB in
Kwazulu Natal in South Africa [70]. In the same time, additional resources became available, e.g.
from US Agency for International Development USAID , the President s Emergency Plan for
AIDS Relief (PEPFAR), and UNITAID. Meanwhile, the Foundation for Innovative and New
Diagnostics (FIND) has a central role in development and improvement of new TB diagnostics.
Studies on the accuracy of laboratory tests, medical imaging, or information from patient history
or examinations have to be designed, conducted and analysed according to the following
standardized guiding principles. The TDR Diagnostics Evaluation Expert Panel (DEEP) defines
optimal design and conduct of diagnostic studies, with focus on operational aspects [71]. The
Quality Assessment of Diagnostic Accuracy Studies (QUADAS) provides a quality tool for
accuracy studies [72]. The Standards for Reporting of Diagnostic Accuracy (STARD) steering
committee [73,74] mainly aims to improve reporting. Those guidelines ensure that the
participants are correctly classified with regard to a certain target condition.
A target condition is usually an existing acute or chronic disease, the stage of the disease or the
response to treatment. In a clinical accuracy study, the medical test, also called index test, is
being compared to a reference standard to generate the main accuracy outcomes (sensitivity,
specificity, positive and negative predictive values). If the reference standard does not
accurately relate to the target disease (e.g. in the case of childhood TB or extrapulmonary TB), a
composite reference standard, a latent class analysis or panel diagnosis is used to avoid bias
[75,76]. The confidence intervals of these estimates are used to calculate the precision of the
measurements. A receiver operating characteristic (ROC) curve can be created to illustrate the
combination of sensitivity and specificity graphically for each possible test positivity cut-off. The
area under the ROC curve gives a picture on the overall accuracy of the medical test.
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The current theoretical concept for development and endorsement of TB diagnostics includes
smaller clinical evaluation trials preceding larger so called demonstration studies, which are
conducted at multiple sites to assess performance characteristics and early patient-important
outcomes (e.g. turnaround times of test results) [77]. Evidence from these studies is being
analysed and a group of experts gives recommendations to the WHO s Strategic and Technical
Advisory Group for Tuberculosis (STAG-TB) after a new diagnostic tool has been thoroughly

assessed through systematic reviews and meta-analyses based on GRADE (Grading of
Recommendations

Assessment,

Development,

and

Evaluation)

standards

[78–81].

Recommendation based on evidence is eventually supposed to support scale-up at country.
In order to make endorsement and scale-up more efficient and open for revisions, a two-step
process has been recently proposed starting with a technical recommendation, based on
accuracy data and some cost and feasibility data. After 2 years, wider programmatic
recommendations are supposed to follow with focus on patient-important outcomes, costeffectiveness and operational issues in routine use. The evidence of both components should be
critically appraised before complete scale-up [82]. Until now, WHO has not adopted the
proposed framework, presumably because the GRADE process, which is used organization-wide
within WHO as an evidence generating approach, is not suitable for the second step.

1.2 The diagnosis of TB
This chapter focuses on the diagnostic approaches, which were employed in the presented
studies. It does not cover the whole landscape of diagnostic tests, which is much broader and
displayed in Figure 4.
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Figure 4: Current pipeline of TB diagnostics; FIND [67].
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1.2.1

Smear Microscopy

In 1882, Robert Koch discovered that one specific micro-organism, which was named one year
later M. tuberculosis, causes TB in its different manifestations, for instance miliary disease,
caseous pneumonia, intestinal TB, or tuberculous lymphadenitis. On the evening of 24 March
1882, today s international World TB Day , Koch made his landmark declaration at the monthly
meeting of the Berlin Physiological Society. The lecture included more than 200 microscopic
preparations showing the presence of the rod-shaped bacteria [83–85]. The staining methods
were invented by Koch himself. At this occasion, microscopy was established as a key diagnostic
modality for the visualisation of mycobacteria, which remains commonly used until now [86].
After Koch s discovery, various scientists have developed several improvements and

modifications of the staining methods. Franz Ziehl and Friedrich Neelsen created a staining
method with carbolfuchsin which evolved from Koch s original alkaline methylene blue-based

method [87]. In a Ziehl-Neelsen stain, acid-fast bacilli appear as bright red rods. This method
requires heat fixation

hot staining

to facilitate penetration of the cell wall. A modified

method, published by Josef Kinyoun in 1915, is performed at room temperature after using
higher concentration of the carbolfuchsin in the primary stain

cold staining . In the 1937,

Hagemann described that acid-fast bacilli can also be identified through fluorescent dyes with an
affinity for mycolic acids in the cell wall of the mycobacterium, as for instance auramine or a
combination of auramine and rhodamine [56].
The inexpensive sputum smear microscopy is currently the most widely available method for
the diagnosis of pulmonary TB [89]. A positive smear requires 5,000-10,000 acid-fast bacilli per
μL sputum. Thus, microscopy after Ziehl-Neelsen staining detects pulmonary TB with a low
sensitivity: <70 per cent in immunocompetent and usually < 50% in HIV infected individuals.
Fluorescent microscopy, e.g. with auramine stains, is 10% more sensitive and allows due to the
lower magnification, faster processing. The specificity, however, is relatively high (<94100%)[90–94]. Apart from the bacterial load of the specimen, other factors such as proficiency
and skills of laboratory staff, staining and sputum concentration methods as well as availability
of reagents have an influence on the overall detection rate in a microscopy centre [95,96]. Selfevidently, smear microscopy cannot differentiate drug-susceptible from drug-resistant TB
strains.
1.2.2

Culture

Robert Koch also contributed profoundly to the use of culture as a diagnostic tool for TB. In
1901, Koch presented the first mycobacterial culture colonies on solid growth media in glass
tubes to the audience of the British Congress on Tuberculosis [97]. Since that time, culturing of
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M. tuberculosis is widely considered the gold standard for the diagnosis of TB disease.
Additionally, culture is essential for phenotypic drug-resistance testing [98].
Solid, egg-based media (e.g. Löwenstein-Jensen (LJ), Ogawa, and Stonebrink) and liquid media
(e.g. Middlebrook Bouillon, Kirchner) are used for culturing of mycobacteria. Liquid culture
methods, e.g. the BACTEC Mycobacterial Growth Indicator Tube (MGIT) 960 system, are more
sensitive than solid culture [99]. BACTEC MGIT 960 has a detection threshold of 1-10 colony
forming units (CFU)/ml [100]. Though, in case of paucibacillary samples a definite diagnosis can
often be made only after 6 or more weeks due to a long doubling time, which span between 16
and 69 hours [101]. The long incubation time pave the way for contamination with
environmental bacilli, which is more pronounced in liquid than in solid culture, due to the higher
nutrient concentration in liquid media [102]. Decontamination methods (e.g. NALC-NaOH or
modified Petroff s method and supplementation of antibiotics e.g. PANTA or PACT are applied
to destroy as many of the contaminating bacteria as possible while harming as few mycobacteria

as possible. Ideally, the methods are adjusted to laboratory and setting-specific requirements
[102]. Compared to microscopy, culture is complex, costly, labour intense and requires special
biosafety containment.
Despite those limitations, WHO recommended an endorsement and a phased implementation of
automated liquid culture systems and drug susceptibility testing (DST) in low- and mediumincome countries after reviewing performance data and results from demonstration studies on
liquid culture systems [103]. A systematic assessment of a broader role-out of liquid culture
system is still pending, but significant constraints and limited impact have been already
reported from remote and resource-limited settings [104].
1.2.3

Chest radiography

Conventional and digital chest x-ray. Since the beginning of the twentieth century,
conventional, film-based chest radiography has been an essential component of diagnostic
algorithms for pulmonary TB in low and high burden settings [105,106]. The introduction of
digital radiography has further extended the use of diagnostic imaging -at least in industrialized
countries- because handling became easier, the exposure decreased, and high-quality digital
images were now readily available and could be stored or transferred electronically.
Furthermore, better hardware and advanced processing methods have improved the standards
for image analysis [107]. Usually, digital x-ray units are relatively expensive and require
specifically trained staff. Thus, innovative, less costly digital radiology solutions for low- and
middle-income might make radiology globally available [108].
Chest x-ray is primarily used for the diagnosis of smear-negative pulmonary TB patients or for
screening (triage test) before molecular testing (Xpert MTB/RIF), as a survey in the 22 countries
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with highest burden of TB recently showed [109]. Chest radiography meets the requirement for
a screening or triage due to its high sensitivity. TB related abnormalities can be identified in the
radiograph in about 87-94% of pulmonary TB patients, any abnormality can be detected with a
sensitivity of 94-98% [110,111]. However, chest x-ray should not be used as a final or standalone confirmatory approach, because of the modest specificity of around 73-75% for any
abnormality and approximately 89% for abnormalities suggestive of TB [110–113]. Chest x-ray
seems to be of little benefit for the detection smear-negative, culture-confirmed TB in HIV
infected patients [114]. Moreover, the reproducibility of chest x-ray results is impeded by high
levels of inter- and intra-reader variability [115–117]. In many high burden countries, the
reading of x-rays is left to non-experts, because the numbers of radiologists in public services
are very low [118].
Automated chest x-ray. Innovative software, such as CAD4TB from the Diagnostic Image
Analysis Group at Radboud University Nijmegen, has been developed to overcome current
operational obstacles by providing a reproducible and standardized way of analysing and
reporting chest x-rays. The software determines whether a chest radiography shows evidence of
pulmonary TB using a numerical probability score generated within one minute [119,120].
CAD4TB employs a detection system for the different textural, shape and focal abnormalities in
pulmonary TB and transforms those into one score. The process is either based on a supervised
learning approach that relies on large training databases, usually associated with timeconsuming lesion annotation process, or with a multiple-instance learning process, which
requires less supervision and has better adaptation capabilities for image processing by
different devices [119]. CAD4TB has been developed according to industry standards and is able
to process radiographs from different types of digital equipment by standardizing the images
before processing [121].
1.2.4

Xpert MTB/RIF

In 2010, the WHO convened an Expert Group on the use of the within-cartridge PCR-based assay
Xpert MTB/RIF using the GeneXpert Instrument System (Cepheid Inc., Sunnyvale, CA, USA).
Policy recommendation were issued in early 2011 and the assay has been labelled as a groundbreaking diagnostic device [122,123]. After policy updates WHO currently recommends Xpert
MTB/RIF as a first diagnostic test in adults and children suspected of having MDR-TB or
HIV-associated TB (strong recommendation). The assay Xpert MTB/RIF may be used as the
initial diagnostic test in all adults or children suspected of having TB (conditional
recommendation acknowledging resource implications). Furthermore, the test should be used as
the initial diagnostic test for cerebrospinal fluid specimens from patients suspected of having TB
meningitis and may be used as a replacement test for usual practice for testing specific non-
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respiratory specimens (e.g. lymph nodes) from patients suspected of having extrapulmonary TB
[124].
Xpert MTB/RIF makes use of the molecular beacon technology [125] to identify DNA sequences
amplified in a hemi-nested real time-PCR to detect the presence of MTBC and simultaneously of
rifampin resistance in clinical specimens in less than two hours. Five overlapping nucleic acid
hybridization probes, labelled with coloured fluorophores, are used for binding to an 81-bp core
region, the so called rifampicin-resistance determining region, of the wild-type rpoB gene
[126,127]. More than 95% of mutations associated with rifampin resistance are found in this
region [128]. The molecular beacons hybridize only correctly with amplified wild-type rpoB
gene sequences. M. tuberculosis is detected when fluorophores of two or more rpoB-specific
molecular beacons give a signal with cycle threshold (CT) values that are less than 39 and when
the CT values are in the same range (±2) [129]. As a central outcome of analytic performance
studies the limit of detection (LOD) was determined at 131 CFU/ml (95% CI 106–176) in spiked
sputum samples [126]. In comparison, culture has a LOD of 10-50 CFU/ml and smear
microscopy only of ~

CFU/ml [130]. Due to a tuberculocidal sample treatment reagent

and the closed cartridge system, Xpert MTB/RIF decreases the risk of infectious-aerosol
formation compared to sputum smear preparation, which is a prerequisite for a near patient use
in absence of biocontainment facilities [131].
Numerous evaluation studies generated evidence on the diagnostic accuracy of Xpert MTB/RIF.
In adults, Xpert MTB/RIF has a pooled sensitivity of 89% and a specificity of 99% for pulmonary
TB diagnosis compared to culture as reference standard [132]. In children, the pooled
sensitivities and specificities of Xpert MTB/RIF for tuberculosis detection were 62% and 98%,
respectively, with use of expectorated or induced sputum samples and 66%

and 98% ,

respectively, with use of samples from gastric lavage [133]. As an aside: Xpert MTB/RIF has
shown in two studies sensitivities of 80% and 58%, and specificities of 93.8% and 93% for the
diagnosis of lymph node TB in children against combined reference standards [134,135]. The
value of Xpert MTB/RIF for diagnosing paediatric TB in blood is very limited [136].
The fact that Xpert MTB/RIF cannot differentiate between live and dead mycobacteria is
disqualifying the assay for treatment monitoring [137]. The instrument has only limited pointof-care capability because it requires constant electricity supply, controlled temperatures and
protection from dust, heat and humidity [138]. Moreover, results from accuracy studies do
usually not include test failures, because the analysis relies on a valid index and reference tests.
Studies from routine implementation, however, report an overall test failure of 7.2% and 10.6%,
respectively and a need for frequent replacement of modules [139,140].
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The GeneXpert technology has paved the way for next-generation test, which are more sensitive
(Xpert MTB/RIF Ultra) and can be used as real point-of-care under challenging conditions
(GeneXpert Omni).
1.2.5

Immune assays

Principles of TB immunology. The protective response against M. tuberculosis involves a
multidimensional network of innate and adaptive immune responses. After entering the lung, M.
tuberculosis bacilli reach the alveolar space and are ingested by alveolar macrophages.
Subsequently, after one week, the bacilli are released and phagocytised by dendritic cells,
neutrophils, interstitial and blood monocytes, as part of early innate immune response [141].
After phagocytosis the mycobacteria survive intracellularly by blockage of phagolysosomal
fusion, spread to other cells, and inhibit apoptosis of the host cell [142]. It is assumed that those
mechanisms lead to a delayed adaptive immune response, which is usually initiated several
weeks after infection. After ingestion of the M. tuberculosis, the dendritic cells transport the
pathogen to local lymph nodes to present the pathogen to naïve CD4+ and CD8+ T-cells in order
to prime a T-helper-1 (Th1) type response [143,144]. The activated, naive CD4+ T-cells have a Tcell receptor that can recognize the antigens presented by class II molecules of the major
histocompatibility complex at the surface of the dendritic cell [145]. The cellular interaction
triggers the expansion of the antigen-experienced CD4+ T-cell to produce clones of effector cells
capable to rapidly migrate via the blood stream to the site of infection and release cytokines
[146]. The Th1 cell-mediated release of the cytokines interferon gamma (IFN-γ and TNF-α is

essential for activation of macrophages, formation of granuloma and the containment of M.
tuberculosis [147,148]. Interleukin (IL)-12 serves as a key cytokine of the Th1 response by
favouring the production of IFN-γ. However, a broad and diverse cytokine profile is necessary to

sufficiently confer protection against TB [149]. Moreover, growing evidence suggests that a
Th1/Th2 [150], as well as a Th1/TH 17 [151] balance is critical to protecting against M.
tuberculosis by controlling the progression to active disease. In line with this notion, IL-17 and
IFN-γ expression in Th1/Th17 lymphocytes correlates with the severity of the TB disease [152].
If antigens are cleared, the majority of T-cell effector cells will undergo apoptosis. Yet, subsets of
memory CD4+ T-cells will remain for future response [153]. If the exposure to antigens persists
or reappears, memory CD4+ T-cells will be quickly stimulated to proliferate and mediate effector
cell functions. Consequently, only a small proportion of memory T-cells but a large proportion of
effector T-cells circulates in the blood of patients with high antigen load during acute TB disease
[146,154]. Effector and memory CD4+ T-cells can be differentiated by flow cytometry through
the differential expression of activation as CD27, CD38, and HLA-DR or proliferation biomarkers
as KI-67, which can be used for the distinction between LTBI and active TB diseases [146,155].
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In the course of infection, a granuloma, referred to as tubercle, is usually formed with to contain
the bacilli and may pass through different stages (solid, necrotic, caseous, fibrotic caseous)
[156]. Typically, granuloma are composed of CD4+ and CD8+ T-cells, B-lymphocytes,
macrophages, epitheloid cells, Langhans giant cells, which are mainly harbouring the
mycobacteria. The necrotic centre of the granuloma has low oxygen concentrations and offers,
therefore, a hostile environment for the bacteria [157]. A fibrotic wall with lymphoid follicular
structures forms the external layer of the granuloma. The granuloma can persist for many years
containing the mycobacteria in a dormant state. However, failure to contain the infection can
result in discharge of pathogens with active clinical disease and transmission [158].
Interferon-gamma release assays. Conventional TB immunoassays, so called Interferongamma release assays (IGRAs), measure the IFN- release of T-cells following stimulation by
antigens specific to the MTBC, i.e. secreted antigenic target 6 (ESAT-6), culture filtrate protein 10
(CFP-10) and TB7.7(P4). The specificity of this kind of immunodiagnostic tools, such as the
commercialized IGRAs QuantiFERON®-TB Gold-Test and T-SPOT.TB assays,

for active TB

disease is greatly compromised by pre-existing immunity [159]. Many individuals may have
been previously exposed to M. tuberculosis but did not progress towards active TB disease. Preexposed asymptomatic individuals may either have successfully cleared the infection or
controlled the infection and remained latently infected with non-replicating mycobacteria. In
both cases, pre-exposure lead to the formation of a memory immune response that will lead to
positive IGRA results in the absence of disease. Consequently, IGRAs indicate a sensitization to
M. tuberculosis and cannot differentiate between asymptomatic exposure or latent and active

TB in children or adults [160]. As a consequence, WHO does not recommend the use of IGRAs
for the diagnosis of TB or the diagnostic work-up of presumptive TB patients (including HIVpositive individuals) in low- and middle-income countries [161].
T-cell activation marker assays. Specific biomarker signatures are needed to discriminate
immune memory due to asymptomatic infection, not requiring treatment, from responses
elicited by an active disease. In the context of active TB disease the bacterial load is constantly
stimulating the immune system. As a consequence the proportion of effector T-cells in
comparison to memory T-cells is substantially increased during active TB disease. This
phenomenon has been confirmed independently in clinical studies performed in adults looking
at different phenotypic T-cell biomarkers such as CD38, HLA-DR, KI-67 or CD27 [162–165]. The
diagnostic phenotypic biomarkers are, in contrast to IFN- per se, specifically up- or downregulated during active TB disease but not during latent infection [165]. This results in a high
discriminatory power in identifying latent and active TB and in an unprecedented diagnostic
accuracy of the so called the T-cell activation marker (TAM-TB) assay. The TAM-TB assay
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measures the CD27 phenotype -a cell surface protein- of CD4 T-cells producing IFN-γ in
response to M. tuberculosis antigens by a standard intracellular cytokine staining procedure.
1.2.6

Detection of volatile organic compounds

VOC detection assays. The detection of unstable low molecular weight metabolites, so called
volatile organic compounds (VOC), appears to be an attractive diagnostic strategy for the
detection of many diseases including TB [166]. Pathological processes seem to influence the
characteristics of VOC emitted from an organism or specimen, creating a specific signature
odour [167]. The electronic nose (E-nose) is capable of recognizing simple as well as complex
odours and mimics the unique biological olfactory system and comprises an array of electronic
chemical sensors with a pattern recognition system [168]. The system produces a distinctive
classification based on the mixture of volatile organic compounds of fluids or organisms
detected in the headspace gas. The current versions of the electronic nose, however, cannot yet
adequately differentiate TB and non-TB sputum or breath samples at diagnostic levels, when
applied in clinical cohorts [169,170]. The recent identification of individual volatile biomarkers
specific for active pulmonary TB by gas chromatography/mass spectroscopy [171,172] hold
promise for the development of a simple point-of-care breath test without the requirement for
specialized laboratory resources. The first breath test for VOCs exhaled in picomolar
concentrations provides results within six minute with a sensitivity of 71.2%, and a specificity of
72% [173].
VOC detection by animals. Not only diagnostic instruments but also animals can reliably
identify the smell-print of different diseases [174]. For example, trained rats are at least as
sensitive as the conventional Ziehl-Neelsen stain for detecting M. tuberculosis in sputum;
moreover, they are able to process over 40 times more samples per day than a lab clinician
[175]. TB detection rats are trained for so-called remote scent tracing after operant
conditioning. Rats are placed in a chamber with 10 holes. Containers with sputum are put below
the holes, which are open and closed by a sliding lid. In brief, trained rats smell the headspace
vapour of sputum samples and give an indicator response in case the specimen contains M.
tuberculosis [176].
1.2.7

Symptom-based diagnosis and case definition in children

TB can affect essentially all organs. Thus, the spectrum of symptoms is broad and often
unspecific. Active pulmonary TB in adults, for example, is characterised by some or all of the
following symptoms: cough, haematemesis, loss of appetite, weight loss, fever, and night sweats.
In children cough, weight loss or failure to thrive, fever, and lethargy or reduced playfulness are
leading symptoms for intrathoratic TB.
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In absence of accurate and affordable diagnostics, physicians frequently use symptom-based
approaches for TB diagnosis and case definition, particularly for children in absence of a
practical reference standard [177–179]. However, TB among children cannot be accurately
diagnosed because clinical features and microbiological tests -alone or combined- do not
precisely predict true active TB disease [38]. A small proportion of children can even have a
confirmed, transient M. tuberculosis bacteraemia following primary infection without developing
an active TB disease [180].
Clinical case definitions for the classification of pulmonary TB in children have been developed
based on consensus between experts in paediatric TB. Currently, this classification is the best
option for TB diagnosis and reporting of TB diagnostic evaluations in children. It includes
microbiological, radiological and immunological evidence but also criteria describing clinical
signs or symptoms suggestive of tuberculosis, exposure to TB and treatment response [38].
However, those case definitions are potentially biased by subjective options and can only be an
estimation of the disease status.
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1.3 Study aims
This doctoral thesis investigates four different diagnostic modalities for the diagnosis of TB. Two
clinical accuracy studies were conducted among adult presumptive pulmonary TB cases. The
other two accuracy studies focused on children suspected of having pulmonary TB or pulmonary
and extrapulmonary TB, respectively. Each accuracy study used microbiologically well-defined
reference standards and additional patient classifications based on clinical and radiological
findings.
Manuscript 1: The first study had the aim to assess the diagnostic performances of giant African
pouched rats in detecting M. tuberculosis from sputum samples of adult presumptive TB
patients recruited in rural Tanzania in a per patient and per sample analysis. One objective was
to define the optimal threshold for the number of detection rats and analyse the diagnostic
performance for different patient sub-groups. In addition, the interference with non-tuberculous
mycobacteria has been investigated.
Manuscript 2: The second study analysed the diagnostic accuracy of the of the chest x-ray
reading software CAD4TB for the diagnosis of pulmonary TB among symptomatic adults
presenting at a rural health care and research facility in Tanzania. The performance analysis of
the software included patient subgroups, e.g. with regard to sputum smear and HIV infection
status, and compared to human readers with different proficiency in radiology.
Manuscript 3: The third study examined in an East-African multi-centre trial the diagnostic
capability of Xpert MTB/RIF to diagnose pulmonary TB in children from Tanzania and Uganda.
The performance characteristics of Xpert MTB/RIF were compared to smear microscopy and
smear culture including an analysis of the time to detection and detection rate.
Manuscript 4: The fourth evaluation was a proof-of-concept study to assess the diagnostic
performance of the TAM-TB assay to identify children with active TB in two research centres in
Tanzania. The findings were compared to those of Xpert MTB/RIF and culture. The study also
comprised a cases series detailing clinical characteristics of children with discrepant culture and
TAM-TB assay results.
Apart from the evaluation of the diagnostic performance of the four diagnostic tests, the thesis
will also provide an analysis of the findings in the context of newly developed target product
profiles for TB diagnostic by the WHO. This is followed by a critical reflection on the significance
and limitations of diagnostic accuracy studies and a general discussion on the need of a coherent
concept for the evaluation of TB diagnostics, spanning the whole spectrum of analytical
assessments, diagnostic accuracy studies, and evaluations of health impact and costeffectiveness analyses.
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2.1.1

