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ABSTRACT 

Background: Tuberculosis is a curable disease that is still responsible for more than 1.4 million 

deaths annually. In the face of the HIV epidemic the modest gains that have been made in trying 

to control and eradicate the disease are under serious threat. Lack of affordable, accessible, and 

geographically available diagnostics is one of the main hindrances in controlling the disease in 

resource limited settings where the disease burden is highest. Molecular methods due to their good 

accuracy, short turnaround times (1 to 24 hours), relatively low cost and potential for automation 

promise to fill current diagnostic gaps. 

Objectives: The main objective of this study was to develop and validate a low cost user-friendly 

molecular based test (known as NWU-TB) for tuberculosis diagnosis that provides a result on the 

same day. 

Methods: After developing the initial NWU-TB prototype, a preliminary independent evaluation 

was conducted at the South African National Institute of Communicable Diseases (NICD) using 

109 patient sputum samples. Concurrently, a blinded evaluation study was conducted at the North-

West University by the development team using 548 patient sputum samples collected at Orkney-

Westvaal hospital. Informed by results and recommendations from the two studies, improvements 

on the initial prototype were made. A new evaluation study was then conceived and executed in 

order to evaluate the performance of the new prototype using 176 new clinical sputum samples 

collected at Orkney-Westvaal hospital. This study was combined with a small pilot study that 

aimed to optimise and evaluate the potential use of propidium monoazide (PMA) to discriminate 

between live and dead mycobacteria in clinical samples. MGIT culture was used as the reference 

test (gold standard) in all 3 of the performance evaluation studies conducted. Except in the NICD 

study, MGIT culture, sputum smear microscopy (SSM) and Xpert MTB/Rif were performed by 

registered laboratory scientists stationed at Orkney-Westvaal hospital. Finally, the cost per test of 

the developed diagnostic was estimated from a laboratory perspective using the “ingredients 

approach” and a preliminary cost-effectiveness analysis based on a simple decision model was 

also conducted.  

Results: In the NICD study, NWU-TB performance was compared with SSM against MGIT 

culture as the gold standard. NWU-TB showed a sensitivity of 67% and specificity of 88%, while 

SSM showed a sensitivity of 40% and specificity of 100%. For the initial NWU-TB prototype 

evaluation study conducted at the North-West University, comparisons were made to SSM and 

Xpert MTB/Rif using MGIT culture as gold standard. NWU-TB showed an overall sensitivity and 

specificity of 80.8% (95% CI: 75%–85.7%) and 75.6% (95% CI: 64.9%–84.4%) respectively, in 

comparison to 85.3% (95% CI: 79.9%– 89.6%) and 73.2% (95% CI: 62.2%–82.4%) respectively 

for Xpert MTB/Rif; and 62.1% (95% CI: 55.3%–68.4%) and 56.1% (95% CI: 44.7%–67%) 
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respectively for SSM. Sensitivity of NWU-TB was lower (p=0.026) than that of Xpert MTB/Rif 

but better (p=0.001) than that of SSM. However, specificities for all the three assays where 

significantly lower than expected. Clinical evaluation of the improved NWU-TB prototype showed 

that both sensitivity and specificity increased. NWU-TB showed a better sensitivity of 94.6% [95% 

CI: 89.1%; 97.8%) compared to Xpert MTB/Rif 84% (p=0.0025) and SSM 64.3% (p<0.001). 

Xpert MTB/Rif showed a better specificity of 100% [95% CI: 88.1%-100%), which was 

significantly higher than NWU-TB 86.2% (p<0.001) and SSM 62.1% (p<0.001). Overall, there 

was a strong correlation between Xpert MTB/Rif and NWU-TB results (Mc Nemar’s chisquare 

=11.64, p value = 0.0006).  

Successful optimization of the PMA protocol was demonstrated using sputum samples. However, 

when samples were stratified and pooled based on whether individuals were receiving treatment 

or not, the results showed that there were no statistically significant differences between the two 

groups. Finally, the total cost per test for NWU-TB was estimated at $5.36, with material cost per 

test contributing the highest (75%) and equipment cost contributing the least (1.31%). Also, in the 

preliminary cost-effectiveness analysis, incremental cost effectiveness ratios (ICERs) for 

community based TB screening within South African mines using NWU-TB and Xpert MTB/Rif 

were US$50.3 per case detected and US$181.52 per case detected respectively relative to the 

current base case scenario of passive case finding.  

Conclusion: A relatively low cost ($5.36 per test), same day (˂ 2 hours TAT) molecular test 

prototype for tuberculosis was developed and evaluated. Additional product development and 

longitudinal cohort studies are required in order to produce a final prototype that can be 

commercialised. Sensitivity of the NWU-TB was comparatively better than both Xpert MTB/Rif 

and SSM against MGIT culture as gold standard. However, the specificities of all the assays were 

significantly lower than expected. Since all the samples used in these studies (except for the NICD 

study) were collected at a single site, any disease dynamics unique to the site may have been 

replicated throughout the studies. Use of PMA to discriminate between live and dead mycobacteria 

was optimised and its use demonstrated some potential. This is supported by cases in which 

culture-negative samples that had tested positive with the NWU-TB test without PMA treatment 

would test negative after PMA treatment showing that DNA from dead mycobacteria was possibly 

responsible for the false positive result in the first instance. The pilot study was ill equipped to 

generate sufficient data that permits conclusive clinical decisions on the utility of PMA, but the 

developed protocol can be adopted to a larger longitudinal study where such firm conclusions can 

be drawn.  

 

Key words: tuberculosis; NWU-TB; sputum; sensitivity; specificity; propidium monoazide 
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UITTREKSEL 

Agtergrond: Tuberkulose is ’n geneeslike siekte wat steeds verantwoordelik is vir meer as 1,4 

miljoen sterftes per jaar. Die opkoms van die gepaardgaande MIV epidemie dreig om die beskeie 

vordering wat gemaak is om die siekte te beheer en uit te roei, nietig te maak. Die gebrek aan 

bekostigbare, beskikbare en geografies toeganklike diagnostiese toetse is een van die grootste 

hindernisse in die beheer van tuberkulose  in gebiede met beperkte infrastruktuur waar die 

voorkoms van die siekte  die hoogste is. Molekulêre metodes, met hul goeie akkuraatheid, kort 

omkeertye (1 tot 24 uur), relatiewe lae koste en potensiaal vir toets outomatisering mag bydra om 

huidige gapings in die diagnostiese mark te vul.  

Doelwitte: Die hoofdoel van die studie was om 'n lae koste en gebruikersvriendelike molekulêre 

toets wat tuberkulose binne een dag kan diagnoseer te ontwikkel en te bekragtig. Die toets staan 

bekend as NWU-TB. 

Metodes: Na die ontwikkeling van die aanvanklike NWU-TB prototipe, is ’n voorlopige 

onafhanklike evaluering by die Suid-Afrikaanse Nasionale Instituut vir Oordraagbare Siektes 

(NIOS) op sputum monsters van 109 pasiënte uitgevoer. Terselfdertyd is ’n evalueringstudie deur 

die ontwikkelingspan by die Noordwes-Universiteit uitgevoer op 548 sputum monsters afkomstig 

van pasiënte van die Orkney-Wesvaal hospitaal. Die studie ontwerp was sodanig dat die 

monsteranalise blind was t.o.v. pasiënt data tot en met die interpretasie van die analises.  Die 

resultate en terugvoer van die twee studies, het gelei tot verbeteringe aan die aanvanklike prototipe, 

dus ŉ tweede prototipe. Ten einde die verrigting van die nuwe prototipe te bepaal, is ’n soorgelyke 

blinde evalueringstudie op 176 kliniese sputum monsters ,verkry vanaf die Orkney-Wesvaal 

hospitaal, uitgevoer. Terselfdertyd is die potensiaal van die gebruik van propidium monoazide 

(PMA) om tussen lewendige en dooie mikobakterieë in kliniese monsters te onderskei in ŉ klein 

loodsstudie ondersoek. MGIT kultuur is gebruik as verwysingstoets (goudstandaard) in al drie 

evalueringstudies. Behalwe vir die NIOS studie het geregistreerde laboratorium wetenskaplikes, 

gestasioneer by Orkney-Wesvaal hospitaal, alle MGIT kultuur, sputum smeer mikroskopie (SSM) 

en Xpert MTB/Rif uitgevoer. Ten slotte is die koste van die gebruik van die ontwikkelde 

diagnostiese toets vanuit ’n laboratorium perspektief met behulp van ’n "bestanddeel benadering" 

beraam en ’n koste-effektiwiteitsanalise uitgevoer op ’n eenvoudige besluitnemingsmodel. 

Resultate: In die NIOS studie is die NWU-TB werksverrigting vergelyk met SSM teenoor MGIT 

kultuur as die verwysings- of goudstandaard. Die NWU-TB het ’n sensitiwiteit van 67% en 

spesifisiteit van 88% getoon, terwyl SSM ’n sensitiwiteit van 40% en spesifisiteit van 100% getoon 

het. Vir die eerste NWU-TB prototipe evalueringstudie wat by die Noordwes-Universiteit 

uitgevoer is, is die NWU-TB sisteem met SSM en Xpert MTB/Rif teenoor MGIT kultuur as die 

goudstandaard vergelyk. Die NWU-TB het ’n algehele sensitiwiteit en spesifisiteit van 80.8% 
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(95% VI: 75%-85.7%) en 75.6% (95% VI: 64.9%-84.4%) onderskeidelik getoon, in vergelyking 

met 85.3% (95% VI: 79.9 %-89.6%) en 73.2% (95% VI: 62.2%-82.4%) onderskeidelik vir Xpert 

MTB/Rif en 62.1% (95% VI: 55.3%-68.4%) en 56.1% (95% VI: 44.7%-67%) onderskeidelik vir 

SSM. Sensitiwiteit van die NWU-TB was laer (p=0.026) as dié van Xpert MTB/Rif, maar beter 

(p=0.001) as dié van SSM. Die spesifisiteit vir al drie die toetse was wel aansienlik laer as wat 

verwag is. Kliniese evaluering van die verbeterde NWU-TB prototipe het ’n toename in beide 

sensitiwiteit en spesifisiteit getoon. Die NWU-TB het ’n beter sensitiwiteit van 94.6% [95% VI: 

89.1%- 97.8%) getoon in vergelyking met Xpert MTB/Rif 84% (p = 0.0025) en SSM 64.3% (p 

<0.001). Xpert MTB/Rif het ’n beter spesifisiteit getoon van 100% [95% VI: 88.1% -100%), wat 

aansienlik hoër was as NWU-TB 86.2% (p<0.001) en SSM 62.1% (p <0.001). Algeheel was daar 

’n sterk korrelasie tussen Xpert MTB/Rif en NWU-TB resultate (McNemar se chi-kwadraattoets 

= 11.64, p waarde = 0.0006).  

Suksesvolle optimalisering van die PMA protokol is op sputum monsters gedemonstreer. Wanneer 

die monsters gestratifiseer en saam gegroepeer is op die basis van individue wat behandeling 

ontvang het al dan nie, het die resultate getoon dat daar geen statistiese beduidende verskil tussen 

die twee groepe bestaan nie. Ten slotte, die totale koste per toets vir die NWU-TB is beraam op 

US$5.36, met die materiaalkoste wat die hoogste bydra (75%) en toerustingkoste die minste 

(1.31%) bydra lewer. In die voorlopige koste-effektiwiteitsanalise is die inkrementele koste-

effektiwiteitsverhoudings (IKEVs) vir gemeenskapsgebaseerde TB sifting in Suid-Afrikaanse 

myne per geval bepaal as US$50.3 vir die NWU-TB en US$181.52 vir Xpert MTB/Rif relatief tot 

die huidige geval basis van passiewe identifikasie.  

Gevolgtrekking: ’n Relatiewe lae koste ($5.36 per toets), dieselfde dag (˂ 2 uur omkeertyd) 

molekulêre prototipe toets is vir tuberkulose ontwikkel en geëvalueer. Addisionele produk 

ontwikkeling en ’n longitudinale kohortstudie moet nog uitgevoer word ten einde ’n finale 

prototipe te ontwikkel wat kommersialiseer kan word. Die sensitiwiteit van die NWU-TB was 

relatief beter as die van beide Xpert MTB/Rif en SSM teenoor MGIT kultuur as die goudstandaard. 

Die spesifisiteit vir al drie die toetse was aansienlik laer as wat verwag is. Aangesien al die 

monsters gebruik in hierdie studies afkomstig van ’n enkele geografiese and sosiale versamelpunt 

was (behalwe vir die NICD studie), is dit moontlik dat ‘n siekte dinamika wat uniek tot die area is 

weerspieël word in die resultate.  

Die gebruik van PMA om tussen lewendige en dooie mikobakterieë te onderskei, is gedemonstreer 

en toon potensiaal. Hierdie potensiaal word ondersteun deur gevalle waar kultuur-negatiewe 

monsters positief met die NWU-TB-toets sonder PMA behandeling getoets het en dan negatief na 

afloop met PMA behandeling getoets het. Dit kan aandui dat DNA van dooie mikobakterieë 

moontlik verantwoordelik was vir die aanvanklike vals positiewe uitslae. Die loodsstudie waarin 
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die inisiëring en optimalisering van lewendig/dood onderskeiding gedoen is, was nie groot genoeg 

om voldoende inligting te bekom om die nut daarvan in ’n kliniese besluit te kan bevestig nie. Die 

ontwikkelde protokol kan met vrug in ’n groot longitudinale/moniterende studie toegepas word 

sodat definitiewe en gevalideerde gevolgtrekkings gemaak kan word. 

 

Sleutelwoorde: tuberkulose; NWU-TB; sputum; sensitiwiteit; spesifisiteit; propidium monoazide 
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This is an introductory chapter to the thesis, and it defines current challenges/problems associated 

with tuberculosis diagnosis and outlines the objectives of the study in order to address some of the 

challenges that have been highlighted. 
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Image (advertorial) reprinted from Colorado State University news article (2012) 

1.1 Background and Problem statement  

Tuberculosis is an ancient scourge that has plagued humankind throughout its known history 

(Daniel, 2006). In his famous 1882 Die Aetiologie der Tuberculose presentation to the Berlin 

Physiological Society, Robert Koch outlined the structure of the tubercle bacillus, which is the 

causative agent of Mycobacterium Tuberculosis (MTB). Since then, significant progress has been 

made on many fronts including discovery of potent drugs, a co-ordinated international response to 

control the spread of the disease and the development of diagnostic tests. However, in spite of 

these positive developments, an estimated one third of the world’s population still has latent 

tuberculosis (TB) infection (Dagnew et al., 2012). The rise of the colliding human 

immunodeficiency virus (HIV) epidemic also threatens to erode the modest gains made in the 

global fight against TB. In 2013 alone, there were an estimated 9.0 million new cases of TB (13% 

co-infected with HIV) and 1.5 million TB deaths globally (World  Health Organization, 2014). In 

the same year, the proportion of new cases with multidrug resistant TB (MDR-TB) remained 

largely unchanged at 3.5% in comparison to recent years (World  Health Organization, 2014).  

 

Although TB is curable and treatment is freely available in low-income countries; the 

unavailability of rapid, affordable, highly sensitive and specific diagnostic tools is inhibiting 

initiation of appropriate therapy in a timely manner. Inappropriate treatment as a result of the 

diagnostic challenges, the associated treatment initiation delays and poor patient compliance are 

some of the main drivers of the recent increase of multidrug resistant-TB (MDR-TB) cases 

(Andrews et al., 2007; Lange et al., 2014; Li et al., 2014). Correct diagnosis of TB is needed to 

improve treatment, reduce transmission, and control development of drug resistance. Despite 

spirited efforts within the scientific community and other stakeholders to develop better diagnostic 
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tests, the century old sputum smear microscopy (SSM) technique remains the mainstay of TB 

diagnosis, as it is the most widely used and often only available test in low-income countries 

(Weyer et al., 2011). SSM is cheap (costs less than US$ 3 per test) (Shah et al., 2013) and has a 

short turnaround time (2-3 days) which makes it attractive, but it is handicapped by its poor and 

variable accuracy, the need for multiple specimens to make a diagnosis and the requirement of 

skilled microscopists (Pai et al., 2004). Infection with HIV further reduces the sensitivity of SSM 

and increases the proportion of extrapulmonary disease cases. In a study of HIV-positive TB 

patients in Khayelitsha, South Africa, 49% of patients had negative smears and positive cultures 

(Coetzee et al., 2004). Culture, another century old test, remains the gold standard for TB diagnosis 

despite its high cost and lengthy turnaround times (2-6 weeks) (Somoskovi et al., 2000). The 

requirement for expensive technology, reliable electricity supply, biosafety infrastructure, and 

trained laboratory staff also limit its use in most high-burden settings (Niemz & Boyle, 2012).  In 

addition, culture has been reported to miss as many as 20% of true TB cases among HIV-TB 

coinfected patients and is prone to contamination (Chien et al., 2000; Wilson et al., 2006; Schito 

et al., 2012). This also presents serious challenges when evaluating new diagnostic tests, as the 

globally accepted gold standard itself is not 100% accurate.  