Abstract

Background:
This study established evidence about the diagnostic performance of trained giant African pouched
rats for detecting Mycobacterium tuberculosis in sputum of well-characterised patients with
presumptive tuberculosis (TB) in a high-burden setting.
Methods:
The TB detection rats were evaluated using sputum samples of patients with presumptive TB enrolled
in two prospective cohort studies in Bagamoyo, Tanzania. The patients were characterised by sputum
smear microscopy and culture, including subsequent antigen or molecular confirmation of
Mycobacterium tuberculosis, and by clinical data at enrolment and for at least 5-months of follow-up to
determine the reference standard. Seven trained giant African pouched rats were used for the
detection of TB in the sputum samples after shipment to the APOPO project in Morogoro, Tanzania.
Results:
Of 469 eligible patients, 109 (23.2%) were culture-positive for Mycobacterium tuberculosis and 128
(27.3%) were non-TB controls with sustained recovery after 5 months without anti-TB treatment. The
HIV prevalence was 46%. The area under the receiver operating characteristic curve of the seven
rats for the detection of culture-positive pulmonary tuberculosis was 0.72 (95% CI 0.66-0.78). An
optimal threshold could be defined at

indications by rats in either sample with a

corresponding sensitivity of 56.9% (95% CI 47.0-66.3), specificity of 80.5% (95% CI 72.5-86.9),
positive and negative predictive value of 71.3% (95% CI 60.6-80.5) and 68.7% (95% CI 60.676.0), and an accuracy for TB diagnosis of 69.6%. The diagnostic performance was negatively
influenced by low burden of bacilli, and independent of the HIV status.
Conclusion:
Giant African pouched rats have potential for detection of tuberculosis in sputum samples.
However, the diagnostic performance characteristics of TB detection rats do not currently meet
the requirements for high-priority, rapid sputum-based TB diagnostics as defined by the World
Health Organization.
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Introduction

Tuberculosis TB is the world s second deadliest infectious disease, which killed 1.5 million people in

2013 - approximately one person every 25 seconds [181]. A key priority for TB control is the accurate
and early diagnosis in persons with active and potentially infectious TB to enable timely treatment that
both cures patients and decreases transmission risk. The development of novel, accurate, robust, and
rapid diagnostic capabilities will result in improved case detection, disease surveillance, healthcare
delivery, and quality of future research.
The superior olfactory characteristics of animals have been formerly used for diagnosis of a variety of
diseases. Trained dogs are capable of identifying pulmonary carcinoma in breath samples [182] or
intestinal infections in stool samples [183]. Rats have a highly developed sense of smell. The number
of functional olfactory receptor genes is about 3 times larger in rats than in humans [184]. Previous
investigations suggest that trained giant African pouched rats (Cricetomys gambianus) are able to
detect and indicate the presence of Mycobacterium tuberculosis (M.tb) in sputum samples giant African
pouched [176,185–190]. The rats presumably detect a combination of volatile organic compounds

specific to M. tuberculosis, rather than a single molecule [12]. Consequently, TB detection rats have the
potential to become an alternative or a supplement to sputum smear microscopy which is
characterised by low sensitivity although being the only widely used TB diagnostic in resource-limited
settings [92].
Previous studies on TB detection rats provided proof of concept for the test [176] and showed its
value as a tool for rescreening of samples from microscopy centres (second-line screening) by
increasing TB case detection after microscopy by 31.4%, 44%, and 42.8% in 2008, 2009, and 2010,
respectively [190]. In those studies the TB detection rats performance was assessed against smear
microscopy as the reference standard. A recent study has compared the accuracy of 10 rats in 910

sputum samples with the correspondent outcome from culture on solid media and subsequent
multiplex polymerase chain reaction for species differentiation. The per-patient analysis showed that
the mean sensitivity of the 10 rats used in this experiment was 70.5%, while the mean specificity was
80.5% [189].
However, the diagnostic potential of TB detection rats in respiratory specimen has been so far only
evaluated in sputum previously evaluated in Direct Observation Treatment Short-Course (DOTS)
centres accompanied by no or scarce clinical data, no follow up information, and without blinding of
the involved investigators. For that reason, we have conducted the first prospective evaluation study
on giant African pouched rats to detect TB in adult patients with symptoms of pulmonary tuberculosis
which includes both comprehensive clinical and microbiological data. Rigorous evidence-based
evaluation of diagnostic tests is essential prior to any clinical practice to avoid unwanted clinical
25

Improving the diagnosis of tuberculosis – clinical evaluation of four new diagnostics

consequences due to misleading results of test accuracy and to limit healthcare costs by preventing
unnecessary testing or avoidable follow-up investigations [191,192].
2.1.2

Methods

Study population. Individuals with signs and symptoms suggestive of pulmonary TB were
prospectively recruited in two cohort studies (TB Cohort and TB CHILD), and followed up for at
least 5 months. The recruitment took place at the Ifakara Health Institute, Bagamoyo, United
Republic of Tanzania, between the 22nd of September 2010 and 8th of March 2012. Bagamoyo, a
coastal town of 35,000 inhabitants, is located approximately

km north of Tanzania s largest

city Dar es Salaam. Tanzania is one of the 22 high-burden countries with 295 prevalent
bacteriological confirmed pulmonary TB cases per 100,000 [193] and 37% HIV infection in
patients with TB [181].
Patients were eligible for the study if they presented with persistent cough of two weeks or
more and at least one of the following TB associated findings: haemoptysis, chest pain, fever,
night sweats, constant fatigue, recent unexplained weight loss, loss of appetite, malaise, or
contact with a known TB case. Patients who received anti-TB treatment during the past year,
were severely sick from TB or another disease, or did not reside within the study area were
excluded from the study.
A minimum necessary sample size of 403 presumptive TB patients was calculated for the
diagnostic study [194], assuming a prevalence of disease of 20%, an expected sensitivity and
specificity of 70% and 80%, respectively, and a target accuracy of ±5% (i.e. confidence interval
width of 10%) plus a type I error probability of less than 5%.
Classification of patients. The participants were categorised into six groups based on clinical
and microbiological assessments, as shown in Table 1. The allocation to the groups was not
mutually exclusive, e.g. due to mixed infection of M.tb and non-tuberculous mycobacteria (NTM).
For the purpose of this analysis, the classification into group A, B, D, or G supersedes
classification to group C.
Study procedures and laboratory methods. Clinical procedures at enrolment comprised
medical history, physical examination, voluntary HIV counselling and testing, and chest
radiography. Chest radiographs were interpreted by a trained radiographer for immediate
patient management.
Two sputum samples, one spot and one early morning, were routinely collected and used for
acid-fast bacilli smear, culture examination, and TB detection by giant African pouched rats.
Following NALC-NaOH decontamination, each sputum sample pellet was subjected to
microscopy after Ziehl-Neelsen staining. Sputum smear were graded according to the
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concentration of the bacilli [195]. Each sample was inoculated on both liquid (BACTEC MGIT
960, Becton Dickinson, USA) and solid Löwenstein-Jensen (LJ) culture media. Positive cultures
were confirmed by microscopy for acid-fast bacilli and for the presence of M. tuberculosis by
MPT64 antigen and/or molecular tests (Genotype MTBC, CM, or MTBDRplus, Hain Lifescience,
Germany). Genotype CM or AS (Hain Lifescience, Germany) were used for detection of NTM.
GenoType MTBDRplus or phenotypic drug-susceptibility testing (BACTEC MGIT 960 SIRE kit,
Becton Dickinson, USA) was employed for resistance testing. All tests were performed blinded to
clinical or radiological information by qualified laboratory technical personnel according to
Good Clinical Laboratory Practice. Results from established diagnostic procedures were made
available to support clinical management according to national and international guidelines.
If the volume of the specimen was appropriate

ml , an aliquot of ml was collected from

each unprocessed sputum samples in sterile cryovials before decontamination. The cryovials

were stored within 4 hours at minus 20°C. The specimens were transferred under controlled
temperature in one shipment to the APOPO laboratory in Morogoro, United Republic of
Tanzania. After thawing, a sterile phosphate buffered saline was added and subsequent heat
inactivation (90°C water bath for 30 min) was performed prior to detection by the giant African
pouched rats.
TB rats - training and detection sessions. Seven giant African pouched rats were used in
succession for the detection of TB in the sputum samples. The animals had been trained prior to
this study using operant conditioning to pause for at least 5 seconds over TB-positive samples
(indicator response) and have passed an internal accreditation process under blind conditions.
Training methods, standardisation of performance, quality control and experimental setup have
been detailed before [176,186,196].
Prior to the detection sessions, training sessions with 196 sputum samples of known
classification from the Ifakara Health Institute cohorts were carried out to allow adaptation to
potential influence by factors specific to the site and the materials used (e.g. sputum collection
container).
In the detection sessions, the personnel involved in the experiment at the APOPO laboratory
were blind to the clinical, radiological, and mycobacteriological information related to the
sputum samples. The samples (one or two per patient) were presented in detection sessions
among samples that were being evaluated for routine second-line screening operations between
10th July and 28th August 2012.
Statistical analysis and reference standard. In the main per-patient analysis, a TB-positive
test result was defined as a positive indication by at least one rat of at least one sample of the
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patient. In this analysis, diagnostic test performance (sensitivity, specificity, predictive values
and likelihood ratios) was calculated only in the groups with defined TB status (reference
standard): group A (s+/c+ M.tb), group B (s-/c+ M.tb), and group F (controls). The performance
has been analysed individually for each of the rats. Additionally, the performance of all 7 rats
combined was analysed using the sum of the number of rats indicating a TB-positive test result
(range 0 to 7) to determine the best threshold; e.g. a patient was considered test-positive if two
or more rats indicated either of the samples of the patient as positive. Moreover, the diagnostic
test performance was also assessed in a per-sample analysis. In this analysis the reference
standard was defined as presence or absence of M.tb culture-positivity in the corresponding
culture sample.
Receiver operating characteristic (ROC) curves and the areas under the curve (AUC) were
calculated. Proportions were compared using logistic regression models and chi-square test. The
statistical analysis was performed using Stata v13 (Stata Corp., College Station, TX, USA).
The presented diagnostic evaluation study followed guidelines of the TDR Diagnostics
Evaluation Expert Panel (DEEP) and The Standards for Reporting of Diagnostic Accuracy
(STARD) steering committee for assessing the test performance and operational features of
diagnostics for infectious diseases in the respective target population [197,198].
Ethical considerations. The study protocol and the consent procedure were approved by the
Institutional Review Board of the Ifakara Health Institute and the Medical Research Coordinating
Committee of Tanzania. Written informed consent was obtained from a literate patient. In case
of illiteracy, informed oral consent was attested by an independent witness in accordance with
Good Clinical Practice (GCP) guidelines [199]. In both cases, the informed consent was
documented on a paper-based, dated, signed and/or thumb-printed consent form. The study
was conducted in accordance with the Helsinki Declaration [200] and GCP guidelines [199].
2.1.3

Results

A total of 480 individuals with symptoms suggestive of TB were enrolled; six children and
adolescents of less than 15 years of age, one patient who was classified as having exclusively
extrapulmonary TB and four patients without rat results were excluded from analysis. The 469
eligible study participants were assigned to the classification groups as displayed in Table 2.
About half of the participants were female (49%) and the overall HIV-prevalence was 46%. The
proportion of HIV-infected participants was statistically significant higher in group B (s-/c+
M.tb) compared to all other groups (chi-square 22.21, p<0.001). Details on patient
characteristics and symptoms at recruitment are shown in Table 2.
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M.tb: per patient analysis. The analysis of the combined diagnostic capability showed that
sensitivity decreased with increasing threshold indication by

to

rats and, as an opposing

trend, specificity increased. At the lowest and highest thresholds, sensitivities and specificities

amounted to 71.6% (95% CI 62.1-79.8), 59.4 (95% CI 50.3-68.0) and 18.4% (95% CI 11.6-26.9),
97.7% (95% CI 93.3-99.5), respectively (Table 3).
In the ROC calculation, the optimal diagnostic threshold (minimal square of distance between
the upper left hand corner of ROC and any point on the ROC curve could be defined as

indications by rats. Fig 5 shows the STARD flow diagram for this optimal threshold. The area
under the ROC curve, which determines the inherent validity of the diagnostic approach, was
0.72 (95 CI% 0.66-0.78) for the detection of M.tb culture-positive individuals (Fig 6). For the
optimal threshold, this translates to a sensitivity of 56.9% (95% CI 47.0-66.3), specificity of
80.5% (95% CI 72.5-86.9), positive (PPV) and negative predictive value (NPV) of 71.3% (95% CI
60.6-80.5) and 68.7% (95% CI 60.6-76.0), and an accuracy for TB diagnosis of 69.6%.
The area under the ROC curve differed statistically significant for detection of smear-positive
(p=0.016), M.tb culture-positive individuals and smear-negative, M.tb culture-positive
individuals (0.78 vs. 0.56; Fig 7). For the optimal threshold, this translates to a sensitivities of
65.0% (95% CI 53.5-75.3) and 34.5% (95% CI 17.9-54.3) and specificities of 80.5% (95% CI
72.5-86.9) and 80.5% (95% CI 72.5-86.9) for the detection of smear-positive and smearnegative TB, respectively.
One sputum sample was collected from 122 (26%) patients and two samples were obtained
from 347 (74%) patients. All available samples were tested by TB detection rats. The area under
the ROC curve (graph not shown) did not differ if the rats tested only the first or both available
samples (0.74 vs. 0.76).
There was no statistically significant difference in the performance of TB detection rats
comparing the area under the ROC curves stratified by HIV status for group A (s+/c+ M.tb) and B
(s-/c+ M.tb) and group F (control) as reference standards (chi-square 0.3466, p-value= 0.557).
Association analyses were performed under the assumption that

indications by rats

represent the optimal threshold for TB detection. No statistically significant association was
found between TB detection by rats and age, TB history, or having a cough, hemoptysis,
sweating, or weight loss at recruitment. Having a fever at the time of recruitment was
significantly associated with TB detection by rats (p=0.003).
The diagnostic performance differed considerably between the individual rats, e.g. a statistically
significant higher sensitivity was achieved by rat no.6 (57.8%; 95% CI 48.0%-67.2%) compared
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to rats no.2 and no.7 (31.2%; 95% CI 22.7%-40.8%). The specificity for six of the seven rats was
above 80% (Table 3).
M.tb: per sample analysis. In a per-sample analysis (n=819), using presence or absence of M.tb
growth in the culture of the same sample as reference standard, the indicators of test
performance, in particular the sensitivity, were overall poor. Depending on the threshold, the
sensitivity ranged from 45.8% (95% CI 40.3-51.4) to 5.9% (95% CI 3.6-9.0) and specificity from
73.8 (95% CI 69.7-77.7) to 99.0 (95% CI 97.6-99.7). The area under the ROC curve for the persample analysis was 0.61.
A per-sample sub-analysis in group A (s+/c+ M.tb; n=134) showed a statistically significant
association between grading of sputum smear and TB detection by rats with higher AFB results
having more TB detection (chi-square 17.31, p=0.002).
NTM: sub-analysis
Group C (s ±/c+ NTM) encompassed patients with exclusively NTM in the sputum sample
irrespective of a potential clinical relevance. In this group, 21 of 84 patients (25%) had a
positive rat result at least one sample with

indications . The per-sample analysis exhibited

that 19.6% of the samples with concurrent identification of one or more NTM were rat-positive
using the threshold of

indications. The proportion of rat-positive samples in the samples with

the identified NTMs is displayed in Table 4.
2.1.4

Discussion

Giant African pouched rats can detect M. tuberculosis in clinical sputum samples with a fair
sensitivity (56.9%) and moderate specificity (80.5%) compared to culture as reference standard
if an indicator response from two or more out of seven rats is treated as a positive diagnostic
indicator.
This is the first evaluation of the diagnostic performance of TB detection rats which includes
microbiological investigations with liquid and solid culture, subsequent differentiation of species,
combined with a comprehensive clinical data set from each patient. Solid culture (LJ) has been
used as reference standard in previous studies on TB detection rats either without [176] or with
identification by subsequent multiplex real-time PCR [175,189]. However, detailed clinical data
were not available in any of those studies. Dissimilarities in study design impede the direct
comparison between the presented and former studies. In one study with culture and multiplex
PCR using 10 instead of 7 rats [189], the per-patient sensitivity was higher (81.9% vs. 56.9%)
and the specificity was lower

. % vs.

. % at a diagnostic threshold of

indications. The

difference in diagnostic accuracy at the defined threshold is most probably influenced by the
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different total number of rats used, resulting in a trade-off in sensitivity and a gain of specificity
at the threshold of

in the presented compared to the previous study.

The presented data suggest that the performance of the TB detection rats depends on the
bacterial load in sputum samples. TB was detected with a higher sensitivity in smear positive
compared to smear negative, culture-positive TB patients. Moreover, the detection was
significantly better in sputum samples with higher microscopy grade, a surrogate for high
concentration of bacilli. In general, the diagnostic performance was equally good if only one or
two samples were used for detection.
Interestingly, the sensitivity and specificity for detecting TB did not differ significantly between
HIV-infected and HIV-uninfected patients, although in general sputa of HIV-infected patients
have a lower burden of TB bacilli [201,202]. Further HIV-related differences in symbiotic or
pathogenic respiratory and oral microorganisms [203–205] with different bouquets of volatiles,
seem to have no impact on diagnostic performance of the giant African pouched rats.
The seven rats did not perform with the same diagnostic accuracy: specificity and particularly
sensitivity varied considerably between the individual rats. The findings contrast those of
preceding studies [176,185] which report consistent performance characteristics for each rat.
Tentatively, different levels of operant conditioning training, but also other influences, e.g.
related to the patient group, might be accountable for the observed variability.
In previous studies, the rats detected TB in the same sputum containers which were earlier also
used for collection at the microscopy centres. Yet, in the presented study the specimens have
been transferred to cryovials before frozen, thawed and subsequently evaluated by the rats. It
remains speculative, if the background odour of the container used for sputum collection has
any potential effect on the diagnostic performance of the rats. According to unpublished data,
the intermediate freezing of specimens does not seem to have an influence on the diagnostic
performance of the TB detection rats [189].
The odour of M.tb does not consist of a single compound but rather a combination of volatiles
which is characteristic for Mt.b

smellprint

and does, with regard to many volatiles, not

overlap with compounds of non-tuberculous mycobacteria or other pathogenic and apathogenic

microorganisms of the respiratory tract [190,206,207]. In approximately 80% of the samples
with NTM only, the rats did not indicate for TB in the presented clinical evaluation. The findings
suggest that trained giant African pouched rats can discriminate M.tb-specific volatile
compounds from non-tuberculous odours to a certain degree. This has been also similarly
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demonstrated in comprehensive experiments on cultured microbes and clinical sputa from
microscopy centres [175,188].
Since one rat can screen 140 sputum samples in 40 minutes [176], large-volume second-line
screening of sputum samples from microscopy centres in combination with a confirmatory test
with high specificity could be a potential cost-effective application of detection rats technology.
The high sample throughput and low cost make TB detection rats also a possible technology for
active TB case finding in populations at high risk for TB, such as prison populations. However,
the sensitivity would need to be further optimised, before TB detection rats can be used
systematically for TB screening [208].
A limitation of the study is that the giant African pouched rats were primarily trained to perform
an operant discrimination on high-intensity stimuli (high concentration of bacilli). This could
explain the tendency towards superior detection in this kind of specimen. At the time of this
publication, rats are now primarily trained sputum samples with low concentration of bacilli to
improve performance with low concentration samples.
The objectives of this study were limited to the assessment of test accuracy in adult individuals
with presumptive TB. Operational issues regarding a routine implementation of the technology
on microscopy level and a potential scale up to different settings or countries with high burden
of TB have not been addressed. In future, these research questions will become increasingly
relevant, because until now breeding, training and diagnostic performance of TB detection rats
has been only managed by APOPO, a non-governmental organisation using rats for TB detection
in Tanzania and Mozambique.
In summary, giant African pouched rats have the potential for detection of tuberculosis in
sputum samples. However, the diagnostic performance characteristics in this clinical evaluation
were less favourable than those reported in previous diagnostic studies in less- or noncharacterised patients [175,176,187,189].
Based on current evidence, rat technology as a standalone diagnostic test, does not fulfil the
criteria for a rapid sputum-based test for detecting TB at the microscopy-centre level of the
health-care system as it has been defined by the World Health Organization in 2014 at a
stakeholder meeting on high-priority target product profiles [68,209].
Future efforts in research and development should be used to further improve the rat
technology, to explore prospects for implementation and scale up and to determine its potential
position in TB diagnostic or screening algorithms.
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2.1.5

Figures

Figure 5. STARD flow chart for diagnostic threshold of ≥ indications by rats.

Figure 6. ROC analysis for the detection of M.tb culture-positive individuals for different
indication thresholds (per-patient analysis; all samples). (Standard error 0.03, 95 CI%
0.66-0.78)
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Figure 7. ROC analysis for the detection of smear-positive (A) versus smear negative (B)
M.tb culture-positive individuals for indication thresholds (per-patient analysis; all
samples). (A: Standard error 0.03, 95 CI% 0.71-0.84; B: Standard error 0.06, 95 CI% 0.450.67)

2.1.6

Tables

Table 1: Patient classification
Group

Description

Short name

A

Culture-positive, smear-positive, M. tuberculosis;

s+/c+ M.tb

B

Culture-positive, smear-negative, M. tuberculosis

s-/c+ M.tb

C

Culture-positive, non-tuberculous mycobacteria

s±/c+ NTM

D

Culture-negative pulmonary TB; strong clinical and radiological suspicion

s-/c- clin.TB

F

Smear-/culture-negative, sustained recovery up to 5th month

Controls

G

Loss to follow-up after recruitment or any other combination

Indeterminate
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Table 2: Patient characteristics and symptoms at recruitment
Missing
data

All

Group A

Group B

Group C

Group D

Group F

Group G

Culture-positive,
smear-positive, M.
tuberculosis

Smear-negative,
culture-positive,
M. tuberculosis

Culture-positive,
non-tuberculous
mycobacteria

Culture-negative
pulmonary
TB
(strong clinical
and radiological
suspicion)

Controls,
all
smear- / culturenegative, sustained
recovery up to 5th
month

Loss to follow-up
after recruitment
or any other
combination

469

80 (17.1)

29 (6.2)

84 (17.8)

9 (1.9)

128 (27.3)

139 (29.4)

Characteristics
n (%)
Age Mean (SD)

0

41.6 (15.4)

36.8 (12.3)

42.3 (12.7)

43.2 (15.4)

44.9 (10.9)

42.3 (16.3)

42.3 (16.7)

Age Median (IQR)

0

38 (30-50)

35 (29-41)

39 (35-43)

42 (30-53.5)

45 (38-51)

39 (29.5-54.5)

39 (30-50)

Female sex - n (%)

1

231 (49.2)

25 (31.3)

16 (55.2)

51 (60.7)

5 (55.6)

64 (50.0)

70 (50.7)

Body mass index (kg/m2)
Median (IQR)

2

19.7 (17.7-22)

18.6 (16.9-20)

18.9 (17.4-21.8)

19.8 (17.7-22.4)

20.2 (16.1-22.2)

20.6 (18.2-23.3)

19.4 (17.6-21.7)

HIV positive - n (%)

31

203 (46.4)

26 (34.7)

24 (82.8)

40 (51.3)

3 (37.5)

48 (40.7)

62 (47.7)

History of TB - n (%)

1

74 (15.8)

12 (15.0)

2 (6.9)

16 (19.1)

4 (44.4)

13 (10.2)

27 (19.6)

1

442 (94.4)

74 (92.5)

26 (89.7)

80 (95.2)

9 (100)

124 (96.9)

129 (93.5)

Night sweats - n (%)

1

217 (46.4)

46 (57.5)

12 (41.4)

37 (44.1)

7 (77.8)

48 (37.5)

67 (48.6)

Haemoptysis - n (%)

9

52 (11.3)

8 (10.0)

1 (3.5)

11 (13.6)

1 (11.1)

14 (11.3)

17 (12.4)

Fever - n (%)

1

241 (51.5)

49 (61.3)

18 (62.1)

44 (52.4)

5 (55.6)

60 (46.9)

65 (47.1)

Weight loss - n (%)

4

229 (49.3)

50 (62.5)

19 (65.5)

35 (41.7)

3 (33.3)

56 (43.8)

66 (48.9)

Symptoms at
recruitment
Cough

weeks - n (%)
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Table 3: Diagnostic test performance of TB detection rats (per-patient analysis; all samples)
Culture-positive
TB cases (Group
A&B)
versus
Controls (Group F)

Sensitivity

Specificity

Positive
Predictive
Value

Negative
Predictive
Value

Positive
Likelihood
Ratio

Negative
Likelihood
Ratio

N=237

% (95% CI)

% (95% CI)

% (95% CI)

% (95% CI)

% (95% CI)

% (95% CI)

Rat 1

42.2 (32.8-52.0)

89.8 (83.3-94.5)

78.0 (65.3-87.7)

64.6 (57.1-71.6)

4.16 (2.37-7.28)

0.64 (0.54-0.76)

Rat 2

31.2 (22.7-40.8)

93.0 (87.1-96.7)

79.1 (64.0-90.0)

61.3 (54.1-68.2)

4.44 (2.23-8.83)

0.74 (0.65-0.85)

Rat 3

42.2 (32.8-52.0)

83.6 (76.0-89.5)

68.7 (56.2-79.4)

62.9 (55.2-70.2)

2.57 (1.64-4.03)

0.69 (0.58-0.83)

Rat 4

42.2 (32.8-52.0)

87.5 (80.5-92.7)

74.2 (61.5-84.5)

64.0 (56.4-71.1)

3.38 (2.03-5.61)

0.66 (0.56-0.79)

Rat 5

39.4 (30.2-49.3)

85.9 (78.7-91.4)

70.5 (57.4-81.5)

62.5 (54.9-69.7)

2.81 (1.72-4.57)

0.70 (0.60-0.83)

Rat 6

57.8 (48.0-67.2)

78.9 (70.8-85.6)

70.0 (59.4-79.2)

68.7 (60.5-76.1)

2.74 (1.89-3.97)

0.53 (0.42-0.68)

Rat 7

31.2 (22.7-40.8)

89.8 (83.3-94.5)

72.3 (57.4-84.4)

60.5 (53.2-67.5)

3.07 (1.71-5.52)

0.77 (0.67-0.88)

Mean

40.9 (37.5-44.3)

86.9 (85.2-88.7)

73.3 (71.7-74.8)

63.5 (62.0-64.5)

3.31 (3.03-3.59)

0.68 (0.65-0.71)

≥

71.6 (62.1-79.8)

59.4 (50.3-68.0)

60.0 (51.0-68.5)

71.0 (61.5-79.4)

1.76 (1.38-2.24)

0.48 (0.34-0.67)

≥

56.9 (47.0-66.3)

80.5 (72.5-86.9)

71.3 (60.6-80.5)

68.7 (60.6-76.0)

2.91 (1.98-4.29)

0.54 (0.42-0.68)

≥

47.7 (38.1-57.5)

88.3 (81.4-93.3)

77.6 (65.8-86.9)

66.5 (58.8-73.5)

4.07 (2.43-6.81)

0.59 (0.49-0.72)

≥

36.7 (27.7-46.5)

92.2 (86.1-96.2)

80.0 (66.3-90.0)

63.1 (55.8-70.0)

4.70 (2.47-8.95)

0.69 (0.59-0.80)

≥

29.4 (21.0-38.8)

95.3 (90.1-98.3)

84.2 (68.7-94.0)

61.3 (54.2-68.1)

6.26 (2.72-14.42)

0.74 (0.65-0.84)

≥

25.7(17.8-34.9)

95.3 (90.1-98.3)

82.4 (65.5-93.2)

60.1 (53.0-66.9)

5.48 (2.36-12.74)

0.78 (0.69-0.88)

7

18.4 (11.6-26.9)

97.7 (93.3-99.5)

87.0 (66.4-97.2)

58.4 (51.5-65.1)

7.83 (2.39-25.64)

0.84 (0.76-0.92)

All rats combined

Threshold
(Number
of
rats
indicating
TB)

CI= Confidence interval
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Table 4: Rat-positive samples (two or more indications) in group C (s ±/c+ NTM)
with concurrent molecular test result (per-sample analysis)

Molecular differentiation of non-tuberculous
mycobacteria

≥ rat
indications

M. abscessus/M. immunogenum

0/1

M. asiaticum

3/10

M. avium

0/2

M. celatum

0/2

M. fortuitum 1

2/13

M. fortuitum 2/M. mageritense

1/12

M. godii

0/1

M. gordonae

1/2

M. intracellulare

4/15

M. malmoense

0/1

M. malmoense/M.haemophilum/M. patustre

0/2

M. scrofulaceum

1/7

M. scrofulaceum and M.celatum

0/1

M. simiae

2/5

M. smegmatis

0/2

M. szulgai/M.intermedium

1/1

High GC Gram positive bacterium

2/7

Mycobacterium species*

1/16

*Species could not be determined by Hain GenoType Mycobacterium CM/AS
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2.2.1

Abstract

Background:
Chest radiography to diagnose and screen for pulmonary tuberculosis has limitations,
especially due to inter-reader variability. Automating the interpretation has the potential to
overcome this drawback and to deliver objective and reproducible results. The CAD4TB
software is a computer-aided detection system that has shown promising preliminary
findings. Evaluation studies in different settings are needed to assess diagnostic accuracy
and practicability of use.

Methods:
CAD4TB was evaluated on chest radiographs of patients with symptoms suggestive of
pulmonary tuberculosis enrolled in two cohort studies in Tanzania. All patients were
characterized by sputum smear microscopy and culture including subsequent antigen or
molecular confirmation of Mycobacterium tuberculosis (M.tb) to determine the reference
standard. Chest radiographs were read by the software and two human readers, one expert
reader and one clinical officer. The sensitivity and specificity of CAD4TB was depicted using
receiver operating characteristic (ROC) curves, the area under the curve calculated and the
performance of the software compared to the results of human readers.

Results:
Of 861 study participants, 194 (23%) were culture-positive for M.tb. The area under the
ROC curve of CAD4TB for the detection of culture-positive pulmonary tuberculosis was 0.84
(95% CI 0.80-0.88). CAD4TB was significantly more accurate for the discrimination of
smear-positive cases against non TB patients than for smear-negative cases (p-value<0.01).
It differentiated better between TB cases and non TB patients among HIV-negative
compared to HIV-positive individuals (p<0.01). CAD4TB significantly outperformed the
clinical officer, but did not reach the accuracy of the expert reader (p=0.02), for a
tuberculosis specific reading threshold.
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Conclusion:
CAD4TB accurately distinguished between the chest radiographs of culture-positive TB
cases and controls. Further studies on cost-effectiveness, operational and ethical aspects
should determine its place in diagnostic and screening algorithms.
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2.2.2

Introduction

The role and potential of chest radiography as a diagnostic and screening tool for
pulmonary tuberculosis (PTB) has long been debated. As a rapid examination that can be
interpreted on-site with a high sensitivity (between 74 and 90% for PTB related
abnormalities, up to 97%, if any abnormality is considered [112,210–212]), it has a firm
place in the diagnosis of pulmonary tuberculosis. However, the lower specificity, a lack of
consistency in how results are reported, and high levels of inter- and intra-reader variability
are matters of concern. Interpreting chest radiographs is complex and subjective: it is a two
dimensional representation of a three-dimensional structure, and there are varied
manifestations of PTB. The complexity of the interpretation code and the structure of the
report form affect the result [213,214]. Different readers are also influenced by experience
and professional training [116,215] and momentary factors like distraction, focus and
tiredness.
In contrast, the automated reading of radiographs by computers is devoid of inter- and
intra-observer variability. Research in this field started fifty years ago. Although early
optimistic goals such as fully automating the chest exam [216] are still far from being
achieved, at least one application, the automatic detection of masses and microcalcifications in mammograms, has been successfully integrated in clinical routine to
support radiologists in their decision [217].
Most of the research on computer-aided diagnosis (CAD) of chest radiographs focuses on
the detection of nodules, but there are a number of research groups also working on
promoting CAD in PTB. Among these, the Diagnostic Image Analysis Group at Radboud
University Medical Center, Nijmegen, The Netherlands introduced CAD4TB, a software to
determine whether a chest X-ray (CXR) shows evidence of PTB. CAD4TB underwent field
tests in 2010 and has been developed since then. Previous software versions were
comparable to clinical officers for detecting culture confirmed tuberculosis (TB) among 166
presumptive TB patients at a Zambian clinic (v1.08; area (Az) under the receiver operating
characteristic (ROC) curve = 0.73) [218] and reached a sensitivity of 95% at a specificity of
57% in 95 CXRs of homeless people in London (texture abnormality detection system; Az=
0.86) [219].
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A recently published review article on automatic screening for tuberculosis in chest
radiographs by Jaeger and colleagues [220] concludes that even though proposed CAD
algorithms seem to perform reasonably well when tested individually, no fair comparison
can be made without testing the systems on the same, preferably large and publicly
available dataset of well characterized patients. The authors further emphasise that there
are hardly any validation studies from clinical or screening situations so far and therefore a
lack of evidence on how the systems perform in the practical field.
We conducted the first validation study to assess the diagnostic accuracy of the most recent
CAD4TB software (v3.07, updated release) on a large set of well characterized adult
presumptive PTB patients from sub-Saharan Africa. We compared the performance of the
automated reading with the results of human observers of different experience levels.
2.2.3

Methods

Study Population. This validation study was done on chest radiographs of participants
from two cohort studies (TB Cohort and TB CHILD study) which have been conducted at the
TB Clinic of the Ifakara Health Institute (IHI) in Bagamoyo, Tanzania. Tanzania has a high
burden of active TB: according to the first national Tuberculosis Prevalence Survey in 2013
the prevalence is 295 cases per 100,000 population [193]. Bagamoyo, a town of 35,000
inhabitants, is located on the coast, approximately 70 km from the commercial capital Dar
es Salaam.
Individuals presenting with clinical signs and symptoms suggestive of pulmonary TB to
surrounding primary health care facilities were referred to the IHI TB Clinic. Patients who
met the inclusion criteria and gave informed consent were consecutively enrolled into
either the TB Cohort or TB CHILD study. In both studies the patients were followed up for 518 months. The main objective of the TB Cohort study was to generate a sound
understanding of TB epidemiology in the Bagamoyo region while the TB CHILD study was
conducted to assess performance characteristics of new TB diagnostics in adults and
children. Written informed consent was obtained from all literate patients. In case of
illiteracy, informed oral consent was attested by an impartial witness and documented with
the patient s fingerprint according to ICH GCP guidelines, as approved by the IHI

Institutional Review Board and the Medical Research Coordinating Committee of the
National Institute for Medical Research, Tanzania. Patients who received anti TB treatment
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during the last year, were severely sick or did not reside within the study area were not
included. All adult patients from both studies were eligible for the CAD validation study if
they initially presented with persistent cough of 2 weeks or more and at least one of the
following TB associated findings: haemoptysis, chest pain, fever, night sweats, constant
fatigue, recent unexplained weight loss, loss of appetite, malaise or contact with a known TB
case.
Specimen collection & Laboratory methods. At enrolment, the participants answered a
detailed questionnaire about their medical history and underwent a clinical examination,
had a chest radiograph taken and sputum and blood samples were collected. All CXRs
(resolution: 1760 x 2140 pixel) were taken with a Philips Cosmos BS radiography system,
which operated combined with a Philips PCR System Eleva S processor. Two sputum
specimens, one spot and one early morning, were routinely obtained and used for acid-fast
bacilli (AFB) smear and culture examination. All samples were decontaminated using the

standard NALC-NaOH method, inoculated on both solid (Löwenstein-Jensen, LJ) and liquid
(Mycobacterium Growth Identification Tube, MGIT) media and incubated at 37°C. Smears
were performed from the decontaminated pellet, followed with Ziehl-Neelsen (ZN) staining.
All positive cultures were tested by ZN microscopy for the presence of AFB, and
Mycobacterium tuberculosis (M.tb) was confirmed by MPT64 antigen and/or molecular tests
(Genotype MTBC, CM or AS; Hain Lifescience, Nehren). Interpretation of all microbiological
tests was carried out blind to clinical information and radiological results. Voluntary HIV
counselling and testing was offered to all participants. The laboratory work was carried out
according to Good Clinical Laboratory Practice to guarantee objective standards, quality
control and assurance.
Classification. All patients were classified by the study physicians (M.D., 1-3 years of
clinical experience) in consultation with a senior physician (M.D., 20 years of clinical
experience) into seven groups (table 5) according to all clinical and microbiological
information available 5 months after enrolment. Allocation to the groups was not mutually
exclusive. For the purpose of this analysis, it was agreed that classification to either group A
(s+/c+ M.tb) or B (s-/c+ M.tb) supersedes classification to C (s ±/c+ NTM) or E (EPTB), and
classification to either group G (Indeterminate) or D (s-/c- clin.TB) supersedes classification
to group C (s ±/c+ NTM). Patients with resolved symptoms after 5 months, and who were
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confirmed to be definitely free of TB group F will be referred to as Controls in the
following.

Reading of the chest radiographs. The computer-aided analysis of the CXRs was
performed independently and blind to clinical information and radiological results, by the
Diagnostic Image Analysis Group at Radboud University Medical Center, Nijmegen, The
Netherlands. The images were processed with the latest CAD4TB software version (v3.07,
updated release). CAD4TB is a software framework in which various subsystems for the
detection of textural and shape abnormalities, for symmetry and correlation analyses
operate at pixel and image level [221].
In CAD, the analysis is broken down to several computable steps [222]: First, radiographs
are pre-processed to normalise image features like resolution and grey scale. During
segmentation, the next step, the software seeks the anatomical orientation of the image by
demarcating structures like the lungs, clavicles and ribs. The defined lung fields are then
analysed for their shape, global symmetry and local texture. In addition, a global correlation
with a typical normal CXR is determined. Scores generated by these subsystems are
combined to an overall score for each image which summarises the result of the automated
analysis as an abnormality score for the presence of active disease between 0–100.
In addition, the same set of images was read by two human observers: one experienced
chest physician as expert reader and one clinical officer who had practical experience in
reading chest X-ray exams in his role as District Tuberculosis and Leprosy Coordinator and
had completed a one week course on X-ray interpretation of tuberculosis and HIV-related
opportunistic infections among people living with HIV [223]. The two readers rated the
images using the Tanzanian X-ray score , a template for a structured CXR report. At the end
of their report, the readers were asked to choose between four possible conclusions:
1.

normal.

2.

abnormal, findings not suggestive for active TB (TB sequel possible).

3.

abnormal, findings consistent with active TB, but TB sequel or other lung pathology
possible.

4.

abnormal, findings highly suggestive for active TB.
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Three different reading thresholds were defined correspondingly, ranging from considering
only abnormalities highly suggestive for TB conclusion
conclusion +

to TB consistent abnormalities

to any abnormality conclusion -4) for a positive test result.

The readings of chest radiographs were carried out retrospectively for both, the automated
and the human interpretation, and had no influence on the diagnosis of the study
participants. The human readers were only aware of the inclusion criteria of the study and
the age of the patients, but were blinded to clinical information, bacteriological results as
well as each other s results.

Data analysis. Culture-confirmed M.tb was used as a reference standard to assess the
diagnostic accuracy of CAD4TB and the human readers for the diagnosis of PTB. Individuals
whose state of disease could be definitely determined were included in the analyses: group
A (s+/c+ M.tb) and B (s-/c+ M.tb) as true cases and group F (Controls) as definite non TB
patients. Secondary performance analyses were carried out in which individuals of group C
(s ±/c+ NTM) and E (EPTB) were considered additionally to group F (Controls) to be most
likely free of pulmonary TB. Individuals of group D (s-/c- clin.TB) were classified partly due
to an abnormal X-ray and were excluded from the analysis.
Receiver operating characteristic (ROC) curves and the areas under the curve (Az) were
calculated based on the output of the software. Their 95% confidence intervals (CI) and pvalues were computed using the De Long method [224]. The performance of the human
readers was summarized by calculating sensitivities, specificities, positive and negative
predictive values as well as diagnostic likelihood ratios and their 95% confidence intervals
for reporting abnormalities highly suggestive for TB
abnormalities

conclusion

+

or any abnormality

conclusion

conclusion

, TB consistent

-4). The same

performance measures were calculated for several exemplary cut-offs of the CAD4TB
software. Proportions in different groups were compared using the chi-squared test.
McNemar s test was applied to compare the specificity of CAD and humans at assumed

levels of sensitivity. Mann-Whitney-Wilcoxon test was used to compare the CAD scores
between different groups. All calculations were done using the statistical package R ,
version 3.0.0
ggplot

[225] together with the extension packages pROC [226], epiR [227],

[228], reshape

[229] and plotrix [230]. All data used for the analyses is
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deposited

in

a

public

repository

and

can

be

accessed

via

http://dx.doi.org/10.6084/m9.figshare.936571.
Ethical considerations. The TB Cohort and TB CHILD study were approved by the IHI
Institutional Review Board and the Medical Research Coordinating Committee of the
National Institute for Medical Research, Tanzania.
2.2.4

Results

A total of 894 patients were enrolled in the CAD study. Thirty-three patients had to be
excluded from analysis because of an incomplete enrolment visit, pregnancy or missing
chest radiograph (figure 8). The final set of images for analysis consisted of 861 digital,
posterior-anterior (PA) chest radiographs. Six of these radiographs were originally in a
conventional film format and later digitized.
Group A (s+/c+ M.tb) and B (s-/c+ M.tb) included 194 (23%) of the study participants who
were culture-positive for Mycobacterium tuberculosis. A further 233 patients (27%)
presented with TB consistent symptoms, but proved to be culture-negative with a sustained
recovery after 5 months and therefore were classified as group F (Controls) (figure 8).
Overall, the prevalence of HIV was 44%. There was a significant difference between groups
(p<0.01) with the highest prevalence (73%, 95%CI 58-84%) in group B (s-/c+ M.tb) and the
lowest (34%, 95%CI 27-43%) in group A (s+/c+ M.tb). The proportion of patients who
reported a prior history of TB was 17% overall, but differed significantly (p<0.01) between
classifications and was highest (48%, 95%CI 28-68%) among group D (s-/c- clin.TB) (table
6).
Culture-positive individuals (groups A (s+/c+ M.tb) + B (s-/c+ M.tb)) were significantly
more likely to suffer from night sweats (60 vs. 38%), fever (63 vs. 49%) and weight loss (70
vs. 44%) than individuals classified as group F (Controls) (p-values <0.01). There was no
evidence of a difference in the frequency of haemoptysis between these groups (p=0.33).
The distribution of CAD scores (figure 9) for groups A (s+/c+ M.tb) and D (s-/c- clin.TB)
tends towards higher scores, this is less marked for group B (s-/c+ M.tb). The scores
attained by individuals classified as group C (s±/c+ NTM) and F (Controls) are clustered
around lower values, but can be found across the whole range. Around one third of the
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individuals of group F (Controls) did attain a CAD score greater than 50. On the whole there
is a considerable overlap in the distribution of CAD scores.On the whole there is
considerable overlap in the distribution of CAD scores (table 7). The CAD scores in group B
(s-/c+ M.tb) are significantly lower than those of group A (s+/c+ M.tb), and higher than
those of group F (Controls), (p-values <0.01).
The automated reading software was able to distinguish between culture positive PTB cases
(groups A (s+/c+ M.tb) + B (s-/c+ M.tb)) and non TB patients (group F (Controls)) with an
area under the curve of 0.84 (95%CI 0.80-0.88). Including all M.tb culture-negative patients
(group C (s±/c+ NTM), E (EPTB) and F (Controls)) as the negative reference standard,
CAD4TB performed slightly, but not significantly, worse: Az of 0.81 (95%CI 0.77-0.85),
p=0.28 (figure 10). CAD4TB displayed a greater ability to differentiate smear-positive
(group A (s+/c+ M.tb)) than smear-negative (group B (s-/c+ M.tb)) diseased individuals
against non TB patients (group F (Controls)): Az=0.90 (95%CI 0.86-0.93) against Az=0.67
(95%CI 0.58-0.75), p<0.01 (figure 11). Similarly, the software distinguished diseased
individuals (groups A (s+/c+ M.tb) + B (s-/c+ M.tb)) from non TB patients (group F
(Controls)) significantly more accurately among the HIV negative than among the HIV
positive patient population: Az=0.89 (95%CI 0.85-0.94) against Az=0.79 (95%CI 0.72-0.86),
p <0.01 (figure 12). Among group A (s+/c+ M.tb), B (s-/c+ M.tb) and F (Controls) there was
no evidence of a difference in the performance of CAD4TB in between patients with and
without history of TB: Az=0.84 (95%CI 0.80-0.89) against Az=0.79 (95%CI 0.65-0.92),
p=0.42. The area under the curve of CAD4TB for the discrimination of group B (s-/c+ M.tb)
against C (s±/c+ NTM) was 0.56 (95%CI 0.46-0.65).
We calculated a set of cut-offs of the CAD4TB score for our patient population (table 8). For
example, a cut-off of

leads to a sensitivity and specificity of CAD of 77% (95%CI 71-

83%) and 79% (95%CI 74-84%), respectively. Optimal values of sensitivity cannot be
obtained without a considerable trade-off of the specificity, and vice versa.
Setting the CAD4TB cut-off to give sensitivity values achieved by human readers allowed us
to compare the performance of automated and human readings (figure 13). There was no
evidence of a difference between the specificities achieved by the software and both human
readers reporting any abnormality

p=0.49, 0.88). This was different for tuberculosis

specific reporting thresholds: CAD4TB was significantly more specific (p=0.02) than the

48

Improving the diagnosis of tuberculosis – clinical evaluation of four new diagnostics

clinical officer reporting TB consistent abnormalities , but did not reach the accuracy level
of the expert reader (p=0.02).