 

In the past two decades, much effort has been expended on bringing nucleic acid amplification 

tests (NAATS) to the market. DNA isolation from sputum introduces complexities due to the 

presence of contaminating fungi and bacteria, presence of PCR inhibitors, and identification of 

suitable molecular targets are some of the difficulties faced in the development of NAATs for 

point-of-care (POC) testing. In spite of these challenges, several commercial and in-house NAATs 

have been developed over the years with differing degrees of success. A meta-analysis study 

reported sensitivities and specificities of in-house NAATs to be 9.4%–100% and 5.6%–100% 

respectively (Flores et al., 2005) compared to 36%–100% and 54%–100% (Ling et al., 2008) for 

commercial assays.  Despite the good accuracies for some of the commercial NAATs, their 

widespread adoption in resource-limited settings has been inhibited by high cost, cold chain 

requirements for reagents and level of technical skill required to operate them (McNerney et al., 

2015).  

 

Recently, Xpert MTB/Rif (Cepheid, Sunnyvale, CA), launched an automated NAATs, which 

simultaneously detects MTB and resistance to rifampicin, and has been endorsed by the World 

Health Organization (WHO) (Weyer et al., 2013). A single cartridge integrates sample processing, 

amplification, and detection of amplicons thus reducing the amount of manual manipulation and 
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level of technical expertise required (Boehme et al., 2010). Results are available within 2 hours 

from receipt of patient specimen. South Africa was one of the first countries to roll out the Xpert 

MTB/Rif assay and by the end of 2011 the country had procured over half (330,540 cartridges out 

of 591,450 cartridges) of the cartridges produced by Cepheid (WHO, February 2012). Early 

clinical evaluation studies had predicted that the good sensitivity and specificity of the test would 

translate into dramatic increases in case detection and cure rates but emerging reports indicate that 

the test has not made significant impact on morbidity and mortality (McNerney & Zumla, 2015). 

Like all other available NAATs, Xpert MTB/Rif cannot be used in treatment monitoring due to its 

inability to distinguish between live and dead mycobacteria. Further weaknesses of the assay 

include high costs, stable electricity supply requirement and the need for annual calibration 

(McNerney et al., 2012). 

 

There is a debate on the definition of a POC test (Hicks et al., 2001; Schito et al., 2012). Traditional 

definitions of POC testing are mainly product-oriented (e.g. dipstick) but we support a goal-

oriented view (i.e. rapid initiation of treatment). Thus POC testing is defined as “testing that will 

result in a clear, actionable management decision within the same clinical encounter” (Dowdy et 

al., 2014). Cognisant of the diversity of requirements that an ideal POC test must possess, which 

are almost impossible to satisfy with a single test, developers have to make some trade-offs 

especially between sensitivity and specificity. Two possible scenarios with very different technical 

specification requirements exist: Developers may either concentrate on having a POC test suitable 

for community-based screening to eliminate infection reservoirs or focus on a confirmatory test 

based at the clinic. For example, high sensitivity is mandatory for a screening test and a lower 

specificity may be acceptable but in the case of a confirmatory test specificity becomes more 

important than sensitivity in order to avoid false positives which may lead to inappropriate 

treatment (Dowdy et al., 2014). 

 

1.2 Study Rationale 

The TB diagnostics pipeline has expanded rapidly in recent years in response to the diagnostic 

gaps identified in the problem statement, but the ideal POC test continues to elude us. Limitations 

of current diagnostic tests are partly responsible for the estimated 3 million infectious cases that 

are missed annually and this has contributed to the current size of the epidemic (World  Health 

Organization, 2014). A modelling study predicts that a rapid and widely accessible POC test 

requiring no laboratory infrastructure could reduce both TB prevalence and mortality and save as 

many as 400,000 lives annually (Keeler et al., 2006). The World Health Organization has thus 
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identified the development of new diagnostic tools as one of the three key pillars in the post-2015 

global TB strategy and the policy has been recently adopted by the World Health Assembly (World 

Health Organization, 2014).  

 

In view of the aforementioned TB diagnostic problems and global efforts to address them, this 

study was consummated in order to overcome or at least minimise the technical limitations and/or 

to provide a commercially viable alternative to the available tests.  This study, which is part of a 

large study titled “Rapid Diagnosis of Tuberculosis in Resource poor settings”, was conceived and 

carried out under the guidance of Prof Anne F Grobler and Prof Hendrik Viljoen. The project was 

a collaborative study between the North-West University, Potchefstroom campus in South Africa 

and the University of Nebraska-Lincoln, Omaha, in the USA.  

 

1.3 Aim of the Study 

The aim of the study was to develop a new POC test for tuberculosis diagnosis that (i) provides 

results on the same day and is user-friendly (ii) can accurately diagnose infected individuals 

leading to treatment initiation on the same clinical encounter, (iii) suitable for TB diagnosis in 

adults within a high HIV prevalence setting (iv) ideal for the infrastructure level present at primary 

healthcare facilities and/or community-based screening, (v) can possibly detect drug resistance, 

and (vi) has a low cost. 

 

1.4 Study Objectives 

The first and major objective of this study was to develop a low cost, same day (1h turnaround 

time) test suitable for community based TB disease screening. The developed test was initially 

referred to as single step DNA diagnostics (S2D2) but the name was later changed to NWU-TB 

system (used in most of the chapters in this thesis). The second objective was to evaluate the 

performance of the test in clinical samples in comparison to other microbiological tests currently 

used in South Africa (sputum smear microscopy (SSM), culture, Xpert MTB/Rif). As mentioned 

earlier, HIV infection decreases the sensitivity of TB tests and the new test must have better 

sensitivity in HIV infected patients in order to make a significant impact in South Africa. Yearly, 

an estimated 30% of the global cases of HIV-associated TB occur in South Africa (Meintjes, 2014). 

Within South Africa, HIV-TB coinfection cases are highest among miners and prisoners (Stuckler 

et al., 2011; Telisinghe et al., 2014). In order to ensure that the sample size was sufficiently 

powered, clinical evaluation was conducted at AngloGold Ashanti Orkney-Westvaal Hospital 

which caters for the company’s mining personnel. Orkney is a gold mining town situated in the 
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Klerksdorp district of the North West province of South Africa and approximately 180 km from 

Johannesburg. 

 
Figure 1: Map showing location of Orkney-Westvaal hospital, also showing its location relative to 

Potchefstroom and Johannesburg. Source: Google Earth, 2016. Accessed on 11 February 2016.  

 

SSM and NAATs offer no information with regards to viability of mycobacteria thus both cannot 

be used to monitor treatment outcomes. Conventional culture is thus relied upon for treatment 

monitoring but due to its long turnaround time (2-6 weeks), routine bedside treatment decisions 

cannot be made. The third objective of this study aimed to address this limitation of NAATs by 

developing a strategy that enables NWU-TB to be used in treatment outcomes monitoring.  

 

Diagnostic accuracy (sensitivity and specificity) of POC tests is an insufficient indicator of the 

potential impact on morbidity and mortality of the test after deployment. Recent studies are 

indicating that, despite the high accuracy of Xpert MTB/Rif in clinical evaluation studies, its 

impact on new case detection and patient survival has been minimal (Theron et al., 2014; 

McNerney et al., 2015; McNerney & Zumla, 2015). Instead of drawing conclusions about the 

potential impact of NWU-TB after deployment based entirely on diagnostic accuracy data, the 

fourth and final objective of the study was to estimate the cost per test for NWU-TB from a 
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healthcare provider’s perspective and further determine its cost-effectiveness in community based 

screening of all miners in South Africa. By addressing the four objectives mentioned above, we 

will be able to develop a prototype of the NWU-TB system suitable for TB diagnosis and treatment 

monitoring.  

 

1.5 Structure of the thesis 

This thesis was submitted in full fulfilment of the requirements of a Doctor of Philosophy degree 

in Pharmaceutics at North-West University, Potchefstroom Campus, South Africa. The study 

forms part of the “Rapid Diagnosis of Tuberculosis in Resource poor settings” project and was 

financially supported by the South African Technology Innovation Agency (TIA), South Africa 

Medical Research Council - Strategic Health Innovation Partnerships (MRC-SHIP), the South 

African TB Research & Innovation Initiative (SATRII), and the North-West University. This 

thesis is submitted in a manuscript format in accordance with the General Academic Rules 

(A.7.5.7.4) of the North-West University. Each chapter is written in accordance with specific 

guidelines as stipulated by the journals intended for publication. Manuscript 1 has been accepted 

and published in the Journal of Microbiological Methods; manuscript 2 has been submitted to the 

Journal of Clinical Microbiology and is still under review; and manuscript 3 has also been 

submitted to BMC Infectious Diseases and is still under review.  

 

1.6 Dissemination of findings 

Findings from this study were presented to a broad audience including North West Provincial 

government leadership, clinicians, laboratory technologists, academics and managers from the 

Department of Health. The manuscripts emanating from this project were written to distribute the 

findings of the study and one of them has already been published and can be accessed online. The 

articles will mainly cater for the academic community, laboratory technologists and clinicians. I 

delivered presentations at local workshops/conferences especially in the North West Province in 

order to disseminate information to local stakeholders and government officials. I also presented 

part of the work at the point-of-care diagnostics world congress held on 18-19 September 2014 in 

San Diego, California, USA. 
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This chapter reviews relevant literature on tuberculosis diagnosis. It specifically focuses on the 

disease burden and the current diagnostic landscape, highlighting the strengths and weaknesses of 

available tools, and identifying the gaps that new tools must address if global tuberculosis 

eradication by 2050 is to be achieved.  
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1.1 Mycobacterium tuberculosis  

The genus Mycobacterium consists of more than 160 species, which are divided into three groups; 

M. tuberculosis complex (MTBC), M. leprae, and non-tuberculous mycobacteria (NTM) (also 

termed atypical mycobacteria or 'mycobacteria other than M. tuberculosis complex') (Rastogi et 

al., 2001; Jang et al., 2014). Tuberculosis (TB) is caused by one of the members of a group closely 

related mycobacterial species belonging to the MTBC. There are about nine mycobacterial species 

belonging to the complex. Although the complex members have different host ranges and 

phenotypic characteristics, they exhibit extreme genetic similarity, with 0.01%–0.03% 

synonymous nucleotide variation (Gutierrez et al., 2005). In humans, TB infections are mainly 

caused by these mycobacterial species; M. tuberculosis, M. africanum, M. canettii, and M. bovis 

(Grange, 2001; de Jong et al., 2010; Koeck et al., 2010; Mireia et al., 2013). M. bovis is the main 

cause of tuberculosis in cattle, and other domesticated mammals (Cole et al., 1998). Other species 

causing TB disease in various mammalian hosts include: M. microti, M. caprae, M. pinnipedii, M. 

suricattae and M. mungi (Kremer et al., 1998; Alexander et al., 2010; Sabrina et al., 2011; Parsons 

et al., 2013; Loeffler et al., 2014).  

 

The M. tuberculosis genome is 4,411,529 base pairs (bp) long, with a G+C content of 65.6% 

(Kremer et al., 1998). Molecular tools targeting various regions of this genome have been 

developed for identification and characterization purposes. Early molecular methods to detect or 

identify M. tuberculosis targeted the insertion sequences IS6110 and IS1081 (Thierry et al., 1990; 

Collins & Stephens, 1991). With time, the panel of molecular targets increased to include: rrs, 

gyrA, gyrB, hsp65, recA, rpoB, sodA genes and 16S-23S internal transcribed spacer (ITS) genes 

(Radomski et al., 2013).  

 

1.2 Tuberculosis pathogenesis 

M. tuberculosis is spread by air when an infectious person coughs or sneezes expelling infectious 

aerosol droplets 0.5 to 5.0 µm in diameter. An estimated 22% of those exposed to the infectious 

aerosol droplets become infected with M. tuberculosis. Ninety percent (90%) of those infected 

with M. tuberculosis remain asymptomatic, which is referred to as latent TB infection (LTBI) 

(Ducati et al., 2006). In HIV uninfected individuals with LTBI, the lifetime risk of progressing to 

TB disease (symptomatic TB) ranges between 10% and 20% (Corbett et al., 2003).  However, in 

MTB/HIV coinfected individuals, the annual risk of progressing to TB disease exceeds 10% 

(Corbett et al., 2003).  
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In most cases TB disease progression follows the general four stage process described by Wallgren 

(Wallgren, 1948; Smith, 2003). In stage one, which occurs 3 to 8 weeks following exposure to M. 

tuberculosis, the inhaled infectious droplets lodge in the alveoli. These droplets are then 

disseminated via the lymphatic circulation to lymph nodes in the lungs leading to the formation of 

Ghon complex. The Ghon complex is subpleural lesion that also involves infection of the adjacent 

lymphatics and hilar lymph nodes. At this time, conversion to tuberculin reactivity occurs. In stage 

two, the mycobacteria are disseminated to other parts of the lungs and body organs via blood 

circulation. This stage lasts for about 3 months, and death due to tuberculous meningitis or miliary 

(disseminated) TB can occur during this stage. In the third stage, there is inflammation of the 

pleural surfaces leading to severe chest pains. Typically, the stage lasts for 3 to 7 months, but can 

be delayed for up to 2 years. Pleurisy occurs when TB antigens enter the pleural space thereby 

eliciting an intense immune response. Initially, neutrophils and macrophages are involved, 

followed by interferon (IFN)-γ-producing T-helper cell (Th) type 1 lymphocytes, which activates 

macrophages to overcome inhibition of phagolysosome maturation  (MacMicking et al., 2003; 

Trajman et al., 2008). The activated macrophages process and present mycobacterial antigen to 

CD4+ lymphocytes, thereby initiating a cell-mediated response, which in turn results in the 

production of a number of cytokines such as TNF-α, IFN-γ, IL-6 and IL-12 (Lawn et al., 2002). 

These cytokines attract and activate more macrophages leading to the formation of a granuloma 

whose main function is to ‘wall off’ bacteria in the host, resulting in containment or cure in 90% 

of individuals (Lawn et al., 2002; Zuñiga et al., 2012). In the last stage, the disease does not 

progress and this may last for about 3 years. During this time, some individuals develop 

extrapulmonary lesions in bones and joints and these usually present as chronic back pain. 

 

Since the granuloma sit at the epicentre of TB immunopathogenesis and CD4+ lymphocytes are 

crucially involved in its formation, depletion of CD4+ lymphocytes in HIV infected individuals 

has an impact on the process. Studies suggest that CD4+ lymphocytes help maintain the 

architecture and integrity of the granuloma and thus the reactivation of latent M. tuberculosis 

infection, dissemination, and progression to active TB disease in co-infected individuals are 

prevented (Sonnenberg et al., 2001; Diedrich & Flynn, 2011). As a result of the disruption in 

granuloma formation, there is poor containment of mycobacteria which then spread to the lungs 

and other parts of the body. This explains why the proportion of extrapulmonary tuberculosis 

(EPTB) cases is higher among HIV-infected individuals than among HIV-uninfected individuals. 

The consequent presence of fewer bacilli in sputum specimens from HIV/TB co-infected 
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individuals compared to HIV-uninfected individuals makes microbiological diagnosis of active 

TB disease challenging (Shankar et al., 2014).   

 

1.3 Tuberculosis Burden 

Tuberculosis (TB) is the world’s second leading cause of death from a single infectious agent, 

accounting for approximately 1.5 million deaths in 2013 (World  Health Organization, 2014a). 

Although, there has been a 41% decline in TB prevalence since 1990, the war is not over and new 

challenges are emerging. The rise in multi-drug resistant tuberculosis (MDR-TB) cases, 3 million 

un-diagnosed TB patients and diagnostic complications associated with HIV/TB co-infection seek 

to erode those gains.  

 

All regions of the world are affected by TB as shown in Figure , though about 80% of new cases 

occur in 22 high-burden countries (HBCs) yearly (World Health Organization, 2010). In 2013, an 

estimated 9 million people developed TB disease; approximately 56% of these were in South-East 

Asia and Western Pacific Regions; another 25% were in the African Region, which also had the 

highest incidence rates (280 cases per 100,000 population) and deaths relative to population. But 

among these 9 million people who developed TB in 2013, over a third (about 3 million cases) were 

not diagnosed, mainly due to shortcomings of the available TB diagnostic systems. These current 

systems are either ill-adapted to resource-limited settings or specific patient needs, or simply 

priced beyond the reach of the target population (UNITAID, 2015).  

 

 
Figure 1: Incidence rates of TB infection in Sub-Saharan Africa compared to other geographic 

regions. The darker colours indicate regions with the highest incidence whereas the lighter colours 

indicate regions with the lowest incidence. Reprinted from (World  Health Organization, 2014a), 

with permission from the World Health Organization.  
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Although TB is an airborne disease, it is not an equal opportunity disease as the route of 

transmission may suggest. For a number of reasons, some population groups are at a higher risk to 

develop active TB disease compared to the general population. These high risk groups include: 

HIV infected individuals, prisoners, miners, the elderly, children under 5 years, TB contacts, 

diabetics, homeless individuals and the urban poor (Glynn et al., 2005; Parwati et al., 2010; 

Prados-Torres et al., 2013; Vinkeles Melchers et al., 2013; Telisinghe et al., 2014). In 2013, an 

estimated 1.1 million (13 %) of the 9 million people who developed TB were HIV-positive, 

making HIV seropositivity the biggest predisposing factor. Appropriate and affordable diagnostic 

tools for active case finding in these high risk groups should be prioritized, as every untreated 

person with active pulmonary TB may infect as many as 10–15 people every year (Nathanson et 

al., 2010). Health-care providers should recognize the increased risk of TB in these populations 

and give special attention to surveillance and preventive services. 