A review carried out by a third reader (senior radiologist with extensive experience in TB)
of the images (n=7) rated as false negative by CAD4TB at the exemplary cut-off (<74), but as
true positive (conclusion 3 + 4) by both human readers, did not reveal any obvious pattern
of abnormalities missed by CAD4TB.
2.2.5

Discussion

Automating the interpretation of a chest radiograph for the detection of active pulmonary
tuberculosis leads to objective, reproducible results and a standardized way of reporting.
The main finding of our study is that the automated reading software CAD4TB (v3.07,
updated release) achieved a good diagnostic accuracy (Az=0.84 (95%CI 0.80-0.88)) on a
large set of CXRs of presumptive TB patients from sub-Saharan Africa. The accuracy of
CAD4TB was slightly, but not significantly worse in our secondary analysis using a binary
classification of patients (M.tb culture-positive vs. negative) which we included for a better
comparability with other diagnostic accuracy studies.
In our study, performance of automated and human reading was comparable when the
observers considered any abnormality . For a more TB specific reading threshold, however,
the software outperformed the clinical officer significantly, but did not reach the accuracy of

the expert reader. The software identified a significantly higher proportion of smearpositive compared to smear-negative, culture-positive individuals - most likely because
smear-negative PTB patients tend to have more discrete or atypical radiographic features,
especially in combination with HIV infection [231]. This assumption is substantiated by the
fact that CAD4TB detected PTB cases significantly more accurately among HIV negative than
HIV positive individuals.
Identifying cases of active PTB among symptomatic individuals with abnormal CXRs due to
other pulmonary conditions (e.g. pneumonia) or sequelae of tuberculosis remains
challenging for both human and automated readers. This fact manifests itself in low
specificity values as a consequence of the considerable overlap in the distribution of CAD
scores for the defined groups and the far higher proportion of patients who reported a
history of TB among group D (s-/c- clin.TB).
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One of the strengths of our study is the direct comparison of automated and human reading
on the same set of images. Due to inter-reader variability in the interpretation of chest
radiographs and the ability to include only one clinical officer and expert reader, the degree
to which this comparison can be generalized is strongly limited. It is possible that other
clinical officers or expert readers would have outperformed the software in our study. A
second limitation of our study is the fact that it was conducted in only one high burden
country and it would be preferable to repeat it in different settings to assess generalizability
of the results.
HIV infection seems to influence the diagnostic accuracy of CAD4TB so our findings cannot
be readily generalized to populations that differ significantly in their HIV prevalence. A
further limitation constraint of the study is the high proportion (31%, group G) of patients
who either could not be followed up sufficiently to comply with the precise classification
criteria or that were still non-TB patients, but symptomatic after five months and therefore
could not be classified as group F (Controls). However, since a heterogeneous patient group
is concerned and the data can be most likely assumed to be missing at random, it can be
postulated that study results were not substantially influenced.
The relatively high number of patients that were found to be culture-positive for NTMs
(16%, group C) is not uncommon in the sub-Saharan African context [232–234]. This is
probably largely due to contamination of culture samples either at patient level or from the
environment as only few patients suffered from a pathogenetic relevant NTM infection that
fulfilled the diagnostic criteria for a Nontuberculous Mycobacterial Lung Disease according
to the American Thoracic Society [235]. The inability of CAD4TB to differentiate between
patients of group B (s-/c+ M.tb) and C (s±/c+ NTM) might be due to the heterogeneity of
group C (s±/c+ NTM).
Maduskar et al. evaluated the performance of a previous CAD4TB version and compared it
to both, clinical officers rating the radiograph between 0-100 and the binary decision of an
expert reader (as radiological reference) for the presence of TB consistent abnormalities
[218]. We decided to use hierarchical reading thresholds as we believe that this reflects the
common radiological practice in a setting like ours. The high accuracy achieved for the
radiological reference (Az=0.91 (95%CI 0.86-0.95)) [218] is consistent with our finding that
CAD4TB approaches values of sensitivity and specificity achieved by the expert reader. The
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diagnostic accuracy of CAD4TB for the bacteriological reference was higher using the newer
version in our study compared to previous CAD4TB versions used in the study of Maduskar
and another small scale study [236]. This suggests advancement in the development of the
software that is especially encouraging as we evaluated its performance on images obtained
from a different X-ray machine than the one it was originally developed for.
Current national diagnostic algorithms for presumptive adult TB patients in many subSaharan African countries request between two to six negative sputum smear examinations
and a failed treatment with a broad-spectrum antibiotic for 7 days before a chest X-ray is
ordered [237–244]. According to recommendations of the World Health Organization
(WHO), the CXR exam should even precede an administration of antibiotics in settings
where HIV is highly prevalent and resources are constrained [245]. In both cases a thorough
X-ray report and its integration with clinical information by a medically trained person is
needed for the final diagnosis of smear-negative PTB. Our findings indicate that in this
situation, the CAD4TB software could assist less experienced readers in their judgment. It
could not entirely replace the human interpretation for radiographic questions beyond that
of active tuberculosis, as the software was not designed to detect other pathologies. Its
output, a single number, does not reflect the presence of abnormalities unrelated to TB,
whose detection might be not less important or even prompt immediate action (such as
pneumothorax). In addition, the high proportion of patients of group F (Controls) who did
attain a false positive high CAD score greater than
as pneumonia has to be taken into consideration.

due to other pulmonary pathologies

By contrast, the very condensed output of the automated reading might be preferable for
the binary decision in screening situations of either conveying a screened individual to
confirmatory testing or to declare the absence of PTB. A strong feature of CAD4TB in its
current stage of development is its continuous output which allows adjusting the reading
threshold to the purpose of use, local epidemiology and availability of resources (such as
the capacity to perform smear microscopy or the number of Xpert MTB/Rif cartridges).
It is not known whether active screening will have a positive effect on TB epidemiology
[246], however the slow decline in incidence and case detection gap suggest that a more
active approach could complement patient-initiated pathways [247]and enhance their
efficacy. Among the broad spectrum of possible active case finding strategies, the new
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comprehensive WHO guidelines for the systematic screening for active tuberculosis among
certain risk groups, in which chest radiography found its firm place, if available, as a first or
second screening step [208]. A robust CAD has the potential to enhance and facilitate the
implementation of these recommendations by ensuring high test standards of objectivity,
reproducibility and accuracy without straining personnel resources. A prerequisite for the
CAD application is the availability of digital radiography which is not yet the case in most of
resource-constrained high-burden settings. However, it has been identified as a key action
point in a WHO Workshop to Scale Up the Implementation of Collaborative TB/HIV
Activities in Africa earlier this year [248] as it has been shown to be feasible and to result in
a significant better quality of chest radiography compared to conventional X-ray technology
in countries with limited resources [249].
Prospective studies on cost-effectiveness, operational and ethical aspects of the use of CAD
in different high burden countries are needed. Future research should also address the
question whether the integration of a CAD output with clinical variables like symptoms and
risk factors could result in a more accurate screening step.
In conclusion, the computer-aided diagnosis system CAD4TB is a reproducible and accurate
test for the detection of pulmonary tuberculosis on radiographs in symptomatic patients.
This prompts additional research on how its potential, both as assistance for clinical officers
in the diagnostic interpretation of radiographs and as standalone triage test in systematic
screening settings, can be exploited.
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2.2.6

Figures

Figure 8: Flow chart of individuals taking part in the study.
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Figure 9: Distribution of CAD scores for patient groups A (s+/c+ M.tb), B (s-/c+ M.tb),
C (s±/c+ NTM), D (s-/c- clin.TB), and F (Controls).

Figure 10: ROC analysis for the detection of M.tb culture-positive individuals.
 A (s+/c+ M.tb), B (s-/c+ M.tb) vs. F (Controls): Az=0.84 (0.80-0.88),
----- A (s+/c+ M.tb), B (s-/c+ M.tb) vs. C (s±/c+ NTM), E (EPTB), F (Controls): Az=0.81 (0.770.85), p =0.28.
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Figure 11: ROC analysis for the detection of M.tb culture-positive individuals by
smear status.
 A (s+/c+ M.tb) vs. F (Controls): Az=0.90 (0.86-0.93),
------- B (s-/c+ M.tb) vs. F (Controls): Az=0.67 (0.58-0.75), p <0.01.

Figure 12: ROC analysis for the detection of M.tb culture-positive individuals by HIV
status.
 HIV negative. A (s+/c+ M.tb), B (s-/c+ M.tb) vs. F (Controls): Az=0.89 (0.85-0.94),
------- HIV positive. A (s+/c+ M.tb), B (s-/c+ M.tb) vs. F (Controls): Az=0.79 (0.72-0.86), p
<0.01.
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Figure 13: Comparison of automated and human reading.
Sensitivity and specificity to distinguish groups A and B vs F. Line and shaded area: ROC
curve and 95% CI for CAD4TB. The expert reader is represented by square symbols, the
clinical officer by round symbols. The different fill of the symbols indicate different reading
thresholds: empty symbols = any abnormality , crossed symbols = TB consistent
abnormalities and filled symbols = abnormalities highly suggestive for TB .
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2.2.7

Tables

Table 5: Classification of study population according to clinical and microbiological
data.
Group

Description

Short form

A

Smear positive/ culture positive, Mycobacterium tuberculosis

s+/c+ M.tb

B

Smear negative/ culture positive, Mycobacterium tuberculosis

s-/c+ M.tb

C

Smear negative or positive/ culture positive, nontuberculous
mycobacteria (NTM), irrespective of clinical relevance

s ±/c+ NTM

D

All cultures negative, CXR and clinical symptoms very suspect for PTB
(clinically diagnosed TB)

s-/c- clin.TB

E

Cytologically/ histologically/ microbiologically confirmed
extrapulmonary TB

EPTB

F

All smears and cultures negative and sustained recovery up to 5
months (e.g. resolved bronchitis or pneumonia)

Controls

G

Loss to follow-up after recruitment or any other combination of
results (e.g. still symptomatic after 5 months)

Indeterminate
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Table 6: Summary statistics of study population.
No data

All

Group A

Group B

Group C

Group D

Group E

Group F

Group G

s+/c+
M.tb

s-/c+
M.tb

s±/c+
NTM

s-/cclin.TB

EPTB

Controls

Indeterminate

Characteristic
n (%)

0

861 (100)

146 (17)

48 (6)

134 (16)

25 (3)

5 (1)

233 (27)

270 (31)

Mean age (SD1)

0

42 (15)

37 (13)

41 (13)

42 (15)

46 (16)

37 (10)

42 (16)

44 (16)

Female sex n (%)

0

433 (50)

48 (33)

25 (52)

76 (57)

12 (48)

4 (80)

122 (52)

146 (54)

HIV positive n (%)

4

379 (44)

50 (34)

35 (73)

66 (49)

10 (40)

2 (40)

92 (39)

124 (46)

History of TB n (%)

0

144 (17)

17 (12)

6 (13)

27 (20)

12 (48)

0 (0)

26 (11)

56 (21)

0

820 (95)

139 (95)

45 (94)

129 (96)

23 (92)

4 (80)

227 (97)

253 (94)

Night sweats n (%)

1

426 (50)

92 (63)

24 (50)

64 (48)

19 (79)

3 (60)

89 (38)

135 (50)

Haemoptysis n (%)

10

91 (11)

11 (8)

4 (8)

16 (12)

5 (20)

0 (0)

24 (10)

31 (12)

Fever n (%)

0

470 (55)

91 (62)

31 (65)

78 (58)

15 (60)

3 (60)

114 (49)

138 (51)

Weight loss n (%)

6

447 (52)

101 (70)

34 (71)

60 (45)

10 (40)

4 (80)

101 (44)

137 (51)

Symptoms at first visit
Cough
(%)

1standard

weeks n

deviation
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Table 7: Median CAD scores and 90% central range.

All

Group A

Group B

Group C

Group D

Group E

Group F

Group G

s+/c+
M.tb

s-/c+
M.tb

s±/c+
NTM

s-/cclin.TB

EPTB

Controls

Indeterminate

Median CAD score

61

97

67

48

97

83

34

57

90% central range

11-100

44-100

11-99

13-98

32-100

38-92

9-95

11-100

Table 8: Performance of CAD4TB and human readers.
Threshold
for
test
positivity

Sens.1
[%]
(95%CI)

Spec.2
[%]
(95%CI)

PPV3
[%]
(95%CI)

NPV4
[%]
(95%CI)

PLR5

NLR6

(95%CI)

(95%CI)

95 (91-98)

33 (27-39)

54 (49-60)

89 (80-94)

1.42 (1.29-1.56)

0.16 (0.08-0.29)

91 (86-94)

52 (46-59)

61 (55-67)

87 (80-92)

1.9 (1.65-2.19)

0.18 (0.11-0.28)

85 (79-90)

69 (62-75)

69 (63-75)

85 (79-89)

2.71 (2.22-3.31)

0.22 (0.15-0.31)

77 (71-83)

79 (74-84)

76 (69-82)

81 (75-86)

3.75 (2.88-4.88)

0.29 (0.22-0.37)

62 (55-69)

85 (80-89)

77 (70-84)

73 (67-78)

4.12 (2.98-5.7)

0.45 (0.37-0.54)

47 (40-54)

94 (91-97)

88 (80-93)

68 (63-73)

8.41 (4.86-14.56)

0.56 (0.49-0.64)

4

59 (52-66)

98 (95-99)

96 (91-99)

74 (69-79)

27.62 (11.52-66.26)

0.42 (0.35-0.49)

3,4

78 (71-83)

85 (80-89)

81 (75-87)

82 (77-87)

5.18 (3.78-7.1)

0.26 (0.2-0.34)

2,3,4

84 (78-89)

72 (65-77)

71 (65-77)

84 (79-89)

2.97 (2.4-3.67)

0.22 (0.16-0.31)

4

7 (4-12)

97 (94-99)

70 (46-88)

56 (51-61)

2.8 (1.1-7.15)

0.95 (0.91-1)

3,4

76 (69-82)

65 (58-71)

64 (58-70)

76 (70-82)

2.15 (1.78-2.61)

0.37 (0.29-0.49)

2,3,4

97 (94-99)

18 (13-24)

50 (45-55)

89 (77-96)

1.19 (1.11-1.27)

0.14 (0.06-0.35)

CAD4TB

Expert
reader

Clinical
officer

1sensitivity 2specificity 3positive

predictive value 4negative predictive value 5positive likelihood ratio 6negative

likelihood ratio
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2.3.1

Abstract

Background:
Following endorsement by the World Health Organisation, the Xpert MTB/RIF assay has
been widely incorporated into algorithms for the diagnosis of adult tuberculosis (TB).
However, data on its performance in children remain scarce. This prospective, multi-centre
study evaluated the performance of Xpert MTB/RIF to diagnose pulmonary tuberculosis in
children.
Methods:
Children older than eight weeks and younger than 16 years with suspected pulmonary
tuberculosis were enrolled at three TB endemic settings in Tanzania and Uganda, and
assigned to five well-defined case definition categories:

culture-confirmed TB, highly

probable TB, probable TB, not TB, or indeterminate. The diagnostic accuracy of Xpert
MTB/RIF was assessed using culture-confirmed TB cases as reference standard.
Results:
In total, 451 children were enrolled. 37 (8%) had culture-confirmed TB, 48 (11%) highly
probably TB and 62 probable TB (13%). The Xpert MTB/RIF assay had a sensitivity of 68%
(95% CI, 50%-82%) and specificity of 100% (95% CI, 97%-100%); detecting 1.7 times more
culture-confirmed cases than smear microscopy with a similar time to detection. Xpert
MTB/RIF was positive in 2% (1/48) of highly probable and in 3% (2/62) of probable TB
cases.
Conclusions:
Xpert MTB/RIF provided timely results with moderate sensitivity and excellent specificity
compared to culture. Low yields in children with highly probable and probable TB remain
problematic.
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2.3.2

Introduction

Tuberculosis (TB) in children is increasingly recognized as a global public health concern.
The difficulty of establishing an accurate TB diagnosis is the greatest challenge to patient
management and impedes the assessment of the true disease burden and the development
of treatment and vaccination strategies appropriate for effective disease control in children
[250] [251].
The diagnosis of active tuberculosis in children is difficult because of non-specific clinical
signs or symptoms, suboptimal recovery methods and low bacteriological yield, due to the
paucibacillary nature of paediatric TB. Childhood TB can present in a similar way to
conditions such as pneumonia, generalised infections, e.g. human immunodeficiency virus
(HIV) infection, and malnutrition. Microbiological confirmation is rare with only 10-15% of
sputum samples revealing acid-fast bacilli (AFB) upon smear microscopy and culture being
positive in around 30-40% of paediatric cases with probable tuberculosis [252–254].
Mycobacterial culture is often not available in endemic regions due to limited laboratory
capacities. Even when available, culture results are unable to guide timely treatment
decisions due to slow turn-around times. This has particular relevance in young children at
risk of rapid disease progression and dissemination [255]. In the absence of bacteriological
confirmation the diagnosis of childhood TB is usually based on non-specific and subjective
markers such as clinical symptoms, TB contact history, chest radiograph findings and
tuberculin skin test (TST); often in combination with clinical scoring charts which have poor
diagnostic accuracy [256]. Consequently, there is an urgent need to identify a practical,
affordable, reliable and fast way to diagnose TB in children.
The Xpert MTB/RIF (Cepheid, Sunnyvale, USA) assay offers a substantial improvement in
the diagnosis of adult TB compared to sputum smear microscopy. It was endorsed by the
World Health Organisation (WHO) in 2010 and is strongly recommended as an initial
diagnostic test in both adults and children suspected of multidrug-resistant tuberculosis
(MDR-TB) or HIV/TB [257,258]. The assay uses real-time polymerase chain reaction to
amplify a Mycobacterium (M.) tuberculosis complex-specific sequence of the rpoB gene and
to detect the most prevalent rpoB mutations. Evaluation studies in adults demonstrated
that Xpert MTB/RIF is fast, sensitive and specific for the simultaneous diagnosis of TB and
identification of rifampicin (RIF) resistance [259,132].
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A study of children suspected of having TB in Cape Town, South Africa, showed an overall
Xpert MTB/RIF sensitivity of 74% compared to a positive culture from at least one induced
sputum specimen [260]. Further studies showed similar test performance [261–264], but
remain limited in size and geographic representation. The present study is, to our
knowledge, the first prospective, multi-centre study on the test performance of Xpert
MTB/RIF for the diagnosis of pulmonary TB in children in high-burden countries.
2.3.3

Methods

Study setting. This multi-centre study was conducted in one rural and two urban sites
located in sub-Saharan African countries with high burden of tuberculosis and HIV: 1) the
Ifakara Health Institute, Bagamoyo, Tanzania, 2) the NIMR-Mbeya Medical Research Centre,
Mbeya, Tanzania, and 3) the St. Francis, Nsambya Hospital, Kampala, Uganda. The
enrolment took place between 10 May 2011 and 13 September 2012.
Study participants and reference standard. At the three sites, children older than eight
weeks and younger than 16 years of age with clinical signs of tuberculosis were
consecutively enrolled and followed up after 2 and at least 5 months. One or more of the
following inclusion criteria had to be met: a) persistent, non-remitting cough of more than
14 days not responding to a course of antibiotics, b) repeated episodes of fever within the
last 14 days not responding to a course of antibiotics, after malaria has been excluded, c)
weight loss or failure to thrive within the previous 3 months. Children who had received TB
treatment in the past year were excluded from the study.
The patients were assigned to five case definition categories based on clinical, radiological,
microbiological and molecular biological findings: culture-confirmed TB, highly probable
TB, probable TB, not TB, or indeterminate (Table 9). The decision to start tuberculosis
treatment was made in agreement with clinicians of the respective TB programme following
national guidelines based on WHO recommendations.
Clinical procedures. At recruitment and follow up a detailed medical history and physical
examination were carried out. Anthropometric data were collected at each visit and
interpreted using WHO Child Growths Standards [265]. HIV testing (with pre- and post-test
counselling), a tuberculin skin test (TST), and chest radiograph were performed at the
recruitment visit. TST was considered positive if

mm in HIV-infected and

mm in HIV-

uninfected children. Chest radiographs were categorized as strongly indicative of TB,
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uncertain TB or no TB by two independent experts, who were blinded to clinical
information.
Specimen collection and laboratory procedures. Blood samples were collected at
recruitment. Tests performed include the following: full blood count and differential,
chemistry (total and direct bilirubin, creatinin, alanine aminotransferase, aspartate
aminotransferase, alkaline phosphatase, albumin, gamma-glutamyltransferase, urea), HIV
(two rapid tests or HIV-DNA PCR for

months of age; HIV ELISA as confirmatory test),

and CD4 cell count, if HIV infected. The immunosuppression status was classified according

to US Centers for Disease Control and Prevention classification [266]. We attempted to
collect at least two induced or three uninduced sputum samples. However, in some cases
the number and also the type of specimen collected varied according to the clinical
requirements. Gastric lavage was only done in exceptional cases. Depending on the clinical
picture, fine needle aspirates of enlarged lymph nodes or body fluids were collected
additionally for further diagnosis. The specimen collection was done by trained study
physicians or nurses according to standardized operating procedures.
Following standard NALC-NAOH decontamination, each induced and uninduced sputum
sample pellet was subjected to microscopy using Ziehl-Neelsen staining. At least one sample
was inoculated on liquid (BACTEC MGIT 960, Becton Dickinson, Sparks, USA) and on solid
Loewenstein-Jensen culture (LJ) media. All positive cultures were tested by ZN microscopy
for the presence of AFB. M. tuberculosis was finally confirmed by MPT64 antigen and/or
molecular (Genotype MTBC or CM; Hain Lifescience, Nehren, Germany) tests. Drug
susceptibility was tested from culture using either the BACTEC MGIT 960 SIRE kit (Becton
Dickinson, Sparks, USA) or the GenoType MTBDRplus assay (Hain Lifescience, Nehren,
Germany). Xpert MTB/RIF was performed in at least one sputum sample according to
manufacturer s instructions. The reading of all microbiological and molecular tests was
blind to clinical information and radiological results.