 

1.3.1 Pediatric tuberculosis 

Childhood TB has been dubbed the hidden epidemic due to the difficulties in diagnosis in most 

children. In 2013, there were an estimated 530,000 TB cases (6 % of global total cases) among 

children under 15 years of age (World  Health Organization, 2014a). Sputum smear microscopy 

(SSM) and culture, the two common tests for TB diagnosis, yield false negative results in most 

children and consequently the diagnosis is made based on clinical diagnosis (Zar et al., 2010; 

Perez-Velez & Marais, 2012). However, signs and symptoms of childhood TB are non-classical 

and unreliable since they also appear in other diseases, thus making clinical diagnosis unreliable 

as well (Marais et al., 2005; Bergamini et al., 2009; Anderson et al., 2014). Furthermore, adoption 

of unvalidated clinical scores in different settings leads to over-or–under diagnosis and thus often 

results in inappropriate treatment (Hesseling et al., 2002; Hatherill et al., 2010; Pearce et al., 2012). 

Radiological examinations in childhood TB are nonspecific (Swingler et al., 2005). Children also 

have difficulty expectorating sputum, the common TB test specimen. In conclusion, diagnosing 

childhood TB is different from that of adult TB, thus tests suitable for diagnosing childhood TB 

are urgently required.  

 

1.3.2 Drug-resistant TB burden 

Multidrug-resistant (MDR) and extensively drug-resistant (XDR) TB are emerging global health 

threats (Zumla et al., 2012). MDR-TB is defined as resistance to rifampicin and isoniazid, the two 

common first-line anti-TB drugs, while XDR-TB is defined as MDR-TB with additional resistance 

to a fluoroquinolone and one of the second-line injectable drugs (Migliori et al., 2007). MDR-TB 
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treatment is complicated, lengthy, expensive and associated with very high morbidity and 

mortality. Recently, totally drug-resistant TB strains that are resistant to all currently available 

drugs have also emerged (Velayati et al., 2009). Globally, in 2013, the WHO estimates that 

450,000 people developed MDR-TB; of these, 170,000 people died. It is also estimated that less 

than one in four cases of MDR-TB were detected in 2012, thus highlighting the inadequacies of 

current diagnostics for MDR-TB detection. Progress towards targets for universal access to 

diagnosis and treatment of MDR-TB is far off-track and in many countries this now constitutes a 

public health crisis that is not being adequately recognized and addressed (World  Health 

Organization, 2014a).  

 

1.4 TB High Burden countries 

Though TB is a global problem, for the past two decades, 80% of tuberculosis cases remain 

concentrated in 22 ‘high-burden’ countries (HBCs). India and China (Figure 2) had the highest 

number of reported cases in 2013; however, relative to the population of individual nations, South 

Africa (860 cases/ 100,000 population), jointly followed by Mozambique and Zimbabwe (552 

cases/100,000 population) have the highest incidence rates in the world (World  Health 

Organization, 2014a). The main drivers of TB in these regions include poverty, malnutrition, 

inadequate and unaffordable healthcare services, overcrowded and poorly ventilated houses, and 

unavailability of suitable diagnostic tests (Krieger & Higgins, 2002; Broekmans et al., 2005). 

Countries like China and Brazil are experiencing a sustained gradual decline in annually reported 

cases, while in others the decline is painfully slow. The three assessment indicators used by the 

WHO are TB incidence rates, TB prevalence and TB mortality. Seven of the 22 HBCs have met 

the 2015 targets for reductions in TB cases and deaths, and a further four HBCs are on track to do 

so by 2015. However, South Africa, the Democratic Republic of the Congo and Afghanistan are 

the three countries that are completely off-track to meet the 2015 targets on all 3 indicators (World  

Health Organization, 2014a).  
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Figure 2: New TB cases in the 22 High-Burden Countries in 2013. India had the highest number 

of reported new TB cases in 2013. South Africa had the 6th highest number of reported new cases 

in the same year. Reprinted with permission from the Kaiser Family Foundation,  

http://kff.org/globaldata/ 

 

1.5 TB treatment 

Tuberculosis is a treatable and curable disease. Early diagnosis is a key factor in ensuring treatment 

success. In endemic settings, there is a high rate of empirical therapy in which case patients are 

commenced on treatment based on clinical symptoms but with no microbiological test results 

(Theron et al., 2014a). Such high levels of empirical therapy have been reported to lower the 

potential population level impact on treatment outcomes and mortality in settings where new rapid 

point of care TB tests have been adopted (Hanrahan et al., 2013).  

 

Rifampicin (RMP) and isoniazid (INH) form the backbone of first-line anti-tuberculosis treatment. 

New and recurrent cases of both pulmonary and extrapulmonary tuberculosis are usually treated 

with a combination of rifampicin, isoniazid, pyrazinamide, and ethambutol for two months and, in 

the second phase, a combination of isoniazid and rifampicin for a further four months 

(2RHZE/4RH regimen). First line drugs sometimes fail to cure tuberculosis due to several reasons. 

Patients with bacilli resistant to at least RMP and INH are classified as having multidrug-resistant 

tuberculosis and a combination regimen of streptomycin, ethambutol, terizidone, pyrazinamide, 

and one quinolone (levofloxacin or ofloxacin) is usually administered (Arbex et al., 2010).  

 

http://kff.org/globaldata/
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Increasingly, extensively drug-resistant TB (XDR-TB), which is defined as MDR-TB with 

resistance to a fluoroquinolone and an injectable agent (2nd line aminoglycoside or capreomycin), 

cases are also being reported (Dheda et al., 2010; Gandhi et al., 2010). Management of XDR-TB 

is very difficult with standard treatment of primary infection consisting of an initial 6–month 

intensive phase of 7 drugs (ethionamide, pyrazinimide, capreomycin, moxifloxacin, clofazimine, 

terizidone, para-aminosalycilic acid) followed by an 18-month continuation phase of 6 drugs 

(ethionamide, pyrazinimide, moxifloxacin, clofazimine, terizidone, para-aminosalycilic acid) 

(Pooran et al., 2013). Inspite of such a long and intense treatment regimen the treatment outcomes 

are still poor (Pietersen et al., 2014). A strategy focusing on timely detection and treatment of drug 

susceptible tuberculosis will curb the increase in the number drug resistant cases which are difficult 

to treat.  

 

1.6 TB in South Africa 

South Africa had the highest per capita incidence of TB among the 22 HBCs, approaching 1% 

(9,800 per million) in 2013, with 62% of cases being HIV-positive. It also had the highest TB/HIV 

co-infection burden which is approximately 1.3 per 100 susceptible individuals per annum in 15–

49 year olds (Rehle et al., 2010). Thirty percent of the global incidence cases of TB-HIV co-

infection occurred in SA, which roughly equates to 530,000 people being infected with TB per 

annum (World Health Organization, 2013; Creswell et al., 2014). The combined mortality rate 

among HIV-positive and HIV-negative TB cases was 2,180 per million (0.2%) in 2013. Multidrug-

resistant (MDR) tuberculosis accounted for 1.8% (95% confidence interval [CI], 1.4 to 2.3) of all 

new cases of tuberculosis and 6.7% (95% CI, 5.4 to 8.2) of retreatment cases (World Health 

Organization, 2013). Approximately 10% of the reported MDR tuberculosis cases were XDR 

tuberculosis cases making South Africa the country with the highest reported XDR tuberculosis 

cases in the world.  

 

South Africa was not on track to meet the 2015 targets for reductions in disease burden, and TB 

incidence is projected to continue rising in the foreseeable future unless a new paradigm emerges. 

Confronted by poor TB statistics, South Africa was the first HBC to roll-out the Xpert MTB/RIF 

as the primary diagnostic test for all presumptive TB cases. Emerging data, however, shows 

limited impact of the Xpert MTB/Rif rollout on morbidity and mortality in high burdened settings 

(Theron et al., 2014b; McNerney & Zumla, 2015). Instead of focusing on improving TB diagnosis 

alone, additional initiatives such as strengthening and improving quality of national TB treatment 

programmes, special health education initiatives targeting high risk populations, and better access 
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to anti-retroviral therapy in HIV/TB co-infected individuals will aid in reducing the TB burden in 

South Africa.  

 

1.7 Future targets for TB incidence rate 

The vision of the Stop TB Partnership and the World Health Organization (WHO) is to create a 

TB-free world (World Health Organization, 2011). To achieve this target, the incidence rate must 

fall at an average of 17% (Figure 3) annually between 2015 and 2050, much faster than the 

maximum of 10% per year that was achieved in Western Europe in the 1950s when anti-TB drugs 

became available (World Health Organization, 2014). If the present decline of 2% per year 

continues beyond 2015 (Figure 3), the incidence rate will still be 1000 times greater than the 

elimination threshold by 2050. The Post-2015 Global TB Strategy approved by the World Health 

Assembly in May 2014 aimed to reduce TB deaths by 95% and cut new cases by 90% between 

2015 and 2035.   The strategy also set interim milestones for 2025 and 2035 (Table 1). 

 

 

 

Pragmatically however, with the current anti-TB arsenal and systems for delivering them, these 

targets are unattainable and have never been achieved on a global scale for any other epidemic. In 

order to eliminate TB by 2050, two things are critical: concurrent discovery of optimal vaccines, 

Figure 3: Recent and projected trends in global TB incidence (cases) between 2015 and 2050. To 

eliminate TB by 2050, novel technologies that can help achieve 20% reductions per year are a 

must. Currently, there is a 2% annual reduction in the number of new TB cases, which is 

insufficient. Reprinted from (Raviglione & Director, 2013), with permission from the World 

Health Organization. 
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drugs, diagnostics; and strengthening of health systems to ensure effective delivery of the new 

products (Raviglione & Director, 2013).  

 

Table 1: Post-2015 Global TB strategy and targets 

Vision A world free of TB: zero deaths, disease and suffering due to TB 

Goal End the global TB epidemic 

Milestones for 

2025 

75% reduction in TB deaths (compared with 2015) 

50% reduction in TB incidence rate (compared with 2015) 

No affected families facing catastrophic costs due to TB 

Targets for 2035 95% reduction in TB deaths (compared with 2015) 

90% reduction in TB incidence rate (compared with 2015) 

No affected families facing catastrophic costs due to TB 

Reprinted from (Raviglione & Director, 2013), with permission from the World Health 

Organization. 

 

1.8 TB laboratory diagnosis challenges 

In most developing countries, TB control relies on passive case finding among symptomatic 

individuals on routine visits to healthcare facilities, followed by either clinical diagnosis or sputum 

smear microscopy (SSM) laboratory diagnosis (Ogbudebe et al., 2015). At least two sputum 

specimens are required on different days (Parsons et al., 2011), necessitating repeated visits to the 

clinic for specimen delivery and collection of results, thereby increasing likelihood of patient 

dropout due to prohibitive costs associated with the visits as patients travel long distances to the 

nearest healthcare facilities (Table 2). Sadly, even after these delays the sensitivity of SSM has 

been reported to vary considerably (range, 20 to 80%) making it unreliable in high prevalence 

settings (Steingart et al., 2006b), and often depending on the diligence with which specimens are 

collected. Also, quality assurance programs including quality control and external quality 

assessments (EQAs) are often lacking at most microscopy centers in burdened countries. 

 

In addition, childhood TB is notoriously difficult to diagnose and all conventional TB tests perform 

poorly in this vulnerable population group (Zar, 2007; Lighter & Rigaud, 2009). HIV/TB co-

infected individuals form the second most difficult population group to diagnose with TB due to 

the associated low bacillary load which makes SSM unreliable (Bruchfeld et al., 2000; Worodria 

et al., 2003; Steingart et al., 2006b). Very few reference laboratories are relied upon in most of the 

HBCs as they are among the poorest nations in the world. Furthermore these reference laboratories 
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have inadequate infrastructure and outdated equipment, poor biosafety measures, and are 

incapable of reliably performing TB culture and drug susceptibility testing (DST) (Parsons et al., 

2011; Paglia et al., 2012).  

 

In conclusion, current TB diagnostics are not adapted for the above-mentioned specific patient 

groups or decentralized healthcare settings, and limited (or no) information on the quality of 

diagnostics is available to guide procurement. Thus, there is a critical need for new, sensitive, easy 

and rapid point-of-care diagnostics and also for sustained investments in laboratory infrastructure, 

quality assurance programs, and well-trained staff. 

 

Table 2: Distance to nearest Medical Facility for the poorest 5th of the World population 

Country Distance (km) 
Uganda 4.7 

Tanzania 4.7 
Benin 7.5 
Haiti 8.0 

Zimbabwe 8.6 
Bolivia 11.8 

Madagascar 15.5 
Chad 22.9 
Niger 26.9 

Selected from the 2004 World Health Report, p.22 

 

1. 9 Measurement of the accuracy of diagnostic tests 

Diagnostic accuracy measures quantify the ability of a new test to discriminate between and/or 

predict disease and health when evaluated against a gold standard (Drobatz, 2009). These measures 

may either serve a discriminatory function (i.e. sensitivity and specificity) or serve a predictive 

function (i.e. predictive values, likelihood ratios, area under the receiver operating characteristic 

curve, overall accuracy and diagnostic odds ratio) (Okeh & Okoro, 2012). It is also important to 

note that these measures are not fixed indicators of a given test’s quality and performance. 

Diagnostic measures are very sensitive to the characteristics of the population (e.g. disease 

prevalence) in which the test has been evaluated, genetic variation of the pathogen or host and the 

study design (Banoo et al., 2008). Poor methodological designs of diagnostic evaluation studies 

can cause bias by over-estimating or under-estimating the performance of the indicator test and 

also make comparisons between different studies difficult (Eusebi, 2013).  

The discriminatory function is concerned with correctly classifying people into two groups; those 

who are diseased and those who are not diseased (Eusebi, 2013). The main measures are sensitivity 
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and specificity and the results are of interest to particular to health policy experts. Sensitivity is 

the probability, expressed as a percentage, that a truly infected individual will test positive, while, 

specificity is the probability, expressed as a percentage, that a truly uninfected individual will test 

negative (Banoo et al., 2008). Since these values are calculated in comparison to a “gold standard” 

test which is assumed to be 100% sensitive and specific, any shortcomings in the accuracy of the 

“gold standard” will lead to errors in calculating sensitivity and accuracy of the indicator test. The 

choice of “gold standard” is therefore very important in evaluating a new test.   

 

The predictive function is concerned with estimating the post-test probability of a disease in a 

patient (Eusebi, 2013). These measures are of particular importance to clinicians as they provide 

an indication of test performance i.e. the trustworthiness of the result. Predictive values are often 

used for this task. A positive predictive value (PPV) tells the clinician what percent of patients 

with a positive test result truly has the disease. Negative predictive value (NPV) indicates the 

percentage of those patients with a negative test result do not have the disease (Drobatz, 2009). 

 

1.10 Ideal TB diagnostic tests 

Table 3, provides a list the infrastructure and human capital available at different healthcare levels 

for low and middle income countries. However, at the primary level (level 3) which serves most 

of the suspected TB patients, limited infrastructure and personnel to house and operate 

sophisticated TB diagnostic tests exist.  

 

Table 3: Categorical classification of facilities where diagnostics may be implemented 
 LEVEL 1 LEVEL 2 LEVEL 3 

Power/AC Available and 
reliable 

Available May not be 
available/reliable 

Clean water Available and 
reliable 

Available May not be 
available/reliable 

Buildings Well-equipped 
Laboratories with safety 

facilities 

Smaller laboratory 
facilities offering less 
sophisticated facilities 

Limited or no 
laboratory testing and 

safety facilities 
Staff Nurses, physicians, 

trained laboratory staff 
Trained nurses, 

few physicians, few or 
variably trained 
laboratory staff 

Nurses, 
healthcare workers, 

no/limited laboratory 
staff 

 
Typical 

locations 

Urban centres, large 
hospitals, teaching 

hospitals 

District hospitals, 
urban health centres 

Health clinics, 
usually local 

Examples of 
current systems 

in each level 

Xpert MTB/RIF 
assay, Bactec MGIT 

series 

LAMP tests, 
Urinary LAM tests 

e.g  Alere 
ClearView 

Sputum smear 
microscopy (direct or 

concentrated) 
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These definitions can be applied to low and middle-income countries. Reprinted from (Batz et al., 

2011), with permission from the Treatment Action Group. 

 

In 2009, a group of 34 representatives from various organizations including Treatment Action 

Group, Me´decins Sans Frontie`res, Partners in Health, and other agencies, developed minimum 

technical test specifications any new Point-of-Care (POC) TB test suitable for microscopy centers 

(level 3) must meet (Table 4). The meeting could not, however, reach a consensus on 3 test 

specifications; (i) sensitivity in smear-negative adults i.e. 60% versus 80% as the minimum; (ii) 

diagnosis of extrapulmonary TB in adults as a minimal requirement; and (iii) rejection of use of 

sputum as an appropriate sample. In the interim, the following points were agreed upon, (i) 

exclusion of sputum sample as highly desirable but not a minimal requirement and (ii) 

extrapulmonary diagnosis set as highly desirable but not a minimal requirement (Expert meeting 

“Defining Test Specifications for a TB POC Test” 

Paris, March 17-18 2009).  

 

No existing POC TB test meets all of these specifications, although the Xpert MTB/RIF and Eiken-

LAMP meet most of them. POC tests usually have lower sensitivity and specificity than 

laboratory-based equivalents. Commercial serodiagnostic tests, which have largely been marketed 

as POC tests, have had a dismal performance record, prompting the WHO to issue policy guidance 

against their use (World Health Organization, 2011). Basic scientific research to identify new 

biomarkers specifically for POC tests needs to be urgently supported. Currently, nucleic acid 

amplification testing (NAATs) is arguably the most appealing option for a POC TB diagnostic 

test. However, due to the technical complexity of DNA extraction, amplification and detection, 

NAAT technology is not easily translated into a POC device, as demonstrated by the lack of a 

successful POC NAAT for any disease (Weyer et al., 2011). 

 

1.11 Current tuberculosis and MDR diagnosis 

In most of the high burdened countries, the public sector diagnostic infrastructure relies primarily 

on sputum smear microscopy (SSM) that cannot detect drug resistance. Currently, most national 

TB programmes do not offer universal DST, resulting in detection of less than one in four cases 

of MDR TB. The conventional phenotypic methods for assessing drug resistance are slow.  
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Table 4: Proposed minimum specifications for the design of any new TB POC diagnostic test 

 Minimum specifications required 
Medical decision  Treatment Initiation 
Sensitivity - Adults 
(regardless of HIV status) 

Pulmonary TB: 
Smear pos., culture positive: 95% 
Smear neg., culture positive: * [60-80%] 
[Detection of extrapulmonary TB being a preferred but not a 
minimal requirement] 

Sensitivity - children 
(incl. EPTB; regardless of 
HIV status) 

80% compared to culture of any specimen and 
60% of probable TB  

Specificity Adults: 95% compared to culture 
Children: 95% compared to culture and  90% for culture neg., 
probable TB [problem of gold standard] 

Time to results Max. 3 hours (patient must get result the same day) [Desirable   
would be <15min] 

Throughput Min 20 test/day by 1 lab staff 
Sample collection Adult: urine, oral, breath, venous blood, sputum 

[Desired: NON-sputum based sample type and use of finger prick 
instead of venous blood] 
Child: urine, oral, finger/heel prick 

Sample preparation Safe – biosafety level 1 
Max. 3 steps 
Approximate volumes of samples & reagents (no precise  
pipetting) 
Preparation not highly time sensitive 

Number of samples  One sample per test 
Read out Easy, unambigous to read with qualitative and simple ‘yes’, ‘no’,  

‘invalid’ answer. 
Read out stays permanent for at least 1 hour 

Waste disposal Simple burning or dispose in sharp pit; no glass 
Environmentally acceptable disposal 

Controls Positive control included in the kit 
Quality control simpler and easier than with SSM 

Reagents All reagents contained in a self-contained kit 
Kit contains sample collection device, H²O (if needed) 

Storage/stability Shelf life 24 months incl. for reagents 
Stable at 30°C, higher temp for shorter time periods [to be  
defined] 
Stable in high humidity environments 

Instrumentation If instrument needed, no maintenance required 
Instrument works in tropical conditions 
Acceptable replacement cost 
Must fit in backpack, shock resistant 

Training time 1 day max. training time 
Can be performed by any health worker 

Instrument Design Can work on battery 
Cost Below US$10 per test after scale up 

      Reprinted from (Batz et al., 2011), with permission from the Treatment Action Group.  
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In order to avoid delays in both therapy and prevention of MDR transmission, various genotypic 

methods based on line probe assays, DNA sequencing or real-time PCR, have been proposed for 

detection of the mutations associated with resistance to anti-tuberculosis drugs. This section briefly  

discusses the techniques and clinical performance of current diagnostic tests for both 

tuberculosis and drug resistant tuberculosis (DR-TB). 

 

1.11.1 Smear microscopy 

Ziehl-Neelsen (ZN) smear microscopy remains the primary diagnostic test for pulmonary MTB in 

high-burden countries (HBCs) and also for TB treatment monitoring. In a recent study of the 22 

HBCs, a total of 77.6 million sputum smears were performed annually at a value of US$ 137 

million in 42 827 microscopy centers (Kik et al., 2014). It is affordable, the average cost of SSM 

is US$ 1.77 (IQR US$ 1.28–2.69) per smear and rapid (result in a day) (Kik et al., 2014). However, 

it suffers from low and variable sensitivity, especially in paucibacillary HIV infected individuals, 

and more significantly, high operator dependence thereby increasing variability (Steingart et al., 

2006b; Steingart et al., 2007). The effectiveness of microscopy is further diminished by the 

conditions in which laboratory staff operate i.e. poor microscopes, inferior reagents, intermittent 

electricity supply, insufficient time to examine slides properly, and a poor work ethic (Kivihya-

Ndugga et al., 2003; Steingart et al., 2007; Kik et al., 2014). 

 

The original method is now over 130 years old and involves staining the mycobacterial cell wall 

with colorimetric or fluorescent dyes for subsequent visualization via microscopy. A positive 

smear test indicates the presence of acid fast bacteria (AFB), but does not discriminate between 

members of the MTB complex and other non-tuberculous mycobacteria (NTM). Two or three 

sputum specimens collected on different days are required in SSM algorithms. The specimens are 

either processed directly, but concentration of MTB via centrifugation or bleach sedimentation 

may improve sensitivity (Steingart et al., 2006b). Centrifugation, however, adds an extra biosafety 

requirement for sealed rotor buckets to minimize risk from aerosols. This requirement is not easily 

implementable in resource limited settings.  

 

In most high burden settings, SSM uses a conventional light binocular microscope and the ZN 

staining method where AFBs are stained red with carbol fuschin. A 40x and 100x magnification 

objective with oil immersion on the microscope is used. Visible AFB units are scored to determine 

the bacterial load based on the number of AFB viewed per field and classified according to the 

WHO/International Union Against Tuberculosis and Lung Disease guidelines with scoring as 
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follows; “0” for absence of AFB, scanty 1-9, 1+, 2+, or 3+ (Kantor de Narvaiz et al., 1998). Fully 

trained microscopists can read a maximum of 25–30 slides a day. 

 

Fluorescence microscopy (FM) has led to an improvement over conventional ZN as AFB 

observation is easier and faster. Staining of AFB with fluorescent dyes is more rapid than the ZN 

method and most importantly each field can be read at a lower magnification thus it is easier for 

microscopists to identify the AFB. Consequently, a trained microscopist can read double the 

number of slides per day compared to conventional SSM. A number of studies report an average 

of 10% better sensitivity of light emitting diode (LED)-FMs used for SSM compared to light 

microscopy but with similar specificity (Trusov et al., 2009; Albert et al., 2013; Xia et al., 2013).  

 

The major drawback of SSM is its poor and highly variable sensitivity (20–80%), especially in 

paucibacillary specimens (common with poor-quality sputum samples or HIV co-morbidity) 

(Steingart et al., 2006b). SSM cannot be used for drug resistance detection and its specificity may 

be reduced by the presence of NTMS due to the test’s inability to distinguish MTB from NTMs. 

Nevertheless, a major systematic review analysing data from 30 articles reported an average 

specificity of 97% for SSM, indicating that the assay is generally specific (Steingart et al., 2006a). 

The reading of slides is time-consuming, tedious, operator dependent and a repetitive task that 

requires diligence to be effective. Due to this low sensitivity, it is estimated that 17% of TB 

transmission is from patients who are SSM-negative (Behr et al., 1999), highlighting the 

shortcomings of SSM and the consequences thereof. With effective external quality assurance 

(EQA) plans some of the performance defaults can be addressed but the resources to maintain and 

coordinate such systems can also be extensive and even prohibitive. 

 

1.11.2 Culture methods 

Mycobacterial culture is the current gold standard for MTB diagnosis in most HBCs despite MTB 

being a slow growing microorganism with an extended generation time (20 to 22 hours) compared 

to other bacteria (40 to 60 minutes). Decontamination of patient sputum samples is an essential 

step in the isolation of mycobacteria as contaminating bacteria and fungi may further slow the 

growth of M. tuberculosis (Chatterjee et al., 2013). A number of decontamination procedures exist 

and to yield the best results a procedure must be mild but sufficiently control the level of 

contaminants. The common decontamination methods include: the sodium hydroxide (NaOH) 

based Petroff, the N-acetyl-L-cysteine-sodium hydroxide (NALC-NaOH) and the Kudoh (Falodun 

et al., 2012). NaOH reduces the viability of M. tuberculosis and has been reported to kill up to 
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60% of the bacilli in clinical samples (Asmar & Drancourt, 2015). This reduces the sensitivity of 

culture methods especially in high HIV prevalence settings due to paucibacillary disease.  

 

After successful decontamination, the samples are cultivated in an appropriate media. A variety of 

such media have been developed in an attempt to speed up the growth rate of M. tuberculosis. 

Solid media or liquid media or two-phase media (having a liquid phase and a solid phase) may be 

used in culturing Mycobacterium tuberculosis complex (MTBC). Lowenstein-Jensen medium, 

containing variable concentrations of malachite green is the most widely used solid media but 

growth of TB bacilli on such traditional solid medium requires 4-8 weeks. Liquid culture systems 

reduce the delays in obtaining results to days rather than weeks. A number of automated 

commercial liquid-culture based systems are available on the market. These include the BACTEC 

MGIT 960 system (Becton Dickinson), the BacT/Alert 3D System (bioMe´rieux), and the 

microscopic-observation drug-susceptibility assay (MODS; Hardy Diagnostics). The following 

sections discuss these systems in more detail. 

 

1.11.2.1 Bactec MGIT 960 

The BACTEC Mycobacteria Growth Indicator Tube System (MGIT 960) (Becton Dickinson 

Microbiology Systems, Sparks, Md.) is a nonradiometric, fully automated, continuous monitoring 

system, introduced as an alternative to the radiometric BACTEC 460 for growth and detection of 

mycobacteria. Currently, MGIT 960 is considered the gold standard in liquid culture systems and 

the top performer with regard to sensitivity  (Palomino, 2005). MGIT 960 has a high sensitivity 

(80% - 98.1%) and high specificity (89.6%-100%), with a cost per test of between US$16-US$32 

(Molicotti et al., 2014). The main advantage of the MGIT 960 system over the more sensitive solid 

culture systems is its shorter time to positivity of 10-14 days. The MGIT 960 system is also used 

extensively for in vitro antibiotic sensitivity testing, and data from several studies have shown that 

it is an accurate (sensitivity and specificity >98%), quick and effective system to determine 

sensitivity to anti-tuberculosis drugs of a tubercular isolated strain (Ardito et al., 2001; Kontos et 

al., 2004). 

 

1.11.2.2 BacT/Alert 3D 

The BacT/ALERT 3D system (bioMérieux, Durham, NC, USA), is a fully automated system based 

on the detection of CO2 released into the liquid media by actively proliferating mycobacteria. CO2 

lowers the pH in the media, which in turn produces a color change in a sensor in the vial, detected 

by a reflectometric unit in the instrument. Several studies have reported comparable performance 
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of the BacT/Alert 3D with that of MGIT 960 for both diagnosis and DST of MTB (Brunello & 

Fontana, 2000; Bemer et al., 2004; Guney et al., 2007). The BacT/Alert 3D with its computerized 

data management system is an acceptable method for diagnosis of MTB but has some 

disadvantages, for example, being prone to contamination, longer turnaround time [13.2 days 

(range 7-40 days)], high instrument cost (US$ 63,264.30), and high cost per test ($7.91 to $37.35 

depending on sample volume) (Rohner et al., 1997). Based on currently available information, it 

is apparent that further studies are required to fully evaluate the performance of the BacT/ALERT 

3D system. 

 

1.11.2.3 Microscopic-observation drug-susceptibility assay (MODS) 

The MODS test simultaneously detects viable mycobacteria and performs drug susceptibility 

testing of both isoniazid and rifampicin, providing results in 7 to 9 days, compared to 21 to 26 

days for standard culture (Moore et al., 2006b; Shiferaw et al., 2007). Each decontaminated 

sputum sample is divided into 12 aliquots and Middlebrook 7H9 culture medium (containing 

different antimicrobial agents and supplements) is placed into each of the wells. Four of the wells 

are drug-free and the other eight have low and high concentrations of anti-TB medications. After 

incubation at room temperature, plates are read under a microscope. Positive cultures are identified 

in drug-free control wells by cord formation, characteristic of M. tuberculosis growth in liquid 

medium (Figure ). Concurrent growth in drug-containing wells indicates resistance.  

 
Figure 4: Characteristic serpentine structure of young M. tuberculosis colonies grown in 

Middlebrook 7H9 broth for MODS, as seen under an inverted-light microscope (original 

magnification, ×20). Reprinted from (Shiferaw et al., 2007), with permission from the American 

Society for Microbiology. 

 

MODS does not require expensive equipment apart from an inverted microscope (approximately 

$2,500 USD) and costs only $2 per test (Caviedes & Moore, 2007). So far, several studies 

comprising more than 3000 adults, including HIV-infected persons, and 5600 sputum specimens 
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have evaluated MODS (Moore et al., 2006b; Arias et al., 2007; Shiferaw et al., 2007). These multi-

center studies have demonstrated that MODS possess similar performance characteristics as the 

other more expensive liquid culture systems, but slightly faster than traditional culture methods. 

Overall sensitivity of MODS in sputum is reported to range from 86 to 100% (Moore et al., 2006b; 

Arias et al., 2007; Shiferaw et al., 2007; Minion et al., 2010) for TB diagnosis and 92 to 97% for 

MDR TB (Mello et al., 2007; Shiferaw et al., 2007; Coronel et al., 2014; Huang et al., 2014). 

Specificity was reported to range between 94 and 99 % (Moore et al., 2006a; Huang et al., 2014). 

Despite its promising performance in clinical evaluations, some limitations of MODS still exist. 

First, the qualitative nature of the MODS assay limits a resistance proportion evaluation of 

cultures. Secondly, the possibility of cross-contamination as in other culture methods still exists 

though it has been reported to be infrequent and very low (Moore et al., 2006a; Coronel et al., 

2014).  

 

1.11.3 Nucleic Acid amplification tests 

Nucleic acid amplification tests (NAATs) are increasingly becoming available and popular in the 

mycobacteriology laboratory. NAATs are based on detection of unique regions of the MTB 

genome, and specific mutations that confer antibiotic resistance. These tests offer a number of 

advantages over conventional diagnostics: Turnaround times are shorter (results available within 

a few hours after receipt of specimens), results are highly accurate, and systems are more 

affordable and accessible (Couturier et al., 2014; McNerney et al., 2015). Despite these great 

benefits, some limitations of NAATs include inability to distinguish between live and dead bacilli, 

inhibition of amplification, and variable sensitivity (5.6%-100%) in both commercial and in-house 

NAAT systems, especially in the problematic smear negative-culture positive group (Flores et al., 

2005; Ling et al., 2008; Greco et al., 2009). The common amplification targets include insertion 

element IS 6110, cyp141, 16S rDNA, rpoB gene encoding the ᵝ-subunit of the RNA polymerase, 

the gene coding for the 32 kD protein, the recA gene, the hsp65 gene, mpt64, dnaJ gene, sodA 

gene and 16S-23S rRNA ITS (Verma et al., 1994; Yamada-Noda et al., 2007; Boehme et al., 2010; 

Nimesh et al., 2013; Costa et al., 2014; Ou et al., 2014; Farzam et al., 2015). Commercial NAAT 

systems on the market include the Amplified MTD® (Gen-Probe Incorporated, San Diego, CA) 

Amplicor MTB (Roche Diagnostic Systems, Somerville, NJ), Xpert MTB/Rif (Cepheid, 

Sunnyvale, CA), and Genotype MTBDRplus (Hain Life sciences GmbH, Nehren, Germany). 

1.11.3.1 Amplified MTD® test 

In 1995, the United States Food and Drug Administration (FDA) approved the Amplified 

Mycobacterium Tuberculosis Direct Test (MTD) (GenProbe San Diego, CA, USA), for smear-
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positive specimens and an enhanced MTD in 1999 for both smear-positive and smear-negative 

specimens. AMTD is an isothermal (42°C) transcription-mediated amplification nucleic acid 

probe test. The AMTD test provides detection of M. tuberculosis complex rRNA within 2.5 to 3.5 

hours after starting the test procedure. Thus, while the AMTD test cannot be used to ascertain drug 

susceptibility, it can be used to perform rapid and reliable diagnosis of M. tuberculosis. A high 

sensitivity (96.9%) and specificity (100%) when the test is used for AFB smear positive specimens 

has been reported by the manufacturer (Hologic Gen-Probe inc). In a meta-analysis of AMTD 

studies, sensitivity of 97% and specificity of 96% among smear-positive respiratory specimens 

was found, and a sensitivity of 76% and specificity of 97% among smear-negative specimens 

(Greco et al., 2006). AMTD costs on average $50 per test (MAG Mutual Healthcare Solutions, 

2008), and is not cost-effective (Dowdy et al., 2003). Thus, while the assay has offered some 

benefits, it has not successfully provided a practical solution for all levels of clinical and public 

health laboratories. 