Statistical analysis. The analysis was carried out in R version 3.0.1 [267] and OpenBUGS
version 3.2.1 [268]. To describe the diagnostic performance, we calculated the sensitivity,
specificity, positive and negative predictive values. We also calculated positive and negative
likelihood ratios. The confidence intervals for the diagnostic likelihood ratios were
calculated using the method of Simel et al [269] via the R package epiR

[227]. We
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considered clustering of the data within the three sites by including a random effect in the
models; this made no appreciable difference. The results presented are from analyses
without the random effect, since small numbers led to some unstable results. Proportions
were compared using logistic regression with a random effect for site. Continuous outcomes
which were not normally distributed (such as age) were compared using the Kruskal-Wallis
test. Accounting for clustering by site using a binary outcome and logistic model did not
affect the conclusions. We calculated the z-scores for anthropometric variables using the
WHO growth standards [265].
Ethics approval. The study protocol and related documents were approved by the local and
national ethics committees relevant to each site (Institutional Review Board of the Ifakara
Health Institute, Mbeya Medical Research and Ethics Committee, Medical Research
Coordinating Committee of Tanzania, Uganda National Council for Science and Technology).
Written, informed consent for enrolment in the study was obtained from a parent or legal
guardian. In case of illiteracy, informed oral consent was attested by an independent
witness. Children of more than seven years of age provided assent for participation. The
study was conducted in accordance with the Helsinki Declaration [200] and Good Clinical
Practice guidelines [199].
2.3.4

Results

A total of 493 children with symptoms suggestive of tuberculosis were enrolled at the three
sites; 42 were excluded from data analysis. Figure 14 provides a STARD flowchart [73] of
all study participants and their distribution within the five case definition categories in
relation to Xpert MTB/RIF results. In all but one eligible patient valid Xpert MTB/RIF results
were generated.
Table 10 reflects baseline characteristics and demographic data for each case definition
category. There was a significant difference in the proportions of HIV across the five case
definition categories (p=0.001); ranging from 27% in children with culture-confirmed TB to
71% in children with probable TB. The highest proportion of severely immunosuppressed
HIV infected children was found in the probable TB (41%) and highly probable TB (39%)
group. The nutritional status was impaired in all groups; 39% (133) of children below ten
years of age had a weight for age z-score of less than -2.
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Overall 100 /429 (23%) children were TST positive at enrolment; including 69% (18/26) of
HIV-uninfected and 50% (5/10) of HIV-infected children with culture-confirmed TB.
Xpert MTB/RIF detected 25 of the 37 culture-confirmed TB cases and was negative in all
children without TB. Thus, the sensitivity and specificity of Xpert MTB/RIF for cultureconfirmed TB versus those without TB were 68% (95% CI, 50%-82%) and specificity of
100% (95% CI, 97%-100%), respectively (Table 11). Additionally, Xpert MTB/RIF was
positive in 2% (1/48) of highly probable and in 3% (2/62) of probable TB cases. Xpert
MTB/RIF detected 8 (80%) of the 10 HIV-infected children and 17 (63%) of the 27 HIVuninfected children in the culture-confirmed TB group. The sensitivity dropped to 31%
(95% CI, 21%-42%) when both culture-confirmed and highly probable TB cases were
included in the reference standard.
Xpert MTB/RIF identified 10 additional culture-confirmed TB cases compared to smear
microscopy (27% of all culture-confirmed TB cases) (Figure 15). In one culture-confirmed
TB case smear microscopy was positive, but not the Xpert MTB/RIF assay. One child of the
highly probable TB group with chronic cough not responding to antibiotic treatment,
uncertain x-ray findings, intermittent fever and loss of appetite had one smear-positive
sputum sample, neither confirmed by culture nor by Xpert MTB/RIF. The child recovered
after anti-TB treatment.
Across all sites, 86% of children with culture-confirmed, highly probable or probable TB
received anti-TB treatment. The low treatment coverage rate is largely caused by the fact
that at the Ugandan site, 16 children classified as highly probable TB cases were not treated
as TB patients after clinical judgement of the investigators. The children recovered from
their symptoms without anti-TB treatment (one loss to follow-up). The study specific case
classifications of these patients were based on reports of two radiographers who assessed
the chest radiographs independently as strongly indicative of TB .

The set of samples tested by Xpert MTB/RIF included 26 respiratory specimens with
growth of non-tuberculous mycobacteria. None of those samples were Xpert MTB/RIF
positive.
Of the 31 culture-confirmed or highly probable paediatric TB cases who had more than one
sample with results

by Xpert MTB/RIF, there was a high agreement between Xpert
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MTB/RIF results for the first two induced or uninduced sputum samples (28/31 (90%),
Kappa=0.77). The first sample identified 10 positive cases, the second sample one further
child.
Time to detection, defined in this study as time from enrolment to the first positive test, was
quicker by smear and Xpert MTB/RIF, whereas culture took longer but identified more of
the patients (Figure 16). All positive test results from smear or Xpert MTB/RIF were
received within 6 days, positive MGIT and LJ results were obtained between 6 and 135 days
after enrolment.
There was no rifampicin resistance determined in the study population, neither by line
probe assay or culture-based drug susceptibility testing (3 missing results) nor by Xpert
MTB/RIF.
2.3.5

Discussion

The performance analysis of Xpert MTB/RIF for detection of pulmonary childhood
tuberculosis established an overall sensitivity of 68% and specificity of 100% compared to
culture. The results of this multi-centre study are almost identical to a WHO meta-analysis
in children presumed of having TB with a pooled sensitivity and specificity of Xpert
MTB/RIF against culture for samples of expectorated or induced sputum of

% and

%,

respectively [258]. Consistent with results from adults and children, there was no evidence
that HIV infection influenced sensitivity or specificity of Xpert MTB/RIF [259,261,262].
Xpert MTB/RIF detected 10 children with smear negative but culture-positive results,
confirmed for M. tuberculosis. The enhanced yield compared to smear microscopy seems to
be an important quality of Xpert MTB/RIF for the diagnosis of TB in children. Furthermore,
no cross reactivity with non-tuberculous mycobacteria was observed in this study.
The Xpert MTB/RIF assay can be performed by a technician with minimal training at the
same level of biosafety as microscopy and provides results from respiratory specimens after
less than 2 hours. In a clinical context, as in the presented study, all Xpert MTB/RIF results
were obtainable within the first six days after enrolment as were the results from the less
sensitive AFB smear microscopy. Shortening time to detection is a substantial comparative
advantage of Xpert MTB/RIF to culture and offers the opportunity for prompt clinical
management of paediatric TB cases.
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The dual ability of Xpert MTB/RIF to detect M. tuberculosis and to identify rifampicin
resistance is a further asset of the device [132]. In this study, no conclusion could be drawn
about the capacity of the assay to diagnose resistance, because rifampicin resistance was
detected in none of the children by any of the applied methods.
The proportion of culture-positive children in this study (8%) was similar to the proportion
reported from a recent South African study [264] where children were also recruited in
outpatient facilities. The higher culture positivity rate in other paediatric studies might be
attributed to a larger proportion of seriously ill inpatients [260–262].
Xpert MTB/RIF identified almost certainly three additional TB cases in highly probable and
probable TB cases in absence of M. tuberculosis growth on culture. Conversely, the low
detection rate of Xpert MTB/RIF in these two groups (2% and 3%, respectively) can be seen
as a major limitation of the assay for the use as a single point-of-care diagnostic in children.
The fact that Xpert MTB/RIF detected only a few children among clinically diagnosed
paediatric TB cases is consistent with findings from previous studies [260–262,264] and a
convincing argument for the development of even more sensitive molecular tests or novel
immunodiagnostics. Both approaches might have a superior diagnostic value in children
with low bacteriological load. This notion is supported by data showing that Xpert MTB/RIF
does not detect TB in spiked sputum samples with less than 131 colony forming units per
mL [126].
On the other hand, uncertainties regarding group specific clinical reference standards must
be taken into consideration. In the present study it became obvious, that at one site two
experienced radiographers most likely overestimated the radiological features in 16 chest
radiographs which led almost certainly to a misclassification as highly probable TB cases.
Consequently, the findings related to classification groups based on clinical and radiological
definitions must be interpreted with some caution.
However, in day-to-day practice treatment decisions in children suspected of having TB will
have to continue relying on clinical markers in the absence of more accurate, confirmatory
diagnostic tools.
Although this study was not designed to assess the diagnostic advantage of an additional
Xpert test in a second sputum sample, the results from culture-confirmed and highly
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probable paediatric TB cases with more than one sample tested by Xpert MTB/RIF indicate
that there might be an incremental yield with repeated testing. However, further systematic
studies to assess the cost effectiveness of repeated Xpert MTB/RIF tests are needed.
One limitation of this study is the relatively small number of TB cases, which may lead to
reduced power for subgroup analysis. Another limitation is that the clinical case
classifications of the cited diagnostic evaluation studies are not entirely comparable to each
other or to the group definitions in this study. In future, harmonised evaluation of new
tuberculosis diagnostic technologies in paediatric populations should be facilitated by the
use of unique clinical case definitions for classification of intrathoracic tuberculosis disease
developed by an expert panel [178].
In conclusion, the findings of our study suggest that Xpert MTB/RIF can play an important
role in diagnosis of pulmonary TB in children but should not be used as a stand-alone test to
rule out childhood TB.

The assay identified rapidly two-thirds of culture-confirmed

paediatric TB cases with excellent specificity and provides, as shown in other studies,
important information on rifampicin resistance. However, Xpert MTB/RIF was negative in
the vast majority of children with highly probable and probable TB. In particular, but not
exclusively, in those children, clinical and radiological assessment remains an essential part
of the diagnostic pathway until better, more sensitive tools are available.
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2.3.6

Figures:

Figure 14: STARD flow diagram.
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Figure 15: Venn diagram for positive culture, Xpert MTB/RIF and AFB
smear microscopy results per patient.
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Figure 16: Time to detection for participants in groups culture-confirmed and highly
probable TB.

73

Improving the diagnosis of tuberculosis – clinical evaluation of four new diagnostics

2.3.7

Tables

Culture-confirmed tuberculosis
Symptoms suggestive of tuberculosis plus
Liquid or solid culture positive for M. tuberculosis
Highly probable TB
Symptoms suggestive of tuberculosis plus chest radiograph strongly indicative of
TB (confirmed by two independent reviewers) or
fluorescent or acid-fast bacilli on microscopy
Probable TB
Symptoms suggestive of tuberculosis plus
CXR uncertain for tuberculosis or discordance between independent reviewers
and
no alternative diagnosis established and complete symptomatic or radiographic
resolution on TB treatment
Not TB
Alternative diagnosis established
and
TB workup negative and well-being established after 3-6 months follow-up without
TB treatment
Indeterminate
Any other possible combination of results and/or loss to follow up after
recruitment

Table 9: Case definition categories.
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Age
Median years (IQR)
Age groups
0-5; 6-10; 11-15 years of age n
Unknown or missing data n
Gender
Male n (%)
HIV status
Positive HIV test n (%)
Unknown or missing data n
ART treatment
Received ART at enrolment n (%)
Unknown or missing data n
Immune suppression status of HIV
infected children
No suppression n (%)
Moderate suppression n (%)
Severe suppression n (%)
Unknown or missing data n
Median weight for age (< 10 years)
Z score (IQR)
Weight for age < -2 (< 10 years)
Z score n (%)
Median height for age (< 10 years)
Z score (IQR)
TST result
Positive in HIV uninfected n (%)
Positive in HIV infected n (%)
Positive with unknown HIV status n
TB contact in last 12 months
Yes n (%)
Unknown or missing data n (%)

All
Children
(n = 451)

Cultureconfirme
d TB
(n = 37)

Highly probable
TB
(n = 48)

Probable TB

Not TB

Indeterminate

(n = 62)

(n = 209)

(n = 95)

5.6 (2.0, 9.8)

6.7 (2.5, 11.1)

4.1 (1.2, 9.0)

4.4 (1.5, 9.1)

5.7 (2.5, 9.8)

5.7 (1.7, 9.9)

211; 133; 106
1

16; 10; 11
-

26; 13; 9
-

32; 16; 14
-

94; 64; 51
-

43; 30; 21
1

219/451 (49)

18/37 (49)

24/48 (50)

33/62 (53)

101/209 (48)

43/95 (45)

197/444 (44)
7

10/37 (27)
-

24/47 (51)
1

44/62 (71)
-

80/207 (39)
2

39/91 (43)
4

98/197(50)
96

5/10 (50)
5

11/24 (46)
13

22/44 (50)
21

41/80 (51)
37

19/39 (49)
20

78/188 (41)
59/188 (31)
51/188 (27)
9

5/10 (50)
2/10 (20)
3/10 (30)
-

6/22 (27)
7/22 (32)
9/22 (41)
2

17/44 (39)
9/44 (20)
18/44 (41)
-

37/75 (49)
25/75 (33)
13/75 (17)
5

13/37 (35)
16/37 (43)
8/37 (22)
2

-1.6 (-2.9, -0.7)

-2 (-3.3, -1.6)

-1.7 (-2.6, -0.8)

-2.8 (-3.7, -1.8)

-1.2 (-2.4, -0.2)

-1.3 (-2.9, -0.7)

133/340 (39)

11/26 (42)

16/38 (42)

34/48 (71)

48/157 (31)

24/71 (34)

-1.7 (-2.8, -0.6)

-2.2 (-3.4 -1.2)

-1.6 (-2.6, -0.6)

-3.1 (-3.7, -1.8)

-1.5 (-2.5, -0.3)

-1.3 (-2.5, -0.4)

72/237 (30)
27/187 (14)
0/7

18/26 (69)
5/10 (50)
-

9/23 (39)
3/24 (13)
0/1

5/18 (28)
8/41 (20)
-

25/123 (20)
5/77 (7)
0/1

15/47 (32)
6/35 (17)
0/1

130/413 (31)
38

14/33 (42)
4

9/41 (22)
7

20/54 (37)
8

58/196 (30)
13

29/89 (33)
6

Table 10: Baseline characteristics and demographic data of the enrolled children.
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Xpert MTB/RIF

Sensitivity

Specificity

Positive
Predictive
Value

Negative
Predictive
Value

Negative
Likelihood
ratio*

%

%

%

%

%

(95 % CI)

(95 % CI)

(95 % CI)

(95 % CI)

(95 % CI)

Culture-confirmed TB versus Not TB
All children

68 (50, 82)

100 (97, 100)

100 (80, 100)

95 (91, 97)

32 (20, 52)

HIV infected

80 (44, 97)

100 (93, 100)

100 (52, 100)

98 (91, 100)

20 (6, 69)

HIV uninfected

63 (42, 81)

100 (96, 100)

100 (73, 100)

93 (87, 96)

37 (23, 61)

CI= Confidence interval.
*The positive likelihood ratio could not be computed since is given by sensitivity/(1-specificity). In all
cases, the specificity was 1 (or 100%).

Table 11: Diagnostic Test Performance of Xpert MTB/RIF.
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2.4.1

Abstract

Background:
The diagnosis of paediatric tuberculosis is complicated by non-specific symptoms, difficult
specimen collection, and the paucibacillary nature of the disease. We assessed the accuracy of a
novel immunodiagnostic T-cell activation marker–tuberculosis (TAM-TB) assay in a proof-ofconcept study to identify children with active tuberculosis.
Methods:
Children with symptoms that suggested tuberculosis were prospectively recruited at the NIMRMbeya Medical Research Center in Mbeya, and the Ifakara Health Institute in Bagamoyo,
Tanzania, between May 10, 2011, and Sept 4, 2012. Sputum and peripheral blood mononuclear
cells were obtained for Mycobacterium tuberculosis culture and performance assessment of the
TAM-TB assay. The children were assigned to standardised clinical case classifications based on
microbiological and clinical findings.
Findings:
Among 290 children screened, we selected a subgroup of 130 to ensure testing of at least 20
with culture-confirmed tuberculosis. 17 of 130 children were excluded because of inconclusive
TAM-TB assay results. The TAM-TB assay enabled detection of 15 of 18 culture-confirmed cases
(sensitivity 83·3%, 95% CI 58·6–96·4). Specificity was 96·8% (95% CI 89·0–99·6) in the cases
that were classified as not tuberculosis (n=63), with little effect from latent tuberculosis
infection. The TAM-TB assay identified five additional patients with highly probable or probable
tuberculosis, in whom M tuberculosis was not isolated. The median time to diagnosis was 19·5
days (IQR 14-45) for culture.
Interpretation:
The sputum-independent TAM-TB assay is a rapid and accurate blood test that has the potential
to improve the diagnosis of active tuberculosis in children.

Funding
European and Developing Countries Clinical Trials Partnership, German Federal Ministry of
Education and Research, and Swiss National Science Foundation.
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2.4.2

Introduction

Tuberculosis in children is a serious public health problem. Recent estimates of the tuberculosis
disease burden in children, based on the results of a systematic literature review and
mathematical modelling, suggest that about 1 million children developed tuberculosis
worldwide in

, including

incident cases in the African region.[270] Surveillance

data for children remain imprecise because paediatric tuberculosis is often either
underdiagnosed or overdiagnosed in high-burden countries.[271],[251],[272] The lack of
accurate and rapid diagnostic methods contributes to tuberculosis morbidity and mortality in
children and hampers the assessment of new drugs and vaccines in paediatric populations.[272]
Diagnosis of active tuberculosis in children poses a major challenge. Clinical symptoms of
tuberculosis in children are often non-specific and resemble those of common paediatric
illnesses, including pneumonia and malnutrition. Adequate respiratory specimens are difficult to
obtain for bacterial confirmation, particularly in very young children who are unable to
expectorate and in whom diagnostic yields are poor because of the paucibacillary nature of the
disease[271],[273] Hence, the diagnosis is routinely made on the basis of a combination of
clinical features, contact history, chest radiography, and tuberculin skin test, and often with
scoring charts that have poor diagnostic accuracy.[274],[256]
The Xpert MTB/RIF assay enables timely, sensitive, and specific molecular detection of
pulmonary tuberculosis and rifampicin resistance in adults,[275] but its value in young children
is greatly reduced. In a recent meta-analysis, the calculated pooled sensitivity was 66% for Xpert
MTB/RIF against culture in expectorated or induced sputa, or gastric lavage specimens from
children with suspected tuberculosis.[258] WHO strongly recommends Xpert MTB/RIF as the

initial diagnostic test in children suspected of having multidrug-resistant or HIV-associated
tuberculosis, and only conditionally in all children suspected of having tuberculosis.[258]
Immunodiagnostic tests, such as the tuberculin skin test and interferon-γ release assays—ie,

QuantiFERON-TB Gold and T-SPOT.TB—do not depend on the presence of Mycobacterium
tuberculosis in collected samples. Although these tests have use in screening special risk
populations for latent tuberculosis infection, they cannot enable the crucial distinction between
active tuberculosis disease and latent tuberculosis infection.[276] Failure to accurately identify
cases with active tuberculosis restricts the clinical application of these tests in endemic regions
where latent tuberculosis infection is ubiquitous.
Results of previous studies in adults showed that flow-cytometric analysis of the CD27 on
circulating M tuberculosis-specific T cells can discriminate active tuberculosis from latent
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tuberculosis infection.[165],[164],[277],[278],[279] Loss of CD27 expression on M tuberculosisspecific CD4 T cells is a marker of active tuberculosis due to persistent antigenic stimulation
[280] and probably relates to increased cellular homing to the site of disease. [281],[282] In a
proof-of-concept study, we assessed the performance of the new T-cell activation marker–
tuberculosis (TAM-TB) assay for the diagnosis of active tuberculosis in children with symptoms
that suggest tuberculosis.
2.4.3