 

1.11.3.2 Roche Amplicor Mtb PCR  

The FDA-approved Amplicor MTB Test (Roche Molecular Systems, Basel, Switzerland) 

amplifies a 584-bp DNA fragment within a larger region encoding for 16S rRNA using 

biotinylated primers. An internal control, which acts as a safeguard against false negative results 

arising from inhibition of the polymerase, is included in the assay. It also has a built-in system 

(uracil-N-glycosylase) that secures against contamination by amplicons from previous runs, which 

is the most common cause of false positive results. The enzyme, added to the samples before 

amplification, destroys any amplicon resulting from previous amplifications without damaging the 

uracil-free target DNA. Turnaround time for the system is 6-7 hours. The reported specificity is 

close to 100 % while sensitivity ranges from 90 % to 100 % in smear-positive samples and from 

50 % to 95.9 % in smear negative specimens (Soini & Musser, 2001). In 2009, the manufacture of 

the AMPLICOR MTB assay was discontinued, possibly due to the launch of the COBAS® 

TaqMan® MTB Test by the same company (Safianowska et al., 2012). 

  

1.11.3.3 Xpert MTB/Rif  

The Xpert MTB/Rif assay (Cepheid, Sunnyvale, CA) received FDA approval in July 2013 (Food 

and Drug Administration, 2013). It is a self-contained, integrated real-time PCR platform that 

offers minimal hands-on time, with low potential for PCR contamination. The assay, 

simultaneously, detects an 81-bp “core” region of the rpoB gene for MTB identification and 

utilizes five molecular beacons to probe mutations associated with rifampicin resistance in this 
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rifampicin resistance determining region (RRDR). A short description of the Xpert MTB/Rif 

workflow is provided in Figure . It has revolutionized TB diagnostics due to its rapid and sensitive 

detection of M. tuberculosis and rifampicin (RMP) resistance (Boehme et al., 2010; Helb et al., 

2010; Moure et al., 2011).  

 

When implemented as a replaced strategy for SSM, Xpert MTB/Rif has been reported to have a 

pooled sensitivity of 89% (95% Credible Interval (CrI) [85% - 92%]) and pooled specificity of 

99% (95% CrI [98% - 99%]) (Steingart et al., 2014). The same report also indicated that pooled 

sensitivity for Xpert MTB/Rif in paucibacillary HIV/TB coinfected individuals was 79% (95% 

CrI [70% to 86%]) as compared to 86% in HIV negative individuals.  In another recent study 

conducted in South Africa, evaluating the performance of Xpert MTB/Rif for diagnosing 

extrapulmonary TB using a variety of biological samples, an overall sensitivity of 59% (95% CI, 

[53% - 65%]) and specificity of 92% (95% CI [90% - 94%]) was reported (Scott et al., 2014). This 

good performance of Xpert MTB/Rif is encouraging and has demonstrated that rapid and accurate 

diagnosis of TB is achievable.   

 

However, in spite of such a high potential impact of Xpert MTB/Rif, wide-scale implementation 

has only occurred in South Africa while the other 21 HBCs still rely on SSM (Qin et al., 2015). In 

these countries, selected use of Xpert MTB/Rif in patients either at risk of MDR-TB or HIV co-

infection is recommended.  The low rate of implementation and usage is mainly due to the high 

installation, operational and maintenance costs (World  Health Organization, 2014b). A recent 

multicentre study has also reported that Xpert MTB/Rif deployment in high burden settings has 

not significantly reduced tuberculosis related morbidity, partly due to high levels of empirical 

therapy (Theron et al., 2014b). The instrument also depends on a stable supply of electricity and 

requires annual maintenance which makes it not a true POC test (Denkinger et al., 2013).  
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Figure 5: Xpert MTB/RIF assay overview. Steps 1 through to 3 are manual, while the rest of the 

steps are automated. The instrument automatically calls MTB results and in positive individuals 

it also reports the rifampicin resistance status permitting appropriate treatment within 2 hours.   

Advertorial source: 

http://www.finddiagnostics.org/programs/tb/find_activities/automated_naat.html (accessed 

25/09/2015).  

 

1.11.3.4 Molecular Line Probe Assays 

Rapid line probe assays (LPAs) have recently been implemented to screen patients at high risk for 

drug-resistant tuberculosis. These tests include the INNO-LiPARif.TB assay (Innogenetics), the 

GenoType MTBDRplus assay (Hain Lifescience) and the new AID line probe assay (AID 

Diagnostika, Germany). Both are quick tests to detect the TB bacterium and to check if it is 

resistant (RMP and INH) to drugs within a day. Systematic reviews on the performance of LPAs 

in comparison to conventional DST methods have shown that LPAs are highly sensitive (97%) 

and specific (99%) for the detection of rifampicin resistance alone or in combination with INH 

(sensitivity, 90%; specificity, 99%) (Barnard et al., 2008; World Health Organization, 2008). The 

http://www.finddiagnostics.org/programs/tb/find_activities/automated_naat.html
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WHO has recommended the use of LPAs based on data from studies in South Africa, which 

showed the feasibility of introducing LPAs in high-volume public health laboratories. Costing data 

in the same study showed that by using the LPAs in routine diagnostic algorithms, a 30% to 50% 

cost reduction compared to conventional DST methods can be achieved (World Health 

Organization, 2008). 

 

The INNO-LiPARif.TB kit (Innogenetics, Zwijndrecht, Belgium) is a commercially available line 

probe assay (LiPA) able to identify the M. tuberculosis complex and simultaneously detect genetic 

mutations in the rpoB gene region related to rifampicin resistance (Rossau et al., 1997). The LiPA 

kit contains 10 oligonucleotide probes (one specific for the M. tuberculosis complex, five 

overlapping wild-type S probes, and four R probes for detecting specific mutations of resistant 

genotypes) immobilized on nitrocellulose paper strips (Rossau et al., 1997). DNA is extracted 

from mycobacterial cultures or directly from clinical samples, followed by PCR amplification of 

the rpoB gene RRDR. Biotinylated PCR products are then hybridized with immobilized probes, 

and results are determined by colorimetric development. The M. tuberculosis isolate is considered 

rifampicin susceptible if all of the wild-type susceptible (S) probes give a positive signal and all 

of the resistant (R) probes react negatively (Figure ). 

 

 
Figure 6: Hybridization patterns obtained with line probe strips. S1 through S5 are probes for wild-

type (WT) sequences in the 75-bp hyper variable region of rpoB gene. Probes for specific 

mutations were as follows: R2, Asp-516-Val; R4a, His-526-Tyr; R4b, His-526-Asp; R5, Ser-531-
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Leu. Reprinted from (Hirano et al., 1999), with permission from the American Society for 

Microbiology.  

 

The GenoType MTBDRplus is a DNA strip assay (Hain Lifescience, Germany) developed for the 

rapid detection of gene mutations associated with rifampicin and isoniazid resistance (rpoB and 

katG) in clinical isolates (Hillemann et al., 2007). Evaluations of the assay conducted by several 

research groups report high accuracy for rifampicin resistance but lower accuracy for isoniazid 

(Makinen et al., 2006; Miotto et al., 2006; Hillemann et al., 2007; Bwanga et al., 2009; Yadav et 

al., 2013). The Genotype MTBDRplus instrument costs 23,790€ and the assay costs approximately 

3.50€ per test. The turnaround time is 48 hours (Yadav et al., 2013).  

 

The AID line probe assay detects the most prevalent chromosomal mutations associated with 

resistance to first-line (isoniazid and rifampin) and second-line (streptomycin, amikacin, 

capreomycin, fluoroquinolones, and ethambutol) TB drugs (Ritter et al., 2014). This LPA has a 

total turnaround time of one day.   Its design consists of three test modules termed INH/RIF, 

FQ/EMB, and AG, with the third module detecting mutations related to resistance to the 

aminoglycosides (AG) (kanamycin, amikacin and streptomycin), and capreomycin (Ritter et al., 

2014). Each LPA strip has four control probes (conjugate control, amplification control, 

mycobacterium genus control and M. tuberculosis complex control) in order to verify the test 

procedures. For results to be considered valid all four control bands should test positive; otherwise, 

the results are considered invalid. Two studies have reported on the performance of AID in clinical 

samples; both showed that AID is in agreement (> 91.5% for all other drugs, and 72.9% for 

ethambutol) with reference tests such as sequencing and DST (Ritter et al., 2014; Molina-Moya et 

al., 2015). However, Ritter and co-workers mostly used clinical isolates instead of actual patient 

samples (Ritter et al., 2014). Thus definitive conclusions on the clinical usefulness of AID should 

be drawn with care, since a ratio of mutant DNA to wild-type DNA below 10% in clinical samples 

is known to reduce the sensitivity of any molecular assay (Molina-Moya et al., 2015). More studies 

that evaluate AID in clinical samples are needed in order to determine the clinical usefulness of 

this assay.  

 

1.12 Future TB diagnostic systems  

Though smear microscopy and culture still form the backbone of the typical TB mycobacteriology 

laboratory in the HBCs, emerging technologies are rapidly changing the landscape and providing 

hope in the fight against TB. There are more than 81 manufacturers and developers working on 
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191 TB diagnostic products (tests or associated hardware); 144 of these are already commercially 

available and 47 are in late- or mid-stage development (Daniels, 2014). A few examples of new 

TB diagnostics at various stages of development that are under the WHO pre-qualification are 

listed in Table 5. 

 

Table 5: Tuberculosis diagnostic products in later-stage development or on track for evaluation by 

the World Health Organization 

Test Type Sponsor Status 
 

MeltPro TB/INH Closed-tube real-time PCR for 
INH drug resistance 

Zeesan 
Biotech 

3-site evaluation using 
1,096 clinical isolates; 
Chinese FDA-approved 

Alere Q fully automated nucleic acid 
testing platform 

Alere Early stage development; 
test for TB case detection 
and drug resistance 

Q-TB test Cartridge-based asymmetric 
PCR amplification (Q-POCTM 
platform) 

QuantuMDx 
 

Early stage development; 
permits MTBC and MDR 
assays simultaneously on 
the handled device  

MeltPro TB/STR Closed-tube real-time PCR for 
streptomycin drug resistance 

Zeesan 
Biotech 

3-site evaluation using 
1,096 clinical isolates 

PURE-LAMP Manual NAAT by loop-
mediated isothermal 
amplification for MTB 
detection 

Eiken A multisite showed average 
sensitivity of 97.2% (95% 
CI, 94.3% to 98.2%) in 
culture-positive samples 
(Gray et al., 2016) 

RealTime 
MTB/TB MDx 
m2000 

Automated real-time for MTB Abbott Lower limit of detection 
than Roche Cobas assay;  

GeneChip Real-time PCR for RMP and 
INH resistance 

CapitalBio Chinese Center for Disease 
Control and Prevention in 
collaboration with; On the 
market 

REBA MTB-XDR Line-probe assay for 
fluoroquinolone and second-
line injectable drugs 

YD 
Diagnostics 

Initial evaluation study in 
2015, Marketed 

BD MAX MTB 
assay 

Real-time PCR for MTB in 
automated BD MAX 

Becton 
Dickson 

100% sensitivity and 
specificity for smear-
positive samples 

CAD 4TB Digital chest X-ray for TB 
screening 

Delft 
Imaging 
systems 

Used in ZAMSTAR study 

Giant African 
pouched 
rats (Cricetomys 
gambianus) 

Trained sniffer rates to detect 
MTB in sputum 

Apopo 
Foundation 

Rats detected 80% of MTB 
species while ignoring 
Mycobacterium avium/ 
intracellulare 
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Test Type Sponsor Status 
 

Lateral flow urine 
lipoarabinomannan 
assay (LF-LAM) 

Urine dipstick for TB LAM 
protein 

Alere Approved by WHO in 2015 
for diagnosis and screening 
of active tuberculosis in 
people living with HIV 
(World Health 
Organization, 2015b) 

RPA Isothermal based 
Recombinase Polymerase 
Amplification (RPA) using 
three core enzymes 

TwistDx Sensitivity of 91.4% 
(95%CI: 85, 97.9) and 
specificity of 100% (Boyle 
et al., 2014) 

VerePLEX Lab-
On-Chip 

Microarray technology 
Rifampicin and isoniazid 
resistance  

Veredus 
Laboratories 

Released for research use 
(McNerney et al., 2015)  

Source: Adapted from (Harrington & Benjamin, 2015) with some minor modifications.  

 

In addition, since 2007, several tools with improved sensitivity and speed of diagnosis have been 

endorsed by the WHO Strategic and Technical Advisory Group for Tuberculosis (STAG-TB) 

(Table 6). However, in 2014, no TB technologies underwent review. Other technologies not shown 

in Table 6 were also reviewed and some received negative policy recommendations (e.g. 

commercial serological antibody-based TB tests; interferon-gamma release assays [IGRAs] for 

detection of active TB) (World Health Organization, 2011), while others were not endorsed due to 

lack of adequate evidence (e.g. LAMP); LPAs for second-line drugs (World Health Organization, 

2013). The only WHO-endorsed NAATs are the first-generation LPAs and the more recent Xpert® 

MTB/Rif assay. A significant deterrent to widespread application of NAATs is the need for 

appropriate field evaluation of newer tests. Currently, there have been limited independent, 

multicentre evaluations in high-burden settings of the next-generation NAATs, with only two 

evaluations of LoopAMP™ MTBC Detection Kit and EasyNAT™, and one of each for 

Genedrive®, Truelab™ and FluoroCycler® technologies (Harrington & Benjamin, 2015). 

 

Table 6: TB diagnostic technologies endorsed by the WHO, since 2007 

Year Technology reviewed by WHO 
2007 Commercial liquid culture and DST tools, and rapid speciation strip tests 
2008 Molecular LPAs for first-line anti-TB drug resistance detection 
2010 LED microscopy 
2010 Selected non-commercial DST methods (MODS, CRI and NRA) 
2010 Xpert MTB/Rif 
2013 Policy update on Xpert MTB/Rif, with extension to childhood and EPTB 

Reprinted from (UNITAID, 2015), with permission from the World Health Organization. 
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Another major deterrent in the development of diagnostic products is the shallow funding 

landscape in which researchers are asked to confront such a sizeable epidemic with shrinking 

resources. The 2011–2015 Global Plan calls for annual investments of $340 million in research to 

develop new TB diagnostics. In 2013, various funders contributed a total of $67.8 million to 

diagnostics research (Figure ), leaving a gap of $272.2 million (Frick, 2014). The major funders 

of diagnostics research were the Gates Foundation and the US-National Institute of Allergy and 

Infectious Diseases (NIAID) with investments of $16.0 and $15.8 million respectively. Only two 

companies rank among the top five diagnostics funders in 2013: Company Y contributing $5.0 

million, and Qiagen with $4.1 million. Alere is another private-sector company with 2013 

investments of $2 million and ranking 10th. However, the figures are not very accurate as the 

South African government through its various departments and agencies provides significant 

funding to TB research.  

 

 
Figure 7: 2013 TB diagnostics funders’ contributions. The South African Medical Research 

Council, which is the only African funding organization on the list, contributed $15,238. All 

figures are in United States dollars. Reprinted from (Frick, 2014), with permission the Treatment 

Action Group.  

 

Despite all these challenges a number of NAATs at various stages of development (Figure 8) are 

in the pipeline. The assays under development include LoopAMP™ MTBC Detection Kit (Eiken 

Chemical Company; Japan), EasyNAT™ TB kit (Ustar, China), Genedrive® MTB assay 
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(Epistem; United Kingdom), and Trueant MTB (Molbio; India). The principles, current status and 

prospects of some NAATs that can be deployed at microscopy centers will be discussed in the 

following sections. However, the absence of a dipstick type POC TB test continues to be a gaping 

hole in the pipeline. This is mainly due to insufficient progress in biomarker research and lack of 

strong industry interest in TB (Wilson & Palriwala, 2011).  

 
Figure 8: Current and emerging automated, semi-modular or non-integrated TB NAATs; their 

intended laboratory location and release or anticipated time. Reprinted from (UNITAID, 2014), 

with permission from the World Health Organization. 

 

1.12.1 LoopAMP™ MTBC Detection Kit 

In 2000, Notomi and coworkers first described a molecular method that had the ability to 

accurately amplify a few copies of DNA 109-1010 times in 15-60 minutes under isothermal 

conditions (about 65oC) with great accuracy (Notomi et al., 2000). A detailed description of the 

assay can be found elsewhere (Tomita et al., 2008), but briefly it involves (i) auto-cycling strand 

displacement DNA synthesis which is performed by a DNA polymerase with high-strand 

displacement activity and (ii) a set of four specially designed primers that identify a total of six 

distinct sequences in the target DNA (Figure 9). Eiken Chemical Co. Ltd, Tokyo, Japan has a 
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commercially available modified LAMP assay, which has a simplified DNA extraction process. 

In their methodology, raw sputum is treated with two extraction solutions and, following heating 

for 10 min at 100°C, the sputum is briefly centrifuged at 2,000g. The target of the Eiken LAMP 

assay is an M. tuberculosis specific region of the gyrB gene, encoding DNA gyrase subunit B. The 

amplified product can be seen by direct visual inspection of turbidity or fluorescence in the tube 

(Neonakis et al., 2011).  

 
Figure 9: Schematic description of the workflow for LoopAMP MTBC. Currently it is a manual 

procedure and results are determined by fluorescent signal detection.  Reprinted from (UNITAID, 

2012), with permission from the World Health Organization. 