Methods

Study population. This prospective diagnostic assessment was done at two Tanzanian research
sites—the NIMR-Mbeya Medical Research Center, Mbeya, and the Ifakara Health Institute,
Bagamoyo. Children older than 6 months and younger than 16 years with signs or symptoms
that suggested tuberculosis were enrolled from May 10, 2011, until Sept 4, 2012, and followed
up for a minimum of 5 months. At least one of the following eligibility criteria had to be met:
persistent, non-remitting cough for more than 14 days that did not respond to antibiotics;
repeated episodes of fever within the past 14 days that did not respond to antibiotics, after
malaria had been excluded; weight loss or failure to thrive during the previous 3 months; and
signs and symptoms that suggested extrapulmonary tuberculosis. Children who received
tuberculosis treatment in the past 12 months were excluded. The children were referred from
peripheral health facilities and local hospitals. Because of cost restrictions, a subgroup of 130
children was selected from a larger cohort of 290 children to ensure testing of at least 20
children with culture-confirmed tuberculosis after prevalence estimation at the two sites. All
other clinical information was masked from the investigators doing the selection with a list of
patient identification numbers with corresponding disease classifications.
The Institutional Review Board of the Ifakara Health Institute, the Mbeya Medical Research and
Ethics Committee, and the Medical Research Coordinating Committee of Tanzania approved the
study protocol. We obtained written informed consent from a literate parent or legal guardian.
In cases of illiteracy, informed oral consent was attested by an independent witness. Children
older than 7 years provided assent for participation.
Classification and reference standard. Classification of children was based on the results of
the clinical and microbiological assessment as culture-confirmed tuberculosis (culture-positive
for M tuberculosis), highly probable tuberculosis (chest radiograph consistent with tuberculosis
confirmed by two independent reviewers, histology or cytology typical for tuberculosis, or
fluorescent or acid-fast bacilli on microscopy), probable tuberculosis (clinically suspected
tuberculosis without objective findings as above), not tuberculosis (alternative diagnosis
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established and clinical resolution without antituberculosis treatment), or indeterminate (any
other combination; appendix). Culture-confirmed tuberculosis was used as the reference
standard for sensitivity analysis and not tuberculosis as the reference standard for specificity
assessment.
Clinical and laboratory procedures. Clinical procedures at enrolment comprised medical
history, physical examination, HIV testing, CD4 T-cell count, interferon-γ release assay

(QuantiFERON-TB Gold, Cellestis, Melbourne, VIC, Australia), and chest radiography. Chest
radiographs were classified as strongly indicating, uncertain, or not tuberculosis by two

independent experts from whom all clinical and diagnostic information was masked.
Malnutrition was assessed on the basis of weight-for-age Z score in children aged up to 10 years
less than −

and body-mass index in those older than 10 years (<2 SD below normal). If

feasible, at least three induced or two expectorated respiratory specimens were obtained on
consecutive days. Induced sputum was obtained in accordance with a standard protocol.[283]
Fine-needle aspiration biopsies of enlarged lymph nodes were done when clinically indicated, as
per standard protocol.[284]
After N-acetyl L-cysteine-sodium hydroxide decontamination, each sputum sample pellet was
assessed with microscopy by use of Ziehl-Neelsen staining. At least one sample was inoculated
on both liquid (BACTEC MGIT 960, Becton Dickinson, Franklin Lakes, NJ, USA) and solid media
(Loewenstein-Jensen culture). Positive cultures were confirmed by use of microscopy, and
subsequent MPT64 antigen or molecular tests (Genotype MTBC or CM, Hain Lifescience, Nehren,
Germany) or both. GenoType MTBDRplus (Hain Lifescience) or phenotypic drug-susceptibility
testing (BACTEC MGIT 960 SIRE kit, Becton Dickinson) was used for resistance testing. Xpert
MTB/RIF (Cepheid, Sunnyvale, CA, USA) was done in at least one sputum sample according to
the manufacturer's instructions. All tests, including TAM-TB assay, were done by trained
laboratory technical staff masked to clinical information and radiological results.
Results from established diagnostic procedures were made available to support clinical
management in accordance with national and international guidelines. Results of the
experimental TAM-TB assay were not released.
TAM-TB assay. Details of the underlying biological principle of the TAM-TB assay, definition of
cutoff values in an optimisation cohort of adults (n=87), and additional background information
are provided in the appendix.
Briefly, the TAM-TB assay is used to measure the CD27 phenotype of CD4 T cells producing
interferon γ in response to M tuberculosis antigens according to a standard intracellular
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cytokine staining procedure.[278] M tuberculosis-specific CD4 T-cell responses were judged
positive when at least five CD4 T-cell interferon-γ-producing events were detected, and the
proportion of interferon-γ producing CD T cells after antigen stimulation was greater than
0·05% and was at least twice the frequency of that in the negative controls.

Well characterised samples from adults (appendix) were used to identify the CD27 median
fluorescence intensity (MFI) ratio with optimum discriminatory power between latent
tuberculosis infection and active tuberculosis. Cryopreserved peripheral blood mononuclear
cells obtained at the baseline visit were stimulated for 12–16 h with a set of overlapping ESAT6/CFP-10 peptides [21] (Elephants and Peptides, Potsdam, Germany) and purified protein
derivative (Statens Serum Institut, Copenhagen, Denmark) before staining with fluorochromelabelled antibodies. We compared the MFI of CD27 staining on interferon-γ-positive M
tuberculosis-specific CD4 T cells to the CD27 MFI value for all CD4 T cells to define the CD27 MFI
ratio for a sample ( appendix). CD27 MFI ratio results were consistent in 17 independent quality
control assessments of two batches of peripheral blood mononuclear cells (appendix).
Adult patients with tuberculosis had significantly higher CD27 MFI ratios than did control
patients after ESAT-6/CFP-10 or purified protein derivative stimulation; area-under-operatingcharacteristic curves were 0·931% and 0·881%, respectively (appendix). We set CD27 MFI ratio
thresholds at greater than 5 for ESAT-6/CFP-10 and greater than 13 for purified protein
derivative responses to achieve a balanced TAM-TB assay sensitivity of 83·3% (95% CI 68·6–
93·0) and specificity of 83·7% (69·3–93·2) in this optimisation cohort. Once these cutoff values
were ascertained, samples from paediatric tuberculosis suspects were tested (validation
cohort). TAM-TB assays were done at two independent laboratories according to identical
standard operating procedures.
Statistical analysis. Calculation of medians, IQR, test accuracy measures (sensitivity and
specificity), Kruskall-Wallis ANOVA with post-test correction (Dunn's), and Mann-Whitney and
Fisher's exact tests were done with GraphPad Prism software (version 4.03).
Role of the funding source. The study was funded by the European and Developing Countries
Clinical Trials Partnership, which had no role in study design, data gathering, analysis, and
interpretation, or writing of the report. The corresponding author had full access to all the data
and final responsibility for the decision to submit for publication.
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2.4.4

Results

After assay optimisation in adults (optimisation cohort; appendix), the diagnostic performance
of the TAM-TB assay was assessed in 130 children suspected to have tuberculosis (validation
cohort); samples from 113 (87%) children were eligible for analysis. Figure 17 shows the study
profile;[73] 17 (13%) children were excluded from the study because of inconclusive results. 18
(16%) of 113 eligible children had culture-confirmed tuberculosis, eight (7%) highly probable
tuberculosis, 12 (11%) probable tuberculosis, 63 (56%) not tuberculosis, and 12 (11%)
indeterminate cases (figure 17). A fine-needle aspiration biopsy of enlarged lymph nodes was
done in five children; the final classifications were culture confirmed tuberculosis (n=3),
probable tuberculosis (n=1), and not tuberculosis (n=1). All culture-confirmed tuberculosis
cases were positive on assessment of a respiratory specimen, including one with additional
cytomorphology that suggested tuberculous lymphadenitis. Nine (50%) of 18 children with
culture-confirmed tuberculosis were sputum smear-positive. Six of eight patients with highly
probable tuberculosis had chest radiographs that strongly suggested tuberculosis, one had
chronic granulomatous lymphadenitis, and one was sputum smear-positive. Patients with
probable tuberculosis had symptoms that suggested infection, which resolved completely on
tuberculosis treatment, but radiographic signs and laboratory investigations were nonconclusive.
Table 12 shows the demographic and clinical characteristics of the children. The median age of
the 113 children included in the analysis was 6·1 years (table 12). 33 of 113 children had HIV
infection (table 12). According to the WHO immunological classification for established HIV
infection, [286] 19 of the HIV-infected children had severe immunodeficiency (table 12). 37 of
38 children with culture-confirmed, highly probable, or probable tuberculosis received
tuberculosis treatment, and one child died before the positive M tuberculosis culture result
became available and treatment could be started. 33 of 37 children reported symptom
resolution on treatment, one child with highly probable tuberculosis died, and three who were
classified as culture confirmed, highly probable, or probable tuberculosis were lost to follow-up.
No drug resistance was detected in the culture-confirmed cases.
Respiratory specimens could be collected from each child; 103 (91%) of 113 children provided
at least three induced or two expectorated sputum samples. Figure 18 shows the overlap
between children with a positive M tuberculosis culture, Xpert MTB/RIF, or TAM-TB assay, and
table 13 shows the TAM-TB assay results. 15 of 18 children with culture-confirmed tuberculosis
had a positive TAM-TB assay result (sensitivity 83·3%, 95% CI 58·6–96·4; table 14). Of the 63
cases classified as not tuberculosis, 61 had a negative TAM-TB assay (specificity 96·8%, 89·0–
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99·6; table 14). Findings were similar at the two independent sites Bagamoyo and Mbeya (table
14). The sensitivity of the TAM-TB assay was 69·2% (48·2–85·6) when both culture-confirmed
and highly probable tuberculosis cases were included in the reference standard.
Table 15 summarises the clinical characteristics, tuberculin skin test and QuantiFERON-TB Gold
results, diagnosis at enrolment, response to antibiotic treatment, and clinical follow-up of all
children with discrepant TAM-TB assay and M tuberculosis culture results. Of the eight children
who were TAM-TB assay positive but culture-negative (figure 18), three cases were classified as
highly probable tuberculosis, two as probable tuberculosis, two as not tuberculosis, and one as
indeterminate; six were HIV infected (table 15). Of the three children with highly probable
tuberculosis, one was sputum smear-positive at enrolment, one was culture-confirmed during
follow up, and one had cytological signs (chronic granulomatous lymphadenitis) that suggested
tuberculosis. In the two probable tuberculosis cases, broad-spectrum antibiotics had no effect,
but symptoms resolved on tuberculosis treatment (table 15). The TAM-TB assay was positive in
two HIV-infected patients who were classified as not tuberculosis (table 15). Mycobacterium
interjectum was identified in one case with an induration of 10 mm on the tuberculin skin test
and an indeterminate QuantiFERON-TB Gold result. The other patient was QuantiFERON-TB
Gold-positive. One HIV-infected child who was classified as indeterminate, had a complex clinical
picture with various disease episodes that never fully resolved. Of the three children who were
M tuberculosis culture-positive, but TAM-TB assay negative, two were malnourished (table 15).
The third child had a nephrotic syndrome and died before culture results were available (table
15).
Of the 63 children classified as not tuberculosis, 15 (24%) had a positive tuberculin skin test or
QuantiFERON-TB Gold test at enrolment, suggesting probable latent tuberculosis infection.
TAM-TB assay was positive in two (13%) of these 15 children. Xpert MTB/RIF enabled detection
of 12 (67%) of 18 culture-confirmed tuberculosis cases, giving a sensitivity of 66·7% (95% CI
41·1–85·6) when two or more sputum samples obtained on consecutive days were analysed.
The sensitivity was 55·6% (31·3–77·6) when only the first sputum sample was analysed. The
specificity of Xpert MTB/RIF was 100% (94·2–100; data were missing for one person). Xpert
MTB/RIF was positive in two of three children with culture-confirmed tuberculosis who were
TAM-TB assay negative (figure 18). The sensitivity achieved with the combination of TAM-TB
assay and Xpert MTB/RIF was 94·4% (72·6–99·1). The median time to detection by use of
culture, defined as the period between enrolment and first M tuberculosis confirmation, was
19·5 days (IQR 14·0–45·0), whereas TAM-TB assay results were obtained within 24 h after
recovery of peripheral blood mononuclear cells.
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2.4.5

Discussion

The TAM-TB assay showed good sensitivity and excellent specificity with M tuberculosis culture
as a reference standard. Specific detection of active tuberculosis in children was based on cutoff
values set from the optimisation study in adults. Retrospectively lowering CD27 ratio thresholds
to 2 for ESAT-6/CFP-10 and 7 for purified protein derivative stimulation, would further improve
assay sensitivity from 83·3% to 88·9% (95% CI 88·0–99·4%) without affecting specificity with
additional detection of highly probable (n=1), probable tuberculosis (n=1), and indeterminate
(n=1) cases. Hence, cutoff values specifically optimised for children might further improve TAMTB accuracy. Contrary to molecular-based assays like Xpert MTB/RIF and microbiological tests,
the TAM-TB assay can be done on a readily available peripheral blood sample and is not limited
by the paucibacillary nature of active tuberculosis in children. Consistent test performance at
both study sites suggests the assay is robust and repeatable. Of greatest clinical relevance is that
the TAM-TB assay provides an answer within a day of blood collection, which is important
because early treatment initiation can be crucial in young children at high risk of disseminated
tuberculosis disease.[271],[287]
Of the children with discrepant results, five of eight children who were M tuberculosis culturenegative and TAM-TB assay positive had highly probable or probable tuberculosis. The clinical
classification used might have included some overdiagnosis. [272] International consensus
definitions of intrathoracic tuberculosis were not available when the study was designed. [288]
However, detailed case assessment suggested that these children probably did have active
tuberculosis, suggesting that the TAM-TB assay is probably at least as sensitive as M
tuberculosis culture.
Despite access to state-of-the-art tuberculosis diagnostics, most children enrolled in our study
were treated for tuberculosis based on a combination of epidemiological and clinical findings.
This shows the poor diagnostic usefulness of M tuberculosis culture in clinical practice, related
to difficult specimen collection, suboptimum sensitivity in children with paucibacillary disease,
and long turnaround times. Suboptimum sensitivity undermines the suitability of the test as a
reference standard and complicates optimal assessment of diagnostic accuracy. Consistent with
previous paediatric studies, Xpert MTB/RIF enabled the detection of culture-confirmed
paediatric cases from expectorated or induced sputa with a sensitivity of 66·7% and a specificity
of 100%.%.[289],[290],[291] Compared with M tuberculosis culture, the combination of Xpert
MTB/RIF and TAM-TB, two assays with a turnaround time of less than 24 h, had a sensitivity of
94%, missing one case. This child had severe nephrotic syndrome and culture-confirmation was
only achieved after the child had passed away. The combination of TAM-TB assay and Xpert
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MTB/RIF enabled the detection of more tuberculosis cases than did culture when both cultureconfirmed and highly probable tuberculosis cases were included in the reference standard.
The TAM-TB assay was highly accurate in identifying children without tuberculosis, including 13
children with a positive interferon-γ release assay or the result of the tuberculin skin test.
Hence, the assay has a high specificity for tuberculosis disease in children despite immunological

evidence of previous M tuberculosis exposure, consistent with data from the adult optimisation
cohort and a previous study in adults.[279] Only two not tuberculosis cases were incorrectly
assigned. Both children were infected with HIV, one had simultaneous infection with nontuberculous mycobacteria and both had latent tuberculosis infection. These false-positive TAMTB results were caused by a predominance of mycobacteria-specific effector memory T-cell
responses in peripheral blood. In view of a positive CFP-10/ESAT-6 response in the child
without non-tuberculous mycobacteria infection, the positive TAM-TB assay result might
suggest recent M tuberculosis infection that did not progress to active disease during the period
of observation. In the other case, the non-tuberculous mycobacteria (M interjectum) identified in
the sputum might have elicited the positive TAM-TB assay result. Implementation of additional,
highly immunogenic M tuberculosis-specific antigens in the next generation TAM-TB assay could
further improve specificity and sensitivity.
The current version of the TAM-TB assay has several limitations, mainly related to cost and
technical complexity. It needs advanced blood processing procedures, antigenic stimulations,
flow cytometry equipment, and well trained staff. Refinement and simplification are in progress
to optimise diagnostic performance and make it compatible with cytometers that are in
widespread use for measurement of CD4 T-cell counts in HIV/AIDS-affected countries. The TAMTB assay did not generate valid test results in 13% of the samples of peripheral blood
mononuclear cells, but this might be attributed to reduced T-cell viability and decreased
cytokine production after cryopreservation.[292] Ideally, the TAM-TB assay should be done on
fresh whole blood samples—eg, in antigen-precoated tubes similar to the commercial
QuantiFERON In-Tube system (Cellestis).[293] Low CD4 T-cell counts due to severe HIV
infection might remain a problem even when fresh blood samples are used. The small sample
size of this proof-of-concept study resulted in very wide confidence intervals and did not allow
systematic assessment of test performance in very young, malnourished, or HIV-infected
children who have recently been started on antiretroviral therapy. These factors might
negatively affect the accuracy of the TAM-TB assay.[279],[294] Additional studies need to be
done to specifically address test performance in these patient groups. The assessment of the
TAM-TB assay in a study population enriched for culture-confirmed tuberculosis cases might
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have been a source of bias, particularly for the analysis including the under-represented
classification groups. Although the TAM-TB assay cannot provide information about drug
susceptibility, use of concomitant Xpert MTB/RIF testing can address this limitation.
To our knowledge, this study is the first to assess the diagnostic performance of the novel TAMTB assay in children (panel). Importantly, it was done in a region with a high tuberculosis
incidence and recruited children with symptoms that suggested tuberculosis who represent the
real-life diagnostic challenge in these settings. Despite a need for further refinement and testing
in other regions with high burden of tuberculosis, our results suggest that the sputumindependent TAM-TB assay is a major advance for the rapid and accurate diagnosis of
tuberculosis in children.
Panel: Research in context
Systematic review. As of June

th

, searching PubMed using the terms

diagnosis , human and tuberculosis returned

CD

,

results. Seven clinical studies from five

independent laboratories explicitly demonstrated the potential of monitoring CD27 expression
on M. tuberculosis-specific CD4 T cells to diagnose active tuberculosis disease in adults. We did
not find a report assessing the use of M. tuberculosis-specific T cell phenotype for the diagnosis
of active childhood tuberculosis.
Interpretation. Our report is the first to assess the accuracy of using CD27 expression analysis
for the diagnosis of paediatric tuberculosis. Immunological data were generated and analysed
blinded to clinical parameters. The T cell activation marker (TAM)-TB assay showed excellent
sensitivity (83·3%) and specificity (96·8%) when using M. tuberculosis culture positivity as a
reference standard, and detected additional cases in culture negative children who were
clinically suspected of having tuberculosis. Despite a relatively small sample size and potential
bias originating from cohort enrichment in culture-confirmed tuberculosis cases, this proof of
concept study demonstrates that immunodiagnostic tests that incorporate phenotypic
characteristics of M. tuberculosis-specific T cells have the potential to improve rapid detection of
active tuberculosis in children.
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2.4.6

Figures

Figure 17: Study profile
TAM-TB=T-cell activation marker–tuberculosis. *Frequency of interferon-γ-positive CD4 T cells
in the negative control greater than the median frequency plus SD of the tested sample. †CD T
cell count of less than
per μL and interferon-γ CD T cells less than · %.

Figure 18: Venn diagram of positive Mycobacterium tuberculosis culture, Xpert MTB/RIF,
and TAM-TB-assay results, and TAM-TB-assay results.
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TAM-TB=T-cell activation marker–tuberculosis.

2.4.7

Tables

All
patients
(n=113)

Age (years)
6·1 (2·1–10·3)
Female sex
52 (46%)
Symptoms at enrolment
Cough
108 (96%)
Fatigue
or
28 (25%)
lethargy
Wheezing
16 (14%)
Breathing
47 (42%)
difficulties
Fever
82 (73%)
Chest pain
23 (20%)
Haemoptysis
4 (4%)
Enlarged
12 (11%)
lymph nodes
Weight loss
55 (49%)
Abdominal
20 (18%)
pains
Malnutrition
60 (53%)
HIV infection
33 (29%)
WHO immunological staging
Not clinically
7/33 (21%)
relevant
Mild
6/33 (18%)
Advanced
1/33 (3%)
Severe
19/33 (58%)
On
antiretroviral
13/33 (39%)
therapy
Positive
tuberculin skin 31/103 (30%)
test
Positive
interferon-γ
27/110 (25%)
release assay
Positive
tuberculin skin
test
or 47/112 (42%)
interferon-γ
release assay

Cultureconfirmed
tuberculosis
(n=18)
4·6 (1·5–12·7)
8 (44%)

Highly
probable
tuberculosis
(n=8)
8·1 (5·2–11·9)
5 (63%)

Probable
tuberculosis
(n=12)

Not
tuberculosis
(n=63)

Indeterminate
(n=12)

6 (1·8–10·5)
6 (50%)

6·1 (2·0–9·8)
27 (43%)

5·4 (2·2–10·5)
6 (50%)

16 (89%)

6 (75%)

12 (100%)

62 (98%)

12 (100%)

8 (44%)

2 (25%)

2 (17%)

16 (25%)

0

1 (6%)

1 (13%)

3 (25%)

9 (14%)

2 (17%)

10 (56%)

4 (50%)

8 (67%)

22 (35%)

3 (25%)

16 (89%)
1 (6%)
1 (6%)

6 (75%)
0
0

9 (75%)
1 (8%)
1 (8%)

45 (71%)
18 (29%)
1 (2%)

6 (50%)
3 (25%)
1 (8%)

5 (28%)

1 (13%)

1 (8%)

5 (8%)

0

13 (72%)

3 (38%)

5 (42%)

32 (51%)

2 (17%)

5 (28%)

2 (25%)

3 (25%)

9 (14%)

1 (8%)

12 (67%)
4 (22%)

4 (50%)
3 (38%)

5 (42%)
7 (58%)*

24 (38%)
15 (24%)

5 (42%)
4 (33%)

0/4 (0%)

0/3 (0%)

2/7 (29%)

4/15 (27%)

1/4 (25%)

1/4 (25%)
1/4 (25%)
2/4 (50%)

1/3 (33%)
0/3 (0%)
2/3 (67%)

2/7 (29%)
0/7 (0%)
3/7 (43%)

2/15 (13%)
0/15 (0%)
9/15 (60%)

0/4 (0%)
0/4 (0%)
3/4 (75%)

2/4 (50%)

1/3 (33%)

2/7 (29%)

7/15 (47%)

1/4 (25%)

13/17 (76%)

3/8 (38%)

2/11 (18%)

9/57 (16%)

4/10 (40%)

13/18 (72%)

1/7 (14%)

3/12 (25%)

8/61 (13%)

4/12 (33%)

17/18 (94%)

3/8 (38%)

4/12 (33%)

15/63 (24%)

4/11 (36%)

Table 12: Demographics and clinical characteristics of study participants by classification
group.
Data are median (IQR), number (%), or n/N (%).
*p=0·033 compared with not tuberculosis distribution (Fisher's exact test).
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Assaypositive
cases
Assaynegative
cases

Cultureconfirmed
tuberculosis
(n=18)

Highly
probable
tuberculosis
(n=8)

Probable
tuberculosis
(n=12)

Not
tuberculosis
(n=63)

Indeterminate
(n=12)

15 (83%)

3 (38%)

2 (17%)

2 (3%)

1 (8%)

3 (17%)

5 (63%)

10 (83%)

61 (97%)

11 (92%)

Table 13: T-cell activation marker–tuberculosis assay results by classification groups.