 

The first clinical evaluation of the LAMP assay for the detection of pulmonary tuberculosis 

showed a sensitivity of 97.7% in smear-positive sputum samples and 48.8% in smear-negative 

samples, and a specificity of 99% (Boehme et al., 2007). A recent study has confirmed that the 

Eiken-LAMP assay has comparable diagnostic performance to that of the original LAMP (Mitarai 

et al., 2011). However, the specificity of the TB-LAMP assay remains a major concern especially 

when the TB prevalence falls below 10%. Also the poor performance (48% sensitivity) in smear-

negative patients (Boehme et al., 2010), reduces its utility in some population groups with high 

rates of smear-negative tuberculosis, such as HIV-positive individuals and children. Feasibility 

studies in microscopy centres have demonstrated that minimal technical training was required 

suggesting that the platform is applicable for use in peripheral laboratory settings (Boehme et al., 

2007). Further advantages include rapidity, high sensitivity, ease of application and cost-

effectiveness. 
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If Eiken-LAMP is to be adopted as a replacement to smear microscopy especially in high HIV 

prevalence settings where the sensitivity of sputum smear microscopy is reduced, more head-to-

head comparison studies with TB-LAMP and LED microscopy are needed in different geographic 

regions. Currently, insufficient field evaluation data exists for Eiken-LAMP to receive a 

recommendation either in favor of, or against by the WHO Expert Review Group (UNITAID, 

2015). 

 

1.12.2 EasyNAT TB Diagnostic kit 

EasyNAT TB Diagnostic kit (Ustar, China) is another novel assay for diagnosis of active 

pulmonary TB based on isothermal amplification-Lateral Flow. It was approved by the China Food 

and Drug Administration (CFDA) on 26th February 2014 but limited peer-reviewed information 

is available on this system. Briefly, 1 mL of liquefied sputum is heated to lyse the mycobacteria. 

The lysed sample is then transferred into a DNA purification device, for standard solid-phase 

extraction using a DNA affinity membrane and a series of wash steps, followed by elution. For 

MTB detection, the DNA extract is mixed with cross-priming amplification (CPA) reagents, and 

incubated at 63°C for 1h. Six to eight primers target the gyrB gene of M. tuberculosis bacilli.  The 

detection of amplified products is performed on a lateral flow strip housed in a sealed XCP nucleic 

acid detection device (Figure ) to minimize cross-contamination of amplicons (Fang et al., 2009; 

Niemz & Boyle, 2012).  

In a landmark clinical evaluation study, the sensitivity of EasyNAT was 87.5% (28/32) in smear-

negative sputum samples and 96.9% (63/65) in smear-positive specimens (Fang et al., 2009). 

Though the sample size was too small, it showed good sensitivity in the problematic smear-

negative, culture-positive group, which would make it an ideal replacement of smear microscopy. 

Screening of 13 non-tuberculous mycobacterial species showed that the assay is 100% specific for 

TB. The total assay time is approximately 90 minutes at an estimated cost of US $4 to 5 per test 

(Mhimbira et al., 2015). The current sample processing step for the EasyNAT system is fairly 

complicated, and to become a true POC a simplified sputum specimen processing method that 

shortens total assay time (TAT), minimizes biological risk, and decreases the risk of sample 

contamination must be developed. Another drawback of the system is its inability to detect TB 

drug resistance, which is an important requirement in HBCs.  
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Figure 10: The XCP nucleic acid detection device (Ustar). (A) The schematic cross-section, 

showing the amplicon cartridge (B) indicates a positive cross-priming amplification test result in 

addition to control line. Reprinted from (Niemz & Boyle, 2012), with permission from Taylor & 

Francis publishing group. 

 

1.12.3 Epistem Genedrive 

Epistem (Manchester, UK) has developed the Genedrive system, a lightweight (560 g) and 

portable instrument that enables rapid PCR amplification with real-time detection of MTB from 

sputum or urine samples in <45 min. Initially, cell lysis and DNA extraction is performed using a 

novel composite paper-based approach from raw or liquefied sputum. Three 20 μl aliquots of the 

extract are transferred into the test cartridge (Figure 2) containing lyophilized reagents for PCR 

amplification. The test cartridge is then inserted into the Genedrive instrument (Figure 2) for PCR 

amplification targeting REP13E12 and rpoB genes. The instrument automatically reports results 

at the end of amplification cycles. The instrument performs rapid PCR amplification with probe-

based real-time fluorescence detection and high resolution melt curve analysis to verify target 

amplicon production, and enable genotyping of the rpoB RRDR. This US $4000 instrument can 

be operated on a 12V DC battery and the anticipated cartridge price will be between US$ 10 and 

US$ 17.  
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Figure 2: Components of the Genedrive system developed by Epistem. Test cartridge (left) and 

Genedrive instrument (right). Images (advertorial) reprinted from Epistem (UK). 

https://www.genedrive.com/. Date of access: 6 January 2016  

 

In a recent study conducted in Spain using spiked sputum samples, sensitivity of 90.8% in 

comparison to culture for MTBC detection and 72.3% for rpoB detection was reported (Castan et 

al., 2014). In the SSM scanty or negative samples characteristic of paubacillary patients, the 

performance of Genedrive was comparable to GeneXpert. However, these results should be treated 

with extreme caution as clinical sputum samples were not used in this study. The small sample 

volume, portability, battery power operation, low cost and performance of the Genedrive make it 

an ideal POC test for MTBC detection and rifampicin resistance in low resource settings. Multisite 

studies on clinical samples should be urgently conducted to evaluate this promising system.  

 

1.12.4 Trueant MTB  

Trueant MTB (Molbio/Bigtec Diagnostics, India) is a semi-automated, battery-powered, and 

portable chip based real time PCR device for MTB diagnosis. It involves four simple processes 

that can be completed within an hour. These processes are (i) sample collection, (ii) sample 

preparation, (iii) automatic analysis, and (iv) result reporting, respectively (Figure 3). The total 

assay time is approximately one hour, enabling rapid detection of M. tuberculosis DNA. 

https://www.genedrive.com/
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Figure 3: Sputum is added to a red-capped sample bottle containing lyophilized reagents to liquefy 

the sputum. After DNA extraction 6 μl is aliquoted into a disposable reaction cartridge, which is 

then entered into the Truelab™ Uno analyser for processing and analysis. Images (advertorial) 

reprinted from Bigtech Private Ltd (India). 

 

The Truenat MTB test was reported to have sensitivity and specificity of 91.1% (CI: 86.1–94.7) 

and 100% (CI: 90.0–100) respectively (Nikam et al., 2013). Limited diagnostic performance data 

is available and larger studies in different geographic regions are urgently required to evaluate the 

Truenat MTB test.  

 

1.13 Evaluation of new diagnostic tests 

After developing, optimizing and obtaining initial proof-of-concept data on the prototype, the next 

phase involves evaluating its accuracy, reliability and performance outcomes. Figure 4 outlines 

the TB diagnostics development pathway, formulated by the Stop Tuberculosis Partnership’s New 

Diagnostics Working group (Stop TB Partnership’s New Diagnostics Working Group, 2009; 

Wallis et al., 2010). In diagnostic accuracy studies, outcomes from the new test are compared with 

outcomes from the reference standard—both measured in the same cohort of TB suspects. Flaws 

in study design can lead to biased and optimistic estimates of diagnostic accuracy during 

evaluation. As several potential threats to the internal and external validity of a study on diagnostic 

accuracy exist, Standards for the Reporting of Diagnostic accuracy studies (STARD) (Table 7) 

were designed to (i) improve the accuracy and completeness of diagnostic studies, (ii) permit users 

to evaluate the potential bias in a study, and assess whether results can be extrapolated to a broader 

population (Bossuyt et al., 2003).  
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Figure 4: Schematic of the tuberculosis diagnostics development pathway. It must be noted that 

the process is not completely unidirectional, but there is movement back and forth between the 

various developmental stages. The schematic was formulated by the Stop tuberculosis 

Partnership’s New Diagnostics Working group. Reprinted from (Wallis et al., 2010), with 

permission from Elsevier.  

 

Although accuracy of diagnostic tests is an important attribute, it should never be considered in 

isolation from other benchmarks. The 2004 Health Development Report cited the lack of access 

and unaffordability as two major reasons why new diagnostics fail (Travis et al., 2004). Some 

accurate TB diagnostics are available on the market but they are neither affordable nor accessible 

to most patients in the developing world where disease burden is the greatest. Therefore, research 

and development of tuberculosis diagnostic tools should not only focus on diagnostic accuracy but 

they must be also easy to operate, accessible and cost-efficient to be adopted in endemic areas.  

 

1.14 Cost-effectiveness of diagnostic tests 

Cost-effectiveness analysis (CEA) is one of a number of economic techniques for assessing gains 

in health relative to the costs of alternative health interventions (Robinson, 1993). These 

competing alternatives can be independent or mutually exclusive, but in both cases policy makers 

still need to rationalize the scarce resources available (Earnshaw & Lewis, 2008). In literature the 

terms cost-benefit, cost-effectiveness and cost-utility are often used interchangeably but strictly 

speaking these terms are distinct terms, though related.  
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Table 7: STARD checklist for reporting of studies of diagnostic accuracy 

Section and Topic Item 
# 

 

TITLE/ABSTRACT/ 
KEYWORDS 

1 Identify the article as a study of diagnostic accuracy 
(recommend MeSH heading 'sensitivity and specificity'). 

INTRODUCTION 2 State the research questions or study aims, such as estimating 
diagnostic accuracy or comparing accuracy between tests or 
across participant groups. 

METHODS   
Participants 3 The study population: The inclusion and exclusion criteria, 

setting and locations where data were collected. 
 4 Participant recruitment: Was recruitment based on presenting 

symptoms, results from previous tests, or the fact that the 
participants had received the index tests or the reference 
standard? 

 5 Participant sampling: Was the study population a consecutive 
series of participants defined by the selection criteria in item 3 
and 4? If not, specify how participants were further selected. 

 6 Data collection: Was data collection planned before the index 
test and reference standard were performed (prospective study) 
or after (retrospective study)? 

Test methods 7 The reference standard and its rationale. 
 8 Technical specifications of material and methods involved 

including how and when measurements were taken, and/or cite 
references for index tests and reference standard. 

 9 Definition of and rationale for the units, cut-offs and/or 
categories of the results of the index tests and the reference 
standard. 

 10 The number, training and expertise of the persons executing and 
reading the index tests and the reference standard. 

 11 Whether or not the readers of the index tests and reference 
standard were blind (masked) to the results of the other test and 
describe any other clinical information available. 

Statistical methods 12 Methods for calculating or comparing measures of diagnostic 
accuracy, and the statistical methods used to quantify 
uncertainty (e.g. 95% confidence intervals). 

 13 Methods for calculating test reproducibility, if done. 
RESULTS   

Participants 14 When study was performed, including beginning and end dates 
of recruitment. 

 15 Clinical and demographic characteristics of the study population 
(at least information on age, gender, spectrum of presenting 
symptoms). 

 16 The number of participants satisfying the criteria for inclusion 
who did or did not undergo the index tests and/or the reference 
standard; describe why participants failed to undergo either test 
(a flow diagram is strongly recommended). 

Test results 17 Time-interval between the index tests and the reference 
standard, and any treatment administered in between. 
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Section and Topic Item 
# 

 

 18 Distribution of severity of disease (define criteria) in those with 
the target condition; other diagnoses in participants without the 
target condition. 

 19 A cross tabulation of the results of the index tests (including 
indeterminate and missing results) by the results of the reference 
standard; for continuous results, the distribution of the test 
results by the results of the reference standard. 

 20 Any adverse events from performing the index tests or the 
reference standard. 

Estimates 21 Estimates of diagnostic accuracy and measures of statistical 
uncertainty (e.g. 95% confidence intervals). 

 22 How indeterminate results, missing data and outliers of the index 
tests were handled. 

 23 Estimates of variability of diagnostic accuracy between 
subgroups of participants, readers or centers, if done. 

 24 Estimates of test reproducibility, if done.      
DISCUSSION 25 Discuss the clinical applicability of the study findings. 

Reprinted from (Bossuyt et al., 2003), with permission from the American Association for Clinical 

Chemistry. 

 

A cost-benefit analysis involves assigning a monetary value to both the cost of the intervention 

and the benefit (health in this case) derived from such an intervention (Levin & McEwan, 2001). 

This requirement of placing a direct monetary value on human health (life) is ethically problematic, 

thus rendering cost-benefit analyses less important in health economics. The main difference 

between cost-effectiveness analyses (CEA) and cost-utility analysis (CUA) lies in how the benefits 

are measured and valued. If benefits are measured as life-years gained (LYGs), this will be called 

CEA and its main output is known as an incremental cost-effectiveness ratio (ICER) (Jakubiak-

Lasocka & Jakubczyk, 2014). If instead of LYGs, Quality-Adjusted Life Years (QALYs), the 

analysis will be  known as a cost-utility analysis (CUA) and its main output parameter referred to 

as an incremental cost-utility ratio (ICUR) (Jakubiak-Lasocka & Jakubczyk, 2014). ICURs are 

controversial because when calculating QALYs the “years of life” are weighted by a utility score 

that measures patients’ preferences for a particular state of health, which is highly subjective as 

individuals or societies have different perceptions on life. Thus in spite of the weaknesses of ICERs 

to be discussed more fully later, ICERs are considered a more objective measure of effectiveness 

and is the focus of cost analysis in this thesis. ICER basically refers to the cost differential between 

two alternative interventions, divided by their effectiveness differential. The following parameters 

are involved in the computation:  

ICER = ΔC/ΔE = Cost new test – cost current test /Effect new test – effect current test. 
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1.14.1. Building decision analysis models 

The determination of an ICER is a complicated process that requires careful development and 

validation of appropriate models and collection of appropriate data to input into the model. The 

stages involved in a creating a decision analysis model and the key considerations thereof will be 

discussed in the following sections. 

 

1.14.1.1 Define the problem 

The first and most important step in decision analysis is to define the problem, to identify the 

possible alternatives available and their consequences. A decision tree (Figure 5), a visual 

representation of all the possible options and the consequence of each option, assists the modeler 

in clearly defining the problem. In a decision tree, a decision node (represented by a square) is a 

point where several alternatives are possible, while chance node (represented by a circle) is a point 

in a decision tree where chance determines which event will occur. The sum of probabilities for 

all branches emanating from a chance node must equal 1.0. 

 

 
Figure 5: An example of a basic decision tree that can assist in defining the problem in decision 

analysis. 

 

1.14.1.2 Define the perspective  

The perspective determines the components to be included in the costing of the interventions and 

the manner in which they are valued (Neumann, 2009). A range of perspectives can be used, 

including the societal, patient, and provider perspectives (Ryder et al., 2009). In the societal 

perspective all medical and non-medical costs associated of an intervention are relevant, even 
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though the analyst may not be able to measure or ascribe a value to some of them. For the provider 

(government/health insurer) perspective, certain categories of costs may not be relevant, such as 

patient time and travel costs, and indirect costs. The societal perspective requires the broadest 

approach to characterizing costs and health outcomes of treatment, and is the recommended 

perspective in public policy applications (Russell et al., 1996). However, due to the difficulties in 

computing the costs of the societal perspective, health economists often use the provider 

perspective. It is important to recognize that what may be cost-effective from a societal perspective 

may not be cost-effective from the perspective of a patient.  

 

1.14.1.3 Define the base case(s) of analysis  

This stage involves evaluating both the intended and unintended consequences of the different 

alternatives in the decision tree. The probabilities of each of those consequences are also 

considered. The sources of such data include published peer-reviewed articles, meta-analyses, 

ongoing study data, in country expert opinion, and other trusted sources such as UNAIDS and 

WHO life tables. 

 

1.14.1.4 Specify the time horizon, and define thresholds for analysis 

In decision tree models, events and outcomes are modelled over a specified time horizon or period 

of time during which the benefits of the intervention are expected to materialise. This is critical as 

short-term vs. long-term costs/effects may be very different and thus can alter the C/E ratio of a 

given intervention depending on the time horizon used in the analysis. Ideally the time horizons 

used range from 1 year to 10 years (Ramsey et al., 2005). 

 

In order for an analyst to make objective recommendations from ICER results emanating from 

different studies/settings there is need for a reference point to enable proper comparison. For 

example, how does one decide whether US$ 450 per QALY gained in Brazil or US$ 27 per QALY 

gained in the Tanzania represents good use of money for the national health-care system? Three 

approaches have been put forward to address this challenge: (i) thresholds based on per capita 

national incomes; (ii) benchmark interventions and (iii) league tables. Of the three approaches the 

use of thresholds has gained popularity. There are a number of widely referenced thresholds that 

are used to define the boundaries of a cost-effective intervention. Arbitrary thresholds such as 

$50,000/QALY in the United States or £20,000/QALY in the United Kingdom are used sometimes 

but these are highly controversial because they are not generalizable across settings and are not 

empirically-derived (Diamond & Kaul, 2009).  
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Recently, the use of thresholds that are based on per capita gross domestic product (GDP) has 

gained prominence in cost-effectiveness analyses studies and is promoted by the World Health 

Organization in that organization’s publication: Choosing Interventions that are Cost–Effective 

(WHO-CHOICE) project (World Health Organization, 2015a). Generally an intervention is 

considered to be highly cost-effective when the cost per DALY averted is below the WHO-

CHOICE country-specific willingness-to-pay (WTP) threshold. This threshold value is dependent 

on economic status and cultural factors, thus is variable between nations or even regions (Francis 

et al., 2013).  