Bagamoyo (n=63)

Mbeya (n=50)

All patients (n=113)

Sensitivity (95% CI)

83·3% (35·9–99·6)

83·3% (51·6–97·9)

83·3% (58·6–96·4)

Positive/total

5/6

10/12

15/18

Specificity (95% CI)

95·6% (84·9–99·5)

100% (81·5–100)

96·8% (89·0–99·6)

Negative/total

43/45

18/18

61/63

Disease prevalence

7/115 (6%)

22/175 (13%)

29/290 (10%)

Positive predictive value

54·9%

100%

74·5%

Negative predictive value

98·9%

97·7%

98·1%

Table 14: Sensitivity, specificity, and predictive values of the T-cell activation marker–
tuberculosis assay.
Data are n/N (%), unless otherwise indicated. Culture-confirmed tuberculosis and not tuberculosis were
the reference standards for sensitivity and specificity. Calculation of predictive values was based on
disease prevalence in the main paediatric cohort (n=290).
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Clinical case
classification
and reason for
classification

Tuberc
HIV
ulin
status
skin
test or
QuantiF
ERON
Culture-negative and TAM-TB assay-positive cases
15 years
Highly
Positive
Negative
probable
tuberculosis by
radiograph

First-visit clinical
diagnosis,
treatment,
and
response

Follow-up clinical diagnosis,
treatment, and outcome

Clinical case
classification
and reason
for
classification

Pneumonia
Amoxicillin
No

Pulmonary tuberculosis later
confirmed by culture and Xpert
MTB/RIF
2 months of isoniazid, rifampicin,
pyrazinamide, and ethambutol,
and 4 months of isoniazid and
rifampicin
Resolved
Pulmonary tuberculosis
2 months of isoniazid, rifampicin,
pyrazinamide, and ethambutol,
and 4 months of isoniazid and
rifampicin
Resolved
Tuberculosis lymphadenitis
2 months of isoniazid, rifampicin,
pyrazinamide, and ethambutol,
and 4 months of isoniazid and
rifampicin
Resolved
Pulmonary tuberculosis
2 months of isoniazid, rifampicin,
pyrazinamide, and ethambutol,
and 4 months of isoniazid and
rifampicin
Resolved
Pulmonary tuberculosis
2 months of isoniazid, rifampicin,
pyrazinamide, and ethambutol,
and 4 months of isoniazid and
rifampicin
Resolved

15 years

Recovered from initial diagnosis

5 years

Intestinal helminths
Albendazole
Resolved, new dry cough 6–9
months after recruitment

7 years

Bronchiectasis, malaria
Antimalarial
Persisting cough, mediastinal
lymphadenopathy

10 years

Pulmonary tuberculosis
2 months of isoniazid, rifampicin,
pyrazinamide, and ethambutol,
and 4 months of isoniazid and
rifampicin
Resolved

14 years

Pulmonary tuberculosis (only
retrospectively confirmed)
No tuberculosis treatment

8 years

7 years

Highly
probable
tuberculosis by
sputum smear

Positive

Negative

Pneumonia
Amoxicillin
No

9 years

Highly
probable
tuberculosis by
lymph node
cytology

Positive

Positive

Lymphadenitis
Ceftriaxone
No

11 years

Probable
tuberculosis by
symptoms,
resolution after
treatment

Negative

Positive

Pneumonia
Ceftriaxone
No

1 year

Probable
tuberculosis by
symptoms,
resolution after
treatment

Positive

Positive

Chest infection
Cefalexin
No

5 years

Not
tuberculosis,
no treatment,
and healthy
after 5 months

Positive

Positive

7 years

Not
tuberculosis,
no treatment,
and healthy
after 5 months

Positive

Positive

10 years

Indeterminate

Positive

Positive

Pneumocystis
pneumonia plus
Mycobacterium
interjectum
Co-trimoxazole
Resolved
Pneumonia,
urinary tract
infection
Antibiotics
Resolved
Bronchiectasis
Metronidazole
Moderate

7 years

9 years

11 years

1 year

Culture-positive and TAM-TB assay-negative cases

14 years

Cultureconfirmed
tuberculosis
with
Mycobacterium
tuberculosis in
sputum

Positive

Negative

8 years

Culture
confirmed
tuberculosis

Positive

Negative

Pulmonary
tuberculosis,
malnutrition
2 months of
isoniazid,
rifampicin,
pyrazinamide, and
ethambutol, and 4
months of isoniazid
and rifampicin
Unchanged
Nephrotic
syndrome
Furosemide,
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with
Mycobacterium
tuberculosis in
sputum

2 years

Culture
confirmed
tuberculosis
with
Mycobacterium
tuberculosis in
sputum

prednisolone
Deterioration,
hospital admission

Negative

Negative

Pulmonary
tuberculosis,
malnutrition
2 months of
isoniazid,
rifampicin,
pyrazinamide, and
ethambutol, and 4
months of isoniazid
and rifampicin
Unchanged

Death

Pulmonary tuberculosis
2 months of isoniazid, rifampicin,
pyrazinamide, and ethambutol,
and 4 months of isoniazid and
rifampicin
Resolved

2 years

Table 15: Cases with discrepant culture and TAM-TB assay results: clinical characteristics
at enrolment and follow-up visits by age
Positive tuberculin skin test suggested by a lesion of at least 10 mm in HIV-uninfected or at least 5 mm in
HIV-infected children. TAM-TB=T-cell activation marker–tuberculosis.

2.4.8

Supplementary appendix

Defining optimal TAM-TB assay cut-off values for detection of active Tuberculosis disease
in the adult optimisation cohort
Development of rapid, accurate and sputum-independent diagnostic tools for detection of
pulmonary and extra-pulmonary tuberculosis and its differentiation from other conditions with
similar clinical presentation is essential for improving the management of paediatric
tuberculosis suspects. Current immunodiagnostic methods, such as the TST or IGRAs lack the
ability to discriminate latent M. tuberculosis infection (LTBI) from active tuberculosis disease.
While also based on the detection of M. tuberculosis-specific memory T cell responses, the TAMTB assay incorporates phenotypic T cell characterization; downregulation of CD27 on Interferon
gamma (IFN-)+ M. tuberculosis-specific CD4 T cells differentiates active tuberculosis disease
from latent M. tuberculosis infection (LTBI).[165],[164],[277],[278],[279],[154] Loss of CD27
expression is a marker of late stage effector T cell differentiation and a consequence of
persistent antigenic stimulation.[280],[295] The vast majority of peripheral blood CD4 T cells
express CD27, whereas a CD27 negative phenotype is specific for the comparatively small
fraction of mature effector memory CD4 T cells (Supplementary Figure 2B).[296]
In murine M. tuberculosis infection models, CD27-effector memory CD4 T cells preferentially
home to non-lymphoid tissues, including the lung.[281] In humans, the CD27 negative
phenotype is characteristic of CD4 T cells collected by bronchalveolar lavage.[297] Hence, with
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active tuberculosis, CD27 down regulation on peripheral blood M. tuberculosis -specific CD4 T
cells most probably reflects increased cellular homing to the site of disease.
Defining consistent cut-off values for CD27 expression is essential to assess the diagnostic value
of this biomarker. CD4 T cells with intermediate CD27 receptor density are abundant and
variable in peripheral blood, complicating the definition of a consistent cut-off value. In order to
reduce test variability, we compared the median fluorescence intensity (MFI) of CD27-staining
of IFN-+ M. tuberculosis-specific CD4 T cells (after ESAT-6/CFP-10 and PPD stimulation) to the
CD27 MFI value for all CD4 T cells to define the CD27 MFI ratio (Supplementary Figure 2B). We
used well-characterized adult samples the optimisation cohort to identify the CD27 MFI ratio

with optimal discriminatory power between LTBI and active tuberculosis disease, before testing
it in child tuberculosis suspects the validation cohort . We tested samples from healthy HIV-

uninfected IGRA- and IGRA+ adults and in patients with culture-confirmed pulmonary
tuberculosis (HIV-infected and uninfected).
Study subjects
A case-control study was conducted in selected adults (n=87) from October 2010 to November
2012 in Bagamoyo and Mbeya, Tanzania (Supplementary Figure 1). Active pulmonary
tuberculosis was defined by the presence of at least one positive M. tuberculosis-culture from
sputum. Adult healthy controls had to be HIV-negative, free of any disease symptoms and
without a history of previous tuberculosis. The healthy controls were further stratified by their

interferon gamma release assay (IGRA) result (Bagamoyo: QuantiFERON; Mbeya: in-house
ESAT-6/CFP-10 ELISPOT assay). In order to define the optimal CD27 MFI ratio cut-off values we
included healthy controls who were either IGRA+ or responding to PPD stimulation. The study
protocol was approved by the Institutional Review Board of the Ifakara Health Institute, the
Mbeya Medical Research and Ethics Committee, and the Medical Research Coordinating
Committee of Tanzania. Written informed consent was obtained from literate participants. In
case of illiteracy, informed oral consent was attested by an impartial witness.
TAM-TB assay. Thawed PBMCs were rested for 2h and subsequently stimulated for 12-16h in
the presence of anti-CD28/CD49d (BD Pharmingen, 2 g/ml final) and Brefeldin A (Sigma,
5mg/ml final) with two sets of antigens: (1) ESAT-6/CFP-10 peptide pools (2 µg/ml, Elephants &
Peptides, Germany),[285] and (2) Purified Protein Derivative (PPD) for in vitro use (10 µg/ml,
Statens Serum Institute, Denmark). Stimulation with Staphylococcal Enterotoxin B (SEB) served
as a positive control (0·8 µg/ml final, Sigma-Aldrich, USA), and no antigen stimulation as a
negative control. We used the following antibodies: anti-CD4-PerCP Cy5.5 (Oct4, ebioscience),
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anti-CD8 Horizon V500 (RPA-T8, BD Pharmingen) and anti-CD27-APC H7 (M-T271, BD
Pharmingen) and for intracellular staining in combination with BD Cytofix/CytopermTM Buffer
and BD Perm/WashTM Buffer (BD Pharmingen): anti-CD3-Pac Blue (UCHT-1, BD Pharmingen)
and anti-IFN FITC (B27, BD Pharmingen).
Stained PBMCs were then acquired on calibrated BD FACSCanto II (Mbeya) or BD LSR II
Fortessa (Bagamoyo) flow cytometers allowing the detection and CD27-based phenotypic
characterization of M. tuberculosis-specific CD4 T cells. The data were analysed using FlowJo
software version 9·0 (Tree Star Inc., USA).
Demographics
The median age of the culture-confirmed adult pulmonary tuberculosis cases (n=44) was 33
years (IQR 29-38·4), significantly higher than the median age of the IGRA-negative healthy
controls (n=18; 21·3 years; IQR 19·7-29; p<0·01) but similar to the median age of IGRA-positive
healthy controls (n=30; 30 years; IQR 18·1-38). The prevalence of HIV infection among adult
tuberculosis cases was 61·9%.
Definition of the CD27 MFI ratio and Cut-offs values for the TAM-TB assay
As expected, neither detection of IFN-γ+ M. tuberculosis-specific CD4 T cells after ESAT-6/CFP10 or PPD stimulation, nor their frequency, could discriminate healthy IGRA+ controls from
confirmed tuberculosis cases (Supplementary Figure 2A). The TAM-TB assay included two
criteria; a) the presence of M. tuberculosis-specific CD4 T cell responses and b) a predominant
CD27low cell phenotype among M. tuberculosis-specific CD4 T cells. Positive M. tuberculosisspecific CD4 T cell responses were defined by: a) a frequency of CD4 T cells producing IFN-γ of
·

%, b a -fold increase compared to unstimulated controls and c) acquisition of at least 5

events identified as IFN-γ producing CD T cells on antigen stimulation (as above).
The TAM-TB test was considered negative

no tuberculosis

if a positive M. tuberculosis-

specific CD4 T cell response was not detected. When a positive M. tuberculosis-specific CD4 T cell

response was detected, results were further stratified using the CD27 median fluorescence
intensity (MFI) ratio illustrated in supplementary figure 2B. The CD27 MFI of M. tuberculosisspecific CD4 T cells was divided by the CD27 MFI of IFN-γ+ CD T cells (Supplementary Figure

2B). Hence, a lower CD27 MFI of the M. tuberculosis-specific CD4 T cell population in a given
sample results in an increased CD27 MFI Ratio. Active tuberculosis was significantly correlated
with an elevated CD27 MFI ratio (p<0·0001, Supplementary Figure 2D). Receiver operating

characteristic (ROC) curves of responders confirmed a high probability that a randomly selected
95

Improving the diagnosis of tuberculosis – Clinical evaluation of four new diagnostics

tuberculosis patient will harbour a significantly higher CD27 MFI ratio than a randomly selected
control after ESAT-6/CFP-10 or PPD stimulation (area under the curve (AUC) = 0·931% and
0·881 respectively) compared to merely measuring the frequencies of antigen-specific CD4-T
cells producing IFN-γ (AUC = 0·597 and 0·573 using ESAT-6/CFP-10 or PPD stimulation
respectively)

(Supplementary Figure 2C). Hence, further stratification of positive M.

tuberculosis-specific CD4 T cell responses using the CD27 MFI ratio greatly enhances the
discriminatory power by the TAM-TB assay and hence specificity for active tuberculosis disease.
Importantly, CD27 MFI ratio results were consistent in 17 independent quality control
experiments using two batches of Peripheral Blood Mononuclear Cells (Supplementary Figure
2E).
Optimal CD27 MFI ratio cut-off values for accurate detection of active tuberculosis were defined
by comparing the CD27 MFI ratios from adults with culture-confirmed pulmonary tuberculosis
and positive responses to ESAT-6/CFP-10 (n=33) or PPD (n=38) respectively, with those from
adult healthy controls with detectable responses to ESAT-6/CFP-10 (n=17) or PPD (n=43). For
ESAT-6/CFP-10-specific CD4 T cells, the optimal CD27 MFI ratio cut-off was defined as >5 and
for PPD-specific CD4 T cells as >13. Using these threshold criteria, for both stimuli, the TAM-TB
assay achieved a sensitivity of 83·3 % (95% CI, 68·6-93) and a specificity of 83·7% (95% CI,
69·3-

·

in this adult optimisation cohort .

Conclusion

In summary, the novel TAM-TB assay is the first immune-based assay that has demonstrated the
ability to differentiate LTBI from active tuberculosis disease. These results indicate that
considering both ESAT-6/CFP-10-specific and PPD-specific CD4 T cell responses is the most
sensitive approach. Further stratification using CD27 MFI ratios, with cut-off values of >5 for
ESAT-6/CFP-10-specific and >13 for PPD-specific CD4 T cell responses optimized the ability to
differentiate active tuberculosis disease from latent M. tuberculosis infection. These predetermined cut-off values were then used to predict active tuberculosis in the prospective
diagnostic evaluation study in Tanzanian children, reported in the main manuscript.
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Supplementary appendix: Figures

Supplementary Figure 1: Flow diagram of enrolment and clinical classification in adult
optimisation cohort.
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Supplementary Figure 2: TAM-TB assay settings and performance in the adult
optimisation cohort.
A) Scatter-plot of IFN-γ producing CD T cells frequencies upon ESAT-6/CFP-10 (left graph) or PPD (right
graph) stimulation; one-way ANOVA with Dunn's multiple comparison testing correction, *** p<0·0001. B)
Gating strategy for CD4 T cells and illustration of how the CD27 MFI ratio is calculated in the TAM-TB
assay. C) Receiver Operating Characteristic (ROC) curves comparing the use of IFN-gamma producing CD4
T cells frequencies (open symbols) and the respective CD27 MFI ratio (closed symbols) using ESAT6/CFP-10 (circles) and PPD (squares) stimulation respectively, to discriminate IGRA+ healthy controls
from adult tuberculosis cases, (area under the curve). D) Scatter-plot of CD27 MFI ratio of IGRA+ healthy
controls and active tuberculosis cases (ATB) responding to ESAT-6/CFP-10 (left panel) or PPD stimulation
(right panel), two-tailed Mann-Whitney test, *** p<0·0001. E) CD27 MFI ratio results from 17 quality
control experiments using two batches of Peripheral Blood Mononuclear Cells stimulated with
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Staphylococcus enterotoxin B. F) TAM-TB assay specificity and sensitivity using >5 and >13 thresholds for
ESAT-6/CFP-10 and PPD stimulation respectively.
Abbreviations used: PPD, purified protein derivative; EC6C10, ESAT-6/CFP-10; HC, healthy control; IGRA,
Interferon Gamma Release Assay; ATB, active tuberculosis; MFI, median fluorescence intensity; QC, quality
control.

Supplementary appendix: Tables

Supplementary Table 1: Clinical case categories of paediatric tuberculosis suspects
(validation cohort).
Abbreviations used: CSF, cerebrospinal fluid; CT, computed tomography; CXR, chest X-ray; TB,
tuberculosis.
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3 General discussion
3.1 Target product profiles
In recent years, key stakeholders attempted to identify and prioritise characteristics of TB
diagnostics, which could close the existing global diagnostic gaps. It became apparent that a
one-fits-all approach is not realistic. Different novel TB technologies should meet different

indications, namely diagnosis of active pulmonary TB, diagnosis of extrapulmonary TB and

childhood TB, triage testing to spot individuals who need confirmation tests, diagnosis of latent
TB, predictive biomarkers for progression to active TB, test for treatment monitoring, and drug
susceptibility testing [67]. The development of accurate drug susceptibility tests should be in
close alignment with emerging drug regimens to facilitate rational anti-microbial stewardship
[298,299].
In 2013, participants of a TB Modelling and Analysis Consortium meeting gave important
impetus to this development by identifying a list of unmet diagnostic needs which were
ultimately converted into detailed target product profiles (TPPs) [300]. Experts in TB research,
care, modelling, program work, patient advocacy and marketing graded different new diagnostic
approaches using 10 criterions of the following thematic areas: prioritisation by key
stakeholders, impact, market and implementation and scalability. Based on those results,
interviews and literature search, four target product profiles for the high priority needs have
been established [68,209], and a fifth is under development [301]:
(1) a point-of-care non-sputum-based test capable of detecting all forms of TB by identifying
characteristic biomarkers or biosignatures (the biomarker test).
(2) a point-of-care triage test, which should be a simple, low-cost test that can be used by firstcontact health-care providers to identify those who need further testing (the triage test),
(3) a point-of-care sputum-based test to replace smear microscopy for detecting pulmonary TB
(the smear-replacement test),
(4) a rapid drug-susceptibility test that can be used at the microscopy-centre level of the healthcare system to select first-line regimen-based therapy (the rapid DST test).
For each of the TPPs, optimal and minimal requirements for key characteristics have been
defined, such as diagnostic sensitivity, specificity, possibility of treatment monitoring, type of
power supply, maintenance and calibration, environmental conditions, and price per test. The
general aim was to develop new low cost TB diagnostics with better performance features,
which can be implemented at low level of the health care system.
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The four diagnostics tests presented in this thesis, have the putative capability to serve different
purposes for TB screening and detection in adults and children. Sensitivity and specificity data
generated in these studies especially from the TAM-TB proof-of-concept study suggest that
TPP performance requirements can almost be reached (Figure 19). However, the findings of the
presented diagnostic accuracy studies (manuscript 1-4) need to be thoroughly analysed in the
context of all TPP key requirements.
Therefore, each of the four diagnostic tests will hereinafter be critically scrutinized, and
deficiencies in diagnostic or operational characteristics will be identified. Test accuracy studies
do not happen in a vacuum, they are integral part of a diagnostic development strategy.
Consequently, concepts for a framework of a harmonized, more effective diagnostic evaluation
of TB diagnostics will be unrolled in the second part of the general discussion.

Figure 19: Sensitivity and specificity of the four different diagnostic tests for the detection
of TB (manuscript 1-4), shown in a ROC curve in relation to TPPs 1-3 performance
requirements.
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3.2 Detection rats – does this diagnostic approach meet TPP requirements?
Owing to its uniqueness, the rat methodology and its public health usage attracts great
international attention even beyond the scientific community [302,303]. However, a rigid and
comprehensive clinical validation of the TB rat method is still pending. Only four studies,
including the one presented in this thesis (manuscript 1) [304], have used microbiological
reference standards to assess diagnostic accuracy [176,189,175]. The sensitivity and specificity
of TB detection rats were overall below the values required for the smear-replacement test TPP
and varied between the studies, presumably because of differences in index case definitions,
reference methods and use of clinical data. More and standardized, prospective evaluations are
mandatory to generate robust test accuracy data for TB detection rats.
TB diagnosis by rats has the advantage of high throughput, low costs per sample and no need for
advanced laboratory-based technology. The rat technology is currently used for so-called
second-line screening , which refers to screening of samples after they have been examined with
smear microscopy. In this concept, rat-positive samples are concentrated and examined again by
fluorescence smear microscopy for final confirmation. In Tanzania and Mozambique sputum
samples from

and

presumptive TB patients, respectively, have been screened this

way in 2014. The case detection rate has been increased in Tanzania and Mozambique by 39%
and 53%, respectively. However, the rate of false-positive second-line indications, which can
only be estimated in absence of a reference standard, seems to be high, as a low detection
threshold has been chosen. Between 89%-91% of initially smear-negative, but rat-positive
samples remain negative after fluorescence microscopy [305]. Since fluorescence smear
microscopy alone increases the detection rate due to its higher sensitivity compared to
conventional smear microscopy, the incremental yield of the TB detection rats might be rather
small [93].
Although APOPO, the non-governmental organisation who has invented the rat technology,
wants to extend the second-line screening approach to other metropolitan areas, such as Addis
Ababa [306], wide scalability might become a major operational barrier, because knowledge and
expertise in animal behaviour training for TB detection is limited in Africa. Since the secondline screening method relies on large numbers of patients, the rat chambers are meant to be
placed in densely populated areas with thousands of samples expected per year. In Africa alone,
there are more than 50 cities or conglomerates with one million or more inhabitants. It will be a
mammoth task to provide training, maintenances, quality control and logistics in support of TB
detection rat units in those areas. By comparison, operational challenges for the implementation
of a newly developed lateral flow TB test are certainly much smaller. In addition, the perceptions
of health care giver and patients need to be analysed in different cultural contexts to explore if
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both groups have any reservation against accepting that an important test result has been
generated by rats.
Overall, the TB rat technology does not meet the key criteria of any of the related TPPs, in
particular because point-of-care usability at low health care level seems to be practically
unachievable. Before this methods can find its niche for second-line screening , questions on
scalability and deliverability need to be addressed and answered by independent pragmatic
studies, which should also include cost-effectiveness analyses.