 

Another important consideration in cost-effectiveness analysis is the selection of an appropriate 

discount rate. Discounting means the conversion of future costs to their present value. The concept 

is informed by the fact that individuals and society have general preferences to consume something 

now over consumption in the future. For comparison across studies, it is important that analyses 

are performed using a common discount rate. In this regard the WHO-CHOICE uses a discount 

rate of 3%. However as with many other issues in cost-effectiveness analyses, this practice is 

widely debated (Van Hout, 1998; Gravelle & Smith, 2001; Reinschmidt, 2002).  

 

1.14.1.5 Populate the model with probabilities, costs, and effectiveness data 

Once all of the components of the model have been gathered from the various sources, this data 

can now be populated in the model and then perform the decision analysis using mathematical 

equations. However, nowadays a variety of software packages (e.g. Tree Age Pro and Decision 

Tools Suite) are available which can calculate the ICER and sensitivity analyses based on the 

formulas.  

 

1.14.1.6 Conduct sensitivity analyses 

Since estimates of costs and effects are used in decision analysis, these are often bound to vary 

with location, season and a multiple other factors. Sensitivity analyses tests show how robust the 

model is to these uncertainties by varying model inputs and evaluating their effect on the results 

from the model. Sensitivity analysis also serves as an alternative to confidence intervals which do 

not have value in decision analysis. One-way, two-way and three-way sensitivity analyses are 

often reported based on how many variables are allowed to fluctuate at a time; one, two or three 

respectively (Werner et al., 2013).  
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1.14.2 Weaknesses of cost-effectiveness analysis models 

Cost-effectiveness analysis has a number of limitations that are well recognized but that does not 

diminish its value in health economics. Rather, it simply requires that the “consumers” of this 

information (i.e, guideline committees, policy makers, and health insurers) be properly informed 

about its strengths and limitations (Weintraub & Cohen, 2009). First and foremost, the quality of 

the data fed into the model determines the quality of the outputs. If the literature search and 

background data gathering is biased then no matter how excellent the research questions and 

decision model are, the outcomes will be biased. In recent years standardized methods for 

conducting these analyses have been developed in order to minimize bias. However, at times it is 

unrealistic to perfectly adhere to these standards and compromises that are scientifically justifiable 

are often made (Russell et al., 1996).  

 

Cost-effectiveness analyses will certainly always require a number of assumptions to be made, as 

it is not possible to quantitatively measure all the parameters necessary for such a model. Even in 

cases where measurements are available, they may not adequately represent values appropriate for 

the analysis at hand. Therefore the rationale behind these assumptions also influences the quality 

of the outputs. Also, quality of life estimation (e.g QALYS) that involves making considerable 

assumptions may present with several methodological errors. Practically it is impossible to reduce 

such a qualitative phenomenon (quality of life) that incorporates diverse personal, cultural and 

psychological beliefs into a single numerical value (Francis et al., 2013). Although disability 

weights/utilities are well studied and widely used in quality of life assessment (Salomon et al., 

2013), they are still an imperfect method of quantifying such a qualitative outcome. 

Notwithstanding, these limitations, cost-effectiveness analysis remains a useful tool for guiding 

clinicians, researchers, and policy makers in making delicate decisions related to the allocation of 

scarce resources.  It is however of equal importance to understand that it only represents a limited 

dimension of decision-making.  

 

1.15 Conclusion 

This chapter has reviewed literature on tuberculosis epidemiology, current diagnostic tests and 

their limitations and finally looked at some tuberculosis diagnostic tests in the pipeline. The 

magnitude of the tuberculosis burden in the world, especially among 22 high burden countries is 

huge and is compounded by the HIV epidemic. The accuracy of diagnostic tests is lower in 

HIV/TB coinfected individuals. Sputum smear microscopy, which is the test mostly relied upon 

in the majority of high burden settings, has sensitivity as low as 20% in HIV/TB coinfected 
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individuals due to the low bacillary load. It will be a catastrophe to allow such a scenario to persist. 

New TB diagnostics with high sensitivity and specificity in paucibacillary HIV infected 

individuals are urgently needed.  

Since TB infections predominantly occur in low resource settings due to poor living conditions, 

new tests should be affordable, cost-effective and rapidly provide results to allow initiation of 

appropriate therapy during the same clinical encounter. Patient dropout due to the need to make 

multiple visits to the clinic to provide specimens and collect results when using tests that have long 

turnaround times or require multiple samples has been cited as one of the drivers in the spread of 

both MTB and MDR-TB. Nucleic acid amplification based tests have a short turnaround time 

providing results within a few hours after receiving samples. This allows patients to be commenced 

on appropriate therapy on the same day thus reducing the dropout rate. Sensitive detection of 

pathogens is dependent on the availability of quality DNA or RNA templates. Thus efficient 

sample processing methods that provide quality templates are critical. Traditional methods for 

DNA/RNA extraction are labour intensive, lengthy, and require highly specialized skill, and this 

hindered the adoption of molecular methods at the primary/district levels. Recent TB tests such as 

the Xpert MTB/Rif and the Genedrive rely on the use of cartridges. Sample extraction, 

amplification and detection are all carried out within the self-contained, single use cartridge. This 

eliminates the need for intensive manual labour and highly specialized skill but this comes at a 

huge cost (Choi et al., 2013). Cost-effective sample processing methods that offer similar 

advantages to cartridges will improve access to nucleic acid based TB tests.  

 

As highlighted earlier in this chapter, a number of TB tests exist but there is little data from large 

multi-site evaluation studies to guide policy makers in choosing the most appropriate technologies. 

After developing any new tests, innovators must create the necessary collaborations to evaluate 

the tests in appropriate settings. These studies should follow STARD guidelines for conducting 

evaluation studies in order to avoid bias and allow comparison of data from different studies.  After 

tests with better performance (sensitive and specific) have been identified, cost-effectiveness 

analyses should be prioritized before implementation. This approach will minimize post-market 

failure of new tests due to market related factors such as willingness to pay, availability of funding 

for national TB programs, infrastructure, and size of the market.   

 

It remains a challenge to evaluate the comparative qualitative and quantitative value of these tests 

and the use of a number of value parameters have been described and will be applied to the NWU 

TB diagnostic system in Chapter 6 of the thesis.  
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This chapter covers results from an independent preliminary evaluation of the NWU-TB system 

that was conducted by the Centre for Tuberculosis at the National Institute for Communicable 

Diseases (NICD), which is a division of the National Health Laboratory Service (NHLS) of South 

Africa. The aim of this pilot study was for the system to be assessed by independent experts and 

use their recommendations to make improvements on system design and performance. The chapter 

is written in the form of a commentary. A report of the study that was produced by the NICD can 

be found in “Annexure A”.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 Chapter 3: Commentary on independent clinical evaluation of NWU-TB test 
  

77 
 

Commentary: A preliminary independent evaluation of the NWU-TB system 

 

Isaac Mutingwendea#, Urban Vermeulena, Hendrik Viljoena, b, Anne Groblera# 

 
a DST/NWU Preclinical Drug Development Platform, Faculty of Health Sciences, North-West 

University, Potchefstroom, South Africa, 
b Department of Chemical & Biomolecular Engineering, University of Nebraska–Lincoln, USA 

 

#Address correspondence to Isaac Mutingwende, imutingwende82@gmail.com;  

Anne Grobler, anne.grobler@nwu.ac.za 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

mailto:imutingwende82@gmail.com
mailto:anne.grobler@nwu.ac.za


 Chapter 3: Commentary on independent clinical evaluation of NWU-TB test 
  

78 
 

Abstract 

An independent evaluation of the NWU-TB system was carried out at the National Institute for 

Communicable Diseases in South Africa in order to assess the sensitivity and specificity of the 

assay in clinical sputum samples. One hundred and nine (109) sputum samples were used in this 

pilot study, and the sensitivity and specificity of NWU-TB was 67% and 88% respectively, relative 

to MGIT culture as gold standard. There were some weaknesses in the study design that made it 

difficult to validate the results; these include small sample size and the use of lysed frozen samples 

for PCR. This is a deviation from the standard workflow of the system where PCR is carried out 

immediately after lysis using the fresh lysates. However, some recommendations from the study 

were incorporated during further development of the system.  

 

Text 

During the early stages of development of the NWU-TB system, the funders of the project 

requested an independent preliminary evaluation of the performance of the initial prototype.  The 

results of the evaluation were used to guide downstream developmental efforts. This evaluation 

was conducted by the Centre for Tuberculosis at the National Institute for Communicable Diseases 

(NICD), a division of the National Health Laboratory Service (NHLS) of South Africa. The NICD 

is a national public health institution with a number of centres focusing on surveillance, reference 

and research on specific diseases such as meningitis, HIV/AIDS, tuberculosis and malaria. The 

study was conducted between February and March 2014 at the Centre for Tuberculosis which is 

located in Pretoria, South Africa.  

 

NWU-TB is a system that allows rapid diagnosis of Mycobacterium tuberculosis (MTB), giving a 

result in less than 2 hours. The method relies on rapid  (within 10 minutes) cell lysis through 

mechanical, thermal and chemical means in one reaction (Grobler et al., 2012); followed by 

amplification of specific target sequences unique to MTB using PCR (within 20 minutes). The 

PCR products are then visualized using agarose gel electrophoresis (within 15 minutes) 

(Mutingwende et al., 2015).  

 

The proposed study design for the independent evaluation included one hundred and fifty (150) 

smear-positive and one hundred (100) smear-negative sputum samples that were to be tested using 

sputum smear microscopy (SSM), MGIT culture, Xpert MTB/Rif and NWU-TB. Since the NICD 

is a national reference laboratory, they receive samples from all the provinces of South Africa and 

thus it can be assumed that the samples are representative of all the MTB strains occurring in the 
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country. However, only 109 samples were later used in the evaluation due to limited availability 

of samples during that time. Furthermore, the sample volumes were too small to allow testing with 

all the 4 tests (MGIT culture, Xpert MTB/Rif, SSM, and NWU-TB), and as a result the comparison 

with the Xpert MTB/Rif assay, which was the real purpose of the study, was not done in the 

evaluation. MGIT culture was used as the “gold standard” in the evaluation. The 109 sputum 

samples were therefore all tested using MGIT culture, SSM and NWU-TB. 

 

To eliminate bias, the results of MGIT culture and SSM were kept blind to the scientist performing 

the index test and results were to be separately passed to a consulting biostatistician for analysis. 

To determine reproducibility and margin of operator error, two NICD scientists were to perform 

the index test separately on the same sputum samples. However, due to the changes in the study 

design (i.e. sample size and exclusion of Xpert MTB/Rif) a biostatistician was not involved in the 

data analysis; the analysis was done by scientists at the NICD. Furthermore, only one scientist 

carried out the tests using the NWU-TB, thus reproducibility of the assay could not be determined. 

In light of these weaknesses in the study design, the validity of some of the study outcomes could 

not be properly ascertained. For example, although SSM is reported to have a high specificity 

(Desikan, 2013), a 100% specificity was not expected considering the high prevalence of non-

tuberculosis mycobacteria (NTMs) in South Africa due to HIV co-infection (Corbett et al., 1999; 

Sookan & Coovadia, 2014).  

 

In spite of the mentioned shortcomings on the study design, the results could not be ignored 

without further investigation.  The NICD made two valid recommendations:   the need to carry out 

independent assessments of the sample processing step, and migration to a real time PCR platform. 

It was noted that the 109 patient samples used in the study were lysed using the NWU-TB 

processing procedure and frozen at -20 oC for 48 hours due to problems with the primer set used 

in the PCR MasterMix (as highlighted in Annexure A). A fresh batch of primers was ordered and 

reconstituted for the study and quality control tests on the new batch were performed; this was 

assumed to be the source of the amplification problems. Therefore a previously used batch of the 

primer set was eventually used in the study. The use of previously lysed and frozen samples for 

PCR amplification was a deviation from the standard NWU-TB protocol where samples are lysed 

and amplified by PCR immediately. Later studies (data not shown) revealed that use of lysed and 

frozen samples reduces the sensitivity of NWU-TB, as some samples that tested positive when 

immediately amplified would test negative when amplified after storage. This is possibly due to 

the presence of polysaccharides that partition with the aqueous soluble DNA (Belisle & 



 Chapter 3: Commentary on independent clinical evaluation of NWU-TB test 
  

80 
 

Sonnenberg, 1998) and therefore interfere with PCR reactions (Olson & Morrow, 2012). Since the 

NWU-TB sample processing procedure uses lysed samples that are not processed to remove 

contaminants, storage of samples after lysis can promote the interaction of mycobacterial 

polysaccharides and DNA, leading to lower sensitivity when lysed and frozen samples are used in 

the PCR reaction.  

 

Despite these problems inherent in the study design of the independent evaluation, the study 

highlighted some key weaknesses of the NWU-TB system that needed to be addressed. These 

include the lack of an internal amplification control and the need to run agarose gels after 

amplification. It is inconceivable for healthcare personnel at primary healthcare centres to run 

agarose gels on daily basis. The system was therefore subsequently modified to take into account 

these important recommendations. 
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This chapter consists of a full length article that has been submitted to the Journal of Clinical 

Microbiology. The author guidelines for submitting to the Journal can be found in “Annexure D”, 

and these guidelines were followed in writing the manuscript. Two exceptions are made in 

following the guidelines: first, for easy reading figures, schemes and tables are inserted at their 

logical places as they would appear in the printed version and second, 1.5 line spacing was used 

to ensure consistency with the rest of the thesis. This chapter is connected to objective 1 covered 

in chapter 3 as it is an improvement of the NWU-TB system and also deals with the third objective 

of the study. The third objective aimed to develop a feasible strategy that can enable the NWU-

TB system (and consequently other NAATs) to be used for tuberculosis treatment outcomes 

monitoring. The improved system discussed in this chapter uses a real-time PCR platform and a 

strategy to distinguish between live and dead mycobacteria. The ability to distinguish between live 

and dead mycobacteria will allow the use of a PCR based assay to monitor a patient’s response to 

therapy, which is not currently possible in clinical practice with any of the commercial PCR based 

MTB assays. Though a full prospective longitudinal study could not be conducted in order to 

evaluate the utility of the strategy for treatment outcomes monitoring, results presented in this 

chapter demonstrate that with further optimization the NWU-TB assay can potentially be used for 

treatment monitoring.  
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Abstract (249 words)  

Delays in tuberculosis diagnosis and initiation of appropriate treatment limit the success of global 

efforts to eradicate the disease. Inability of current molecular assays to discriminate between live 

and dead mycobacteria limit their deployment in endemic settings. In this study, the performance 

of the NWU-TB system under development was evaluated, in comparison to smear microscopy, 

Xpert MTB/Rif and MGIT culture. The effectiveness of propidium monoazide (PMA) to 

distinguish between live and dead mycobacteria was also evaluated. 176 randomly selected stored 

sputum samples were used to evaluate the NWU-TB system. Next, a random subset of 50 samples 

selected from the 176 samples was used for live/dead discrimination evaluation using PMA. The 

∆CT (CT PMA-treated – CT PMA-untreated) was calculated and samples were stratified by TB treatment 

status for analysis. Using MGIT culture as the gold standard, the sensitivities % (95% CI) of smear, 

Xpert MTB/Rif, and NWU-TB were 64.3 (55.4-72.6), 84 (76.2-90.1), and 94.6 (89.1-97.8) 

respectively, while the specificities % (95% CI) were  62.1 (42.3-79.3), 100 (88.1-100) and 86.2 

(68.3-96.1) respectively. There was no statistically significant difference (p= 0.277) between the 

∆CTs of treatment naive and on treatment groups. NWU-TB and Xpert MTB/Rif have similar 

overall diagnostic accuracies for detection of pulmonary TB. The potential of PMA to discriminate 

between live and dead mycobacteria has been demonstrated in clinical samples. This finding is 

important for TB endemic settings where it is critical for molecular tests to identify true reinfection 

cases in addition to being applicable to treatment outcomes monitoring.  
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1.0 Introduction  

Despite being an ancient disease, Mycobacterium tuberculosis (MTB) is still one of the major 

infectious diseases in the 21st century. In 2013 alone, an estimated 9.0 million people developed 

TB and 1.5 million succumbed to the disease; 360,000 of whom were HIV-positive (WHO, 2014). 

Pulmonary TB is the most common form of the disease. South Africa has the highest TB incidence 

in the world, estimated to be 652/100,000 population in 2013. Prompt diagnosis and treatment are 

crucial to reduce the prevalence and incidence of the disease. Treatment initiation delay has been 

shown to vary from 30 to 90 days from onset of symptoms mainly due to diagnostic delay (1, 2). 

Modelling studies indicate that a sensitive, same-day and accessible TB diagnostic could reduce 

mortality by 20-35% as result of early treatment initiation (3). Rapid, accurate, affordable, and 

accessible TB diagnostics that allow same day diagnosis and treatment initiation are urgently 

needed if the TB fight is to be won in resource constrained settings.  