3.3 CAD4TB - a potential triage test?
TB detection based on automated reading in chest radiographs through CAD4TB has reached an
advanced stage of development. For example, technical solutions for pre-processing of imaging e.g. bone suppression-, improved the ability to discriminate between normal and abnormal
regions in an x-ray image. Similarly, new algorithms for the identification of certain TB
manifestations, in particular methods for segmentation and detection of cavities and also pleural
effusion, have been developed to advance the software for clinical use [121]. In 2015, the
CAD4TB software (v 4.10) has been CE certified, and is now commercially available and
operational in several countries [307].
However, a recent systemic review has reported that the current evidence from clinical
validation studies on the use of CAD4TB is still insufficient, because only a small amount of
studies with microbiological reference standard, including the presented study (manuscript 2)
[308], have generated important data on their own. However, those data have limited
generalizability, mainly because of a broad methodological variability (e.g. definition of
thresholds) [309]. Thus, so far WHO has not provided any recommendation on using computer
assisted x-ray systems [310].
Consequently, it remains an important task for research to determine if CAD4TB can be
implemented in health systems with different financial resources and TB epidemiology. Next to
candidate biomarkers, such as C-reactive protein [311], procalcitonin [312], neopterin [313] or
IP10 [314], automated reading of digital x-rays using CAD4TB also seems to qualify as a triage
test because of good test sensitivity, capability for high throughput and relatively low costs per
test.
Costs and cost-effectiveness are key factors for the use of new TB diagnostics as triage tests,
particularly in resource-constrained countries. Even when subsidized for poor countries, cost
per e.g. Xpert MTB/RIF examination is 15-25 USD (10 USD for the test cartridge) [315].
Examining all patients presenting with cough with such tests is therefore not affordable.
However, this kind of enhanced case finding is expected to substantially increase the TB
detection rate [316]. A triage strategy, in which an inexpensive triage test is performed first, and
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if positive, followed by a more expensive confirmatory assay, could substantially reduce
diagnostic costs for the health system or the patient [315] and improve early access to diagnosis.
Triage tests need to have high sensitivity while specificity results from a trade-off between cost
and operational efficiency.
In most settings, chest x-ray remains an essential component of diagnostic algorithms for
pulmonary TB. Screening algorithms starting with chest x-ray screening provide greater case
detection compared to symptom screening [111,317]. The introduction of digital imagining has
made chest x-ray more reliable and simplified diagnostic test, with images available after a few
seconds. This allows high throughput at low cost of 1 USD per examination including
investments. With its broad range of diagnostic application and presently declining equipment
cost, digital x-ray is ready to be rolled out in health facilities of many high burden countries
[310], where currently mainly conventional systems are used [109].
Cost-effectiveness and affordability of a potential triage algorithm e.g. with CAD4TB needs to be
analysed in the setting and in the population it is intended to be applied [318]. In a South African
urban setting, a simulation study could demonstrate that diagnostic algorithms using automated
digital chest radiography as triage for the use of Xpert MTB/RIF substantially reduce costs,
increase daily throughput and misses on a few TB cases [319].
However, a cost-effectiveness model on triage testing in Uganda using chest x-ray (without
CAD4TB) and C-reactive protein concluded that both test are only cost-effective in populations
with high TB prevalence (5%) and a high risk (1% per month) of death from untreated TB. For
lower-risk populations a triage test needs to be cheaper or more specific [320].
According to the WHO expert panel on new TPP, a community-based triage test should have an
overall sensitivity between >95% (optimal requirement) and >90% (minimal requirement), and
a specificity of >80% and >70%, accordingly. In our clinical evaluation study, CAD4TB (v3.07,
updated release) showed a good diagnostic accuracy (Az=0.84). However, the required target
sensitivity and specificity levels were not attained. By lowering or by increasing the cut-off
value, either sensitivity or specificity was in the TPP range. The combination of 77% sensitivity
and 79% specificity was considered as a well-balanced result, but still below the TPP

requirements (Figure 19). Other evaluation studies comparing previous version of CAD4TB
microbiological reference standards, showed even slightly lower diagnostic accuracy [218,321].

Furthermore, chest x-ray is also important for the detection of paediatric TB. In young children,
the diagnosis of TB can usually not be confirmed microbiologically, as in most adults, because
sputum is difficult to obtain and disease is often paucibacillary. Consequently, the development
of CAD4TB for children is a next logical step. The development process has to observe
peculiarities of paediatric radiology and should be guided by the NIH consensus on clinical case
definitions for classification of intrathoracic TB disease in children [288]. Radiographic signs of
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TB in children are in many aspects different to those in adults and depend largely on age and
immune status [36,271]. In contrast to single x-ray pictures in adults, CXRs of children are
typically assessed by using both frontal and lateral views [322]. New CAD4TB software for
children might have potential to become an important supportive diagnostic tool for the
diagnosis of childhood TB.
In conclusion, further and better-harmonised validation studies on CAD4TB with standardized
protocols, pre-specified threshold scores and microbiologically well-defined reference standards
are needed. Before any recommendation to policy is possible, pragmatic, prospective trials on
cost-effectiveness and impact on patient outcomes are required to assess if CAD4TB is a suitable
triage test for Xpert MTB/RIF or other molecular tools.

3.4 Xpert MTB/RIF – first step towards a smear microscopy replacement test for
the diagnosis childhood TB?
Especially in resource-constrained settings, the detection of childhood tuberculosis relies mainly
on clinical symptoms, history of exposure, TST and chest-x-ray, if available. Due to its poor
sensitivity in detecting TB in children, smear microscopy plays only a minor role in children and
needs to be replaced by a more precise diagnostic tool. The hopes that Xpert MTB/RIF would
become the easy-to-use and accurate diagnostic for pulmonary TB in children have not been
fully realised. Our study (manuscript 3) [323], which also informed a systematic review and
meta-analysis published in The Lancet Respiratory Medicine [133], showed consistent with the
other paediatric evaluation studies that Xpert MTB/RIF can diagnose pulmonary TB better than
smear microscopy in children. However, Xpert MTB/RIF detected only two thirds of children
with sputum culture-positive for M. tuberculosis. On the other hand, the specificity was excellent.
While in adults, Xpert MTB/RIF is detecting pulmonary TB with very good or excellent
performance characteristics, i.e. in HIV uninfected individuals with 89% sensitivity and 99%
specificity, the performance in children remains suboptimal. This is because children often have
a paucibacillary disease with bacterial load most likely below detection limit. The respiratory
samples have often reduced quality and quantity, and the recovery of respiratory and nonrespiratory samples are specially problematic in young children [133,324,325]. Nonetheless,
Xpert MTB/RIF provides results on the same day, faster than culture and even faster than smear
microscopy. Currently, children with culture-positive TB are often not started on treatment
because the confirmation is not available in time [326]. Thus, the time advantage of Xpert
MTB/RIF has the potential to prevent delayed TB treatment.
The suboptimum diagnostic sensitivity of Xpert MTB/RIF for pulmonary TB in children
disqualifies the instrument of becoming a microscopy replacement test, which should -according
to the TPPs- have at least a sensitivity of 80%. Furthermore, the challenging environmental
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conditions prevailing at microscopy centre in countries with the highest TB burden, do not allow
a smooth operation of the current version of Xpert MTB/RIF, as experienced by many national
TB programmes during roll-out [138,139].
However, the next-generation molecular test platform, GeneXpert Omni, combined with the
Xpert MTB/RIF Ultra cartridge system (Cepheid, Sunnyvale, CA, USA) has the potential to
become the desired smear replacement test. GeneXpert Omni is a robust instrument, which
offers a cloud-based connectivity for TB surveillance. The small and portable tool has a
rechargeable battery to provide power for 4 hours. These operational characteristics allow
detection of TB in children as well as in adults in remote areas in resource limited settings with
relatively low patient throughput.
The new Ultra cartridge can detect TB with sensitivities similar to standard liquid culture
making it suitable for adults infected with HIV and most likely for children. Ultra has a limit of
detection of 5 CFU/ml compared to 50 CFU/ml of Xpert MTB/RIF. The Ultra has also enhanced
ability for detection of rifampicin resistance [327].
In conclusion, even if the current version of Xpert MTB/RIF does not meet the TPP criteria for
smear microscopy replacement at peripheral facilities, it has been the central starting point for
the development of next-generation molecular tests. These innovative tools will reach most
likely the primary health care level and might be able to diagnose paediatric TB with an
acceptable accuracy.

3.5 TAM-TB assay – can an improved version become a biomarker test for
paediatric TB?
The novel TAM-TB assay measures the activation status in M. tuberculosis-specific T-cells.
Effector T-lymphocytes pass through different stages of differentiation during and after
exposure to M. tuberculosis-specific antigens and each of the stages has a characteristic pattern
of surface makers, such as CD27 [146]. Late effector T-cells have experienced substantial
antigenic stimulation and, therefore, they show minimal or no CD27 expression. Accordingly,
down-regulation of CD27 on M. tuberculosis CD4 T-class is a biomarker for active TB [279]. In
our proof-of-concept study in children (manuscript 4) [328], TAM-TB assay had an excellent
specificity (96.8%) and an unprecedented high sensitivity (83.3%), which exceeded those of all
known molecular TB diagnostic test, including Xpert MTB/RIF. The assay seems to have
diagnostic performance characteristics at least similar to those of culture. However, in contrast
to culture, results of the TAM-TB assay are already available after 24 hours.
Due to paucibacillary nature of paediatric TB, non-sputum based tests capable of detecting
pulmonary and extrapulmonary manifestations of TB are essential for a better diagnosis in
children, who carry approximately 11% of the global TB burden [271]. In 2014, experts defined
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research priorities to improve TB case detection, surveillance, healthcare delivery, and effective
advocacy for children at a meeting at the National Institutes of Health (NIH), US [329]. The
experts agreed that the following characteristics for new diagnostic biomarker of all types of TB
in children should have the following characteristics: i) the biomarker should be detectable in
readily obtainable matrix, e.g. blood; ii) the identification of TB should be possible with high
sensitivity and specificity, iii) the test should distinguish between latent and active TB, and iv)
the assay should be deployable close to point-of-care. Our research team could demonstrate
that the TAM-TB assay complies with the first three requirements defined in the NIH blueprint
paper.
Unfortunately, the current TAM-TB assay does not meet the fourth criterion. Complexity and
sophistication of the current flow cytometer version do not allow any point-of-care usability. In
contrary, this version involves time-consuming preparation and incubation of peripheral blood
mononuclear cells (PBMC) and adherence to biosafety regulations because of a bioaerosol
infection risk. Moreover, highly trained staff and an expensive high-end polychromatic flow
cytometer are required.
Consequently, there is a need to miniaturise and optimise methodologies of T-cell phenotypic
biomarker measurements for paediatric TB. The improvement process should comprise testing
of additional antigenic reagents (derived from epitope-mapping studies) and combined cytokine
profiles (i.e. TNF-α [330] in combination with IFN-γ to optimize test sensitivity and specificity
in particular for the diagnosis TB in children with advanced HIV infection. Furthermore,

reduction of the incubation time by innovative fluorescent in situ hybridization of cytokine
mRNA would be an important optimisation step [331,332]. Another advancement could be the
development and standardisation of a whole blood format [155], which will render advanced
flow cytometer equipment and biosafety facilities for the preparation of the PBMC unnecessary.
Finally, phenotypic T-cell biomarkers other than CD27 should be considered for identification of
active TB infection in children; in particular CD38, HLA-DR, and KI-67 are promising candidates
as previously shown in adults [162–165]. As a final product, a phenotypic T-cell biomarker assay
could make use of the existing flow cytometry platforms for CD4 T-cell count in resource-poor
settings to avoid the implementation of an additional, costly piece of equipment to the health
systems. Alternatively, a new and robust instrument, as Alere Inc. apparently intends to develop
[333], could advance the use of phenotypic T-cell markers for the diagnosis of TB.
Only after simplification, optimisation, miniaturisation, and successful clinical validation in large
paediatric cohorts of the assay, TAM-TB assay or better a phenotypic T-cell marker assay can
become a promising candidate for a non-sputum-based test capable of detecting all forms of
TB by identifying characteristic biomarkers or biosignatures, as delineated in the first TPP.
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3.6 TB diagnostic evaluation
The four studies presented in this thesis belong to the category of test accuracy studies, one of
the components in the diagnostic evaluation pathway. In the following, the status quo of the TB
diagnostic evaluation process will be discussed, including a critical view on the role of diagnostic
accuracy studies.
3.6.1

Beyond accuracy studies

Novel tests are helpful only if they lead to better patient outcomes [334]. Test accuracy is
considered to be a surrogate for patient important outcomes [335]. The underlying theory is
that better information on presence or absence of a disease or another target condition will
result in better outcome. However, this assumption is not always valid, taking the range of other
factors as operational context or financial implications into consideration. Consequently, crosssectional or cohort studies on test accuracy are important in the evaluation pathway, but they
cannot replace individual- or cluster-randomised controlled pragmatic trials, which are needed
to assess the impact of a new diagnostic tool or strategy on patient-important outcomes [336].
Although randomised diagnostic trials require often a tailored design, they provide highest
quality evidence base to support recommendations to policy with the least risk of any kind of
bias [337].
In TB research, studies beyond test accuracy are relatively rare, even though expert guidance, as
the multi-layered approach Impact Assessment Framework , have been developed to help
generating the urgently needed policy-relevant data for new tests or test strategies [338,339].

The case of Xpert MTB/RIF, a technology considered a major breakthrough in TB control,
illustrates remarkably that excellent test accuracy data do not necessarily result in improved
patient-relevant outcomes. Mathematic models demonstrated that Xpert MTB/RIF will
substantially change TB morbidity and mortality through improved case-finding and treatment
[340]. Modelling also predicted that the use of Xpert MTB/RIF is a cost-effective diagnostic
strategy for high burden countries with the potential to considerably decrease the TB burden
[341].
However, data from nine published intervention trials on patient-relevant outcomes in
comparison to smear microscopy showed that Xpert MTB/RIF does not have a significant impact
on patient morbidity or mortality [342–350]. In almost all studies, this finding does not change
when stratified by HIV status. A beneficial impact has only been seen in the early phases of the
TB diagnosis and treatment cascade, i.e. yield of bacteriologically confirmed cases and patient
volume [351]. Effects on the later stages of patient care were not detected. One explanation is
that clinicians in these pragmatic trials were aware of the diagnostic used in each arm.
Consequently, the low predictive value of smear microscopy motivated the caregiver to more
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empiric treatment in the microscopy arm, which ultimately undermined the potential effect of
Xpert MTB/RIF [352]. Trial design issues, in particular under-powering for mortality and
morbidity outcomes in some trials, might have further distorted the picture of patient-important
outcomes. Still, no publication could so far prove that the use of Xpert MTB/RIF for the diagnosis
of pulmonary TB has a beneficial effect on morbidity or mortality. In addition or in contrast to
several models, the roll-out of Xpert MTB/RIF is associated in real life with very high costs in

many settings, including those with placement of Xpert MTB/RIF at point-of treatment or with
low test volumes [353–355].
It remains uncertain, if today s knowledge regarding patient-important outcomes would have
changed the global and expensive scale-up of Xpert MTB/RIF in currently 122 countries. Yet, it

seems undisputed that from now on diagnostic research on Xpert MTB/RIF and upcoming
diagnostic technologies should focus more on health impact, operational aspects related to
infrastructure as well as biosafety, and cost-effectiveness. The process must embrace the entire
cascade of care to improve also accessibility, referral, linkage to care, patient follow-up and
infection control [356–358]. Results from accuracy studies and short-term outcome assessments
alone cannot be the basis for complete scale-up at country level. Additionally, there should be an
accepted procedure within WHO to allow modification or withdrawal of existing
recommendations based on post-endorsement evidence regarding patient-important impact
[359].
3.6.2

Framework for evaluation of new TB diagnostics

Development and testing of new TB drugs and vaccines follows a clear hierarchical order of
different stages from discovery, preclinical development to clinical development divided in
phase I, II, II and IV [65,360]. Comparable models have been proposed for the clinical evaluation
of diagnostics [361–363], but they are still not within reach. Principles for a phased and
standardized approach for the evaluation of diagnostics can be described using the following
criteria, either hierarchically or stepwise [361,364–366,356,82,367]:
(1) technology capability – analytical validity assessed under laboratory condition
(2) diagnostic accuracy – ability to diagnose a disease or predict future disease
(3) operational aspects – infrastructure and biosafety requirements

(4) place in clinical pathway –target population, context of use (replacement, add-on, or triage)

(5) accessibility – access especially for poor and vulnerable individuals

(6) diagnostic impact – influence of the test on diagnosis and diagnostic processes
(7) therapeutic impact – influence of the test on treatment decision

(8) patient outcome – influence of the test on health or quality of life
(9) cost-effectiveness – costs in relation to health effects.
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This scheme can be further simplified to a three-step framework as displayed in figure 20.
New diagnostics

Figure 20: Elements of the evaluation of new TB diagnostics.
(LOD=limit of detection; QOL= quality of life; RCT=randomised clinical trial)

The current practice of evaluating new TB diagnostics, however, is rarely guided by an
overarching concept. Diagnostic studies frequently lack methodological rigor [191]. Indeed,
diagnostic research consists often of a patchwork of heterogeneous studies of low quality with
regard to methodology and reporting. Regularly, TB diagnostic evaluation studies do not
observe essential elements such as selection of a representative population, blinding or
adequate reference standards [339]. They are frequently executed by scientific or industry
groups, which rarely are interlinked or follow mutual goals.
On the other hand, even TB diagnostics studies complying with quality standards are often of
limited value because results between the various uncoordinatedly conducted small-scale trials
are not comparable due to diverse methodologies. The evaluation study on CAD4TB presented
in this thesis serves here as an example. As mentioned, the current evidence from validation
studies on CAD4TB is still not sufficiently generalizable, because only a small amount of studies including the presented evaluation study- used a microbiological reference standard, but also
very different study methods (e.g. definition of thresholds) [309]. Retrospectively, it seems to be
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a rather poor use of resources to conduct those CAD4TB studies independently from each other.
Synergy and harmonised study protocols would have delivered evidence in a more efficient
manner.
To improve the quality of TB diagnostic evaluations, the existing tools for quality control and
assurance should be used rigorously and in a binding way. To begin with, clinical trials and
diagnostic studies follow very similar underlying principles for ethics and scientific quality
standards, ICH Good Clinical Practice (GCP) and ISO 1415:2011 GCP, respectively [199,368]. The
implementation of ICH GCP in clinical trials conducted in resource-limited setting is challenging
and needs to be to some extent adapted to local requirements [369]. Nevertheless, investigators
seem to perceive ICH GCP as helpful tools ensuring international standards [370]. Little is
known, however, about the use of ISO GCP guidelines in diagnostic studies, most likely because
regulation for this kind of studies are weak or entirely neglected in low-income countries [371].
Furthermore, research on TB diagnostics is supposed to follow strictly the existing guidelines
and recommendations on reporting, quality assessment and design, namely STARD, QUADAS,
and DEEP. As shown in a study on quality and reporting of diagnostic accuracy studies, however,
only about 20% of scientific journals required the authors to use STARD when submitting
diagnostic accuracy study manuscripts [372]. In future, scientific journals and peer reviewers
should consequently encourage adherence or reject manuscripts of studies, which do not comply
with those essential guidelines. Only strict adherence to guidelines will eventually improve
conduct and reporting, as exemplified to some extent with the CONSORT guidelines for clinical
trials [373].
Finally, there is a need for synergized TB research efforts with consensus on adequate trial
designs and endpoints for each category of diagnostic [374,375,209]. Together with the research
and end-users community, an internationally recognised institution or authority closely
connected to the related funding agencies should ideally form a global agenda on new TB
diagnostics and should oversee the conduct of the most relevant trials on new TB tests.
Research priorities based on global consensus would also better find its way into calls of the
major research funders. Due to its normative mandate to assess and endorse new technologies
in a GRADE process, WHO seems to be an appropriate authority to develop this kind of WHO-

approved research agenda to avoid the flood of diagnostic studies which are currently a burden
to the scarce resources for research, but do not necessarily answer questions of public health

relevance. In contrary, the patchwork of clinical TB diagnostic trials delays testing and
implementation of TB diagnostics to the detriment of the million patients in need of better tools.
Given the fact that the TB pandemic is creating a public health crisis in many parts of the world,
it seems unjustifiable that competing academic groups or commercial test developer continue
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with uncoordinated test development. Only synergistic research efforts on novel TB diagnostics
will help to reach the ambitious TB-related UN Sustainable Development Goals.

3.7 Concluding remarks
TB is a major public health threat. Despite certain achievements in disease control in the past,
elimination of TB on a global scale is still out of reach. Intensified research on innovative tools,
specifically new drugs, vaccines and diagnostics, is an important pillar of the worldwide strategy
to fight TB. Since BCG, the only available TB vaccine, has only modest efficacy in children and
none in adults, the main strategy for controlling the TB epidemic remains early diagnosis and
treatment. Consequently, the development, evaluation, adoption and roll-out of better and
affordable diagnostic tests should remain a high priority
The presented diagnostic accuracy studies of very different diagnostic tests make an important
contribution to search for better TB diagnostics.
Animals can be used for detection of VOCs originating from specific pathogens. Trained giant
African pouched rats can identify and indicate the presence of M. tuberculosis in sputum
samples. However, currently assessed test accuracy does not allow an exclusive use for TB
screening or detection.
CAD4 TB, a computer-aided system for detection of pulmonary TB on chest radiographs, has the
potential to be utilized as a triage test for an accurate but more costly molecular test. Future
research with CAD4TB should focus on this aspect.
Xpert MTB/RIF detects pulmonary TB in children better than smear, but not as well as M.
tuberculosis culture. Due to its suboptimal sensitivity, the assay is not suitable as a standalone
test for the diagnosis of pulmonary TB in children. Next-generation molecular tests, particularly
Xpert MTB/RIF Ultra, will most likely show a higher sensitivity for the detection of M.
tuberculosis in sputum samples of children.
The novel TAM-TB assay showed an unprecedented high sensitivity and an excellent specificity
for the detection of TB in children. The flow cytometry-based immunoassay, which measures the
loss of CD27 expression on M. tuberculosis-specific CD4 T cells, as the potential to become an
non-sputum biomarker test, given that further technical development reduces its complexity
and enhances its point-of-care applicability.
In order to improve the currently unstructured and uncoordinated evaluation process of TB
diagnostics, a coherent concept reaching from analytical assessments, diagnostic accuracy
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studies, to evaluations of health impact and cost-effectiveness analyses is urgently needed.
Decisive key qualities should be strict adherence to international quality standards as well
synergic efforts of all groups involved preferably overseen by an international guiding authority.
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