 

Sputum smear microscopy (SSM) is the first and often the only TB diagnostic test used in resource 

limited settings and requires at least 2 specimens to be submitted on different days; it has a low 

and variable sensitivity, is tedious, and requires skilled microscopists (4). Mycobacteria Culture, 

the current global gold standard is highly sensitive and specific, but suffer from such problems as 

long turnaround time, need for expensive equipment, and it is prone to cross contamination 

especially in high prevalence settings (5-7). Both tests are thus associated with treatment initiation 

delays. Nucleic acid amplifications tests (NAATs) provide a viable option for a point-of-care TB 

(POC-TB) diagnostic. A number of in-house and commercial NAATs have been developed to 

identify MTB in clinical specimens rapidly and directly (8-15). Meta-analysis studies have 

reported sensitivity and specificity of in-house PCR assays to be 9.4%–100% and 5.6%–100 

respectively (15)  and of commercial assays to be 36–100% and 54–100% (9) respectively.  

 

In general, improvement in accuracy is necessary if NAATs are to become more clinically relevant 

and beneficial to patients in low resource settings and areas with a high HIV prevalence. HIV 

infection reduces the bacillary load in sputum and consequently reduces sensitivity of molecular 

tests in HIV-infected individuals compared to HIV-uninfected individuals (16, 17).  Therefore, 

new or improved NAATs should close this sensitivity gap compared to culture in individuals with 

paucibacillary disease. The inability of NAATs to discriminate between live and dead 

mycobacteria also contributes to their poor specificity when compared to culture. For example, a 

large proportion of patients presumed to have been successfully treated remain Xpert MTB/Rif -

positive for up to 5 years (18). Detection of reinfection cases in endemic settings is another 
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challenge associated with all current molecular assays. In a study assessing the performance of 

Xpert MTB/Rif for monitoring treatment response, the proportion of positive Xpert MTB/Rif 

results was twice that of positive liquid cultures (84% vs. 42%) after 8 weeks of treatment and at 

the end of the 26 week monitoring period, 27% of samples were Xpert MTB/Rif positive compared 

to only 4% with MGIT culture (19). Therefore, new molecular assays should ideally also be 

suitable for diagnosing previously treated patients and treatment outcomes monitoring. Improving 

current molecular assays such as Xpert MTB/Rif is a viable option but the development of new 

systems also remains an attractive alternative. Current efforts with the Xpert MTB/RIF Ultra 

(Ultra) assay, which uses a new sample processing cartridge that doubles the amount of purified 

DNA delivered to the PCR reaction, are commendable as the new assay will have better a 

sensitivity than the original Xpert MTB/Rif assay (20, 21), but it still cannot distinguish between 

live and dead mycobacteria.   

 

Pretreatment of clinical samples with a DNA-intercalating agent, propidium monoazide (PMA) 

prior to DNA isolation and amplification has been investigated as a possibility (22). The PMA dye 

can penetrate dead cells and covalently form a PCR-unamplifiable DNA complex upon light 

activation (22). However, PMA cannot penetrate live cells, and thus the DNA from live cells is 

PCR-amplifiable. After PMA processing, downstream processes remain unaltered, enabling 

coupling with any molecular assay. Current evidence on the effectiveness of the PMA approach 

in clinical specimens is limited (23, 24), therefore more evaluations are needed. 

 

The aim of this study was to (i) evaluate the performance of an improved rapid molecular assay 

known as the NWU-TB (25) for detection of M. tuberculosis complex in clinical sputum samples 

and (ii) to evaluate whether PMA can be used in conjunction with the NWU-TB system for the 

selective amplification and detection of DNA from viable mycobacteria in patient sputum samples.  

 

2.0 Methods 

2.1 Study Design 

From January 2013 to December 2014, a total 548 sputum samples were collected from 

tuberculosis presumptive miners visiting the Orkney West-Vaal hospital. The hospital is owned 

and privately operated by AngloGold Ashanti to cater for the healthcare needs of its miners. Upon 

submission of a fresh same day sputum sample, an aliquot was used to perform SSM, MGIT 

culture and Xpert MTB/Rif. The remainder of these fresh un-decontaminated samples was frozen 

at -20oC and stored at the hospital for an average of 2 weeks. The frozen samples were transferred 
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under appropriate conditions to the North-West University from Orkney-Westvaal hospital (a 52 

km distance) and stored at -20 oC until used in evaluating the NWU-TB system. Samples were 

stored at North-West University for time periods ranging from 2 weeks to 1 year before testing.  

 

Qualified laboratory scientists stationed at Orkney-Westvaal hospital performed the three 

reference tests (SSM, Xpert MTB/Rif, MGIT culture) as part of their routine work. MTB results 

for these 3 reference tests were kept blind to the North-West University (NWU) research team up 

until the data analysis stage. In this study, 176 stored random nonduplicated clinical sputum 

samples were used to evaluate the NWU-TB system at the North-West University and then results 

from the 3 reference tests for the tested samples were requested from the hospital for statistical 

analysis. 

 

2.2 SSM, MGIT Culture and Xpert MTB/Rif 

SSM and MGIT culture were performed by experienced and independent laboratory scientists 

working at Orkney-Westvaal hospital following appropriate standard protocols and 

manufacturers’ instructions (26, 27). Briefly, equal volumes of sputum and N-acetyl-L-cysteine – 

sodium hydroxide solution were mixed. After 20 minutes, the mixture was neutralized with 

phosphate buffered saline and centrifuged. The sediment obtained was resuspended in 1 ml sterile 

phosphate buffer and used for smear preparation and inoculation in culture. Sputum smear grading 

of Ziehl-Neelsen stained smears was performed in accordance with the WHO criteria (26).  For 

MGIT culture, MGIT tubes (Becton Dickinson, Franklin Lakes, NJ, USA) inoculated with 0.5ml 

of decontaminated sample were incubated at 37°C. Samples were considered negative when no 

growth was automatically detected by the MGIT instrument after 42 days. Mycobacterial species 

in positive cultures were identified using AccuProbe molecular probes (GenProbe, San Diego, CA, 

USA). 

Xpert MTB/Rif was performed as per manufacturer’s instructions (Cepheid, Sunnyvale, CA, 

USA). Briefly, 1 ml of sputum sample was mixed with 2 ml of Xpert sample reagent, vortexed for 

at least 10 seconds, and incubated at room temperature for 10 minutes, followed by another round 

of vortexing for 10 seconds and room temperature incubation for 5 minutes. A total of 2 ml of the 

mixture was transferred into the Xpert cartridge and loaded into the Xpert MTB/Rif instrument. 

The automatic detection and reporting procedure was then run and results automatically reported.  
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2.3 NWU-TB system  

2.3.1 Sample preparation 

Previously frozen sputum samples were thawed overnight at 4oC. A 250µl sputum aliquot was 

mixed with an equal volume of a lysis buffer followed by lysis on a lyser device for 7 minutes as 

previously described (25, 28). Initial experiments using 5µl of lysate without a DNA concentration 

step, using a real time instrument (as achieved with the endpoint PCR based system) (25) did not 

achieve optimal amplification even after intensive qPCR optimization with the aid of the Taguchi 

method (29). To address the challenge, MTB DNA was extracted and purified using a ZR Viral 

DNA/RNA Kit (Zymo Research, Irvine, CA), with modifications to concentrate DNA. To 500µL 

of the lysate, 400µL of genomic lysis buffer and 165µL isopropanol were added, and the mixture 

was then vortexed for 4-6s before incubation for 10 minutes at room temperature. The mixture was 

transferred into a Zymo-spin column and centrifuged at 10 000g for 80s. The collection tube was 

discarded, followed sequentially by addition of  

(i) 200µL DNA pre-wash buffer and centrifugation for 60s at 10 000g;  

(ii) 500µL of g-DNA wash buffer followed by 60s centrifugation at 10 000g;  

(iii) 60µL of elution buffer pre-equilibrated at 65oC was followed by centrifugation for 45s at 10 

000g.  

The eluted DNA was stored at -20oC until used in subsequent qPCR experiments. Five (5) 

microliters of each DNA sample was used as a template for amplification in real-time PCR. The 

Zymo kit was selected due to its quick (15 minutes) DNA recovery step after the lysis step, thus 

enabling the sample processing step to be carried out in less than 30 minutes.  

 

2.3.2 Design and synthesis of primer and fluorogenic probe.  

The IS6110 insertion sequence (Accession number: AJ242908), which is unique to the MTBC 

members [23, 24] was the target for PCR amplification. The primer and scorpion probe were 

designed using Beacon Designer software (Version 8.13, Premier Biosoft International). The 

sequence of the primer is: CGGCGGCTGGGCTCCC and of the scorpion probe: 

 [FAM]-GGTCACCGGTTGATGTGGTCGTAGTAGGTCGCGGTGACC-[BHQ1]-[HEG]-

CGAGCTGGGTGTGCCGATC. The primer and scorpion probe were both synthesized by Sigma 

Aldrich (reference number: 8203265032). 

 

2.3.3 Real-time PCR 

The amplification reaction mixture contained 5 μl of template in a final volume of 20μl: 10µl 

KAPA Probe Fast qPCR Hotstart Mastermix 2x (Kapa Biosystems/Roche, Cape Town, South 
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Africa), 0.1μl (100nM final concentration) primer, 0.25μl (250nM final concentration) scorpion 

probe, and 4.65μl molecular grade water. PCR was carried out using a Bio-Rad CFX 96 (Biorad 

CFX Manager 3.1 software) with the following cycling protocol: initial denaturation at 95oC for 2 

minutes, followed by 40 cycles of 95oC for 10s, 63oC for 15s, 72oC for 10s. All runs included a 

no-template control and a positive control. All samples were tested in triplicate. A result was 

considered negative when no amplification occurred or when the CT value was ˃37 cycles. The 

results were considered positive when CT values were ˂37 cycles for all three samples.  

 

2.4 Live/dead discrimination 

The next objective was to test the effectiveness of propidium monoazide (PMA) in 

distinguishing between live and dead mycobacteria in clinical sputum samples from TB treatment 

naive patients and patients at various stages of standard TB therapy. Of the 176 samples used to 

evaluate the performance of NWU-TB as described in the sections above, 50 sputum samples were 

randomly selected and used in the live/dead discrimination evaluation. Each of the 50 samples was 

split into 2 aliquots. The first aliquot was handled as per the standard NWU-TB protocol described 

above. The second aliquot was first treated with PMA according to the optimal conditions 

described elsewhere (23, 30, 31). Briefly, PMA (Biotium, Inc., Hayward, CA, USA) was dissolved 

in 20% of dimethylsulfoxide (DMSO) (Sigma) and aliquoted before storage in the dark at -20oC. 

PMA was added to 500µL of sample (buffer + sputum) to a final concentration of 100 µM and 

incubated in the dark for 10 minutes with occasional flipping to allow diffusion of the intercalating 

dyes into dead cells. Light exposure was performed for 5 minutes using a 650 watt halogen light 

source (GE, South Africa) placed at a distance of 20 centimeters from the samples. The samples 

were kept on ice in horizontal orientation to avoid excessive heating. The samples were then 

subjected to the same procedure described above for the NWU-TB system, from lysis to qPCR.   

 

2.5 Ethics 

This study was approved by the North-West University Research Ethics Committee under ethics 

number: NWU-00005-11-A5. 

 

2.6 Statistical Analysis 

Statistical analyses were performed using STATA 11 (StataCorp, College Station, TX, USA). A 

p-value of less than 0.05 was considered statistically significant. Sensitivity and specificity, 

positive predictive value (PPV), negative predictive value (NPV), and area under the curve (AUC) 

for smear microscopy, Xpert MTB/RIF, and NWU-TB were calculated using MGIT culture as 
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reference. The ∆CT, i.e. is the difference between the CT values of PMA-treated aliquot and the CT 

value of the PMA-untreated aliquot was calculated for each sample. A CT value ˃ 37 was adjusted 

to 37 for ∆CT calculations.  

 

3.0 Results 

3.1 Study population 

Of the 176 samples tested, 158 patient sputum samples were included in the analysis to evaluate 

the NWU-TB system in comparison to SSM and Xpert MTB/Rif against MGIT culture as the gold 

standard. The other 18 samples had missing data from one of the 3 references tests and thus were 

not included in the analysis. The population predominantly consisted of 96.13% male patients that 

originated from a mining community. The mean age of patients was 44.49 years as shown in Table 

1. Next, a subgroup of 50 randomly selected samples from the 176 samples was used to evaluate 

the effectiveness of the use of PMA for live/dead mycobacteria discrimination. The population 

characteristics of this subgroup are provided in Table 1 alongside those of the overall group.  

 

3.2 Correlation of NWU-TB CT values and smear grades 

To determine the correlation between quantification of bacterial load by SSM and NWU-TB 

categorization, the CT values were stratified according to smear grade using the World Health 

Organization grading system (26). The smear grading was performed by experienced laboratory 

staff at Orkney-Westvaal hospital. The correlation results between the smear grades and CT values 

from the NWU-TB system are presented in Figure 1. A strong negative correlation between CT 

values and smear grades was found (Spearman rank correlation −0.71, p<0.001).  

 

Table 1: Study population characteristics 

 NWU-TB evaluation group PMA evaluation group 
Age [% (95% CI)] 44.49 (43.01-45.97)  

Sex:  
      Male n (%) 
      Female n (% )  

 
149 (96.13%) 

6 (3.87%) 

 
47 (95.91%) 
2 (4.08%) 

HIV status where known: 
      Positive n (%) 
      Negative n (%) 

 
82 (78.85%) 
22 (21.15%) 

 
28 (80.0%) 
7 (20.0%) 

Current TB treatment: 
      Yes n (%) 
      No n (%) 

 
99 (63.87%) 
56 (36.13%) 

 
19 (38.78%) 
30 (61.22%) 
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Figure 1: Correlation between NWU-TB CT values and bacteriology results. Boxes represent the 

25th, 50th (median) and 75th quartiles with whiskers extending to the greatest and smallest values. 

SSM grading was done according to prescriptions of the World Health Organization (26). 

 

3.3 Comparison of NWU-TB system and MGIT culture 

NWU-TB had a higher sensitivity at 94.6% [95% CI: 89.1%; 97.8%) compared to Xpert MTB/Rif 

84% (p=0.0025) and SSM 64.3% (p<0.001) as given in Table 2. However, Xpert MTB/Rif had a 

specificity of 100% [95% CI: 88.1%-100%), which was significantly higher than NWU-TB at 

86.2% (p<0.001) and SSM at 62.1% (p<0.001). Overall, there was a strong correlation between 

Xpert MTB/Rif and NWU-TB (Mc Nemar’s chisquare =11.64, p value = 0.0006).  

 

Table 2: Performance of SSM, Xpert MTB/Rif and NWU-TB against MGIT culture as gold 

standard 

 SSM Xpert MTB/Rif NWU-TB 

Sensitivity% (95% CI) 64.3 (55.4-72.6) 84 (76.2-90.1) 94.6 (89.1-97.8) 

Specificty% (95% CI) 62.1 (42.3-79.3) 100 (88.1-100) 86.2 (68.3-96.1) 

PPV% (95%CI) 88.3 (80-94) 100 (96.4-100) 96.8 (92.1-99.1) 

NPV% (95% CI) 28.1 (17.6-40.8) 60.4 (45.3-74.2) 78.1 (60-90.7) 

*AUC 0.6255 0.9202 0.9016 

*AUC – Area under the curve 

 

Spearman's rho =  - 0.7109

p < 0.001
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Overall Diagnostic accuracy of NWU-TB in comparison to Xpert MTB/Rif and SSM using 

ROC curves 

Receiver operator characteristic (ROC) analysis indicated that the area under the curve for SSM, 

GeneXpert and NWU-TB was 0.6255, 0.9202 and 0.9016 respectively. An assay with an area 

under the curve (AUC) greater than 0.9 is considered to have excellent performance, based on the 

ROC analysis both GeneXpert and NWU-TB showed excellent performance. 

 

Figure 2: Receiver operator characteristic curves for NWU-TB, SSM and GeneXpert compared to 

MGIT culture as gold standard. 

 

3.4 PMA treatment 

The number of samples divided into 5 different smear grades (Negative, Scanty, 1+, 2+, and 3+) 

and the corresponding cultures results are given in Table 3. Of the 50 samples used in the sub-

study most of the samples was classified as smear negative. 

 

Table 3: Smear and culture results of 50 clinical sputum samples used in PMA testing 

 

 

 

 

 

*Smear grades categorized according to the World Health Organization guidelines for AFB smear 

positivity (26). Abbreviations: AFB, acid-fast bacilli; PMA, propidium monoazide. 
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NWU-qTB: AUC-0.9016 Reference

 
AFB grade* 

              Culture 
Positive            Negative 

 
Missing 

 
Total 

Negative 13 4 1 18 
Scanty 9 3  12 
1+ 7 1  8 
2+ 5 0  5 
3+ 7 0  7 
Total    50 
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All culture negative samples except one were undetectable by both and Xpert MTB/Rif and NWU-

TB. The discrepant sample (Sample 12 in Table 4) tested positive with both Xpert MTB/Rif and 

NWU-TB without PMA treatment; however, when the sample was treated with PMA, followed 

by NWU-TB it tested negative giving a very large ∆CT. In contrast, 8 culture positive samples 

tested positive on the NWU-TB system without PMA treatment, however after PMA treatment 

they tested negative. The CT values without PMA treatment in these samples were above 30 cycles. 

In 3 patients who had NTM infection (M. chelonei and M. Kansasii), all the tests (Xpert MTB/Rif, 

NWU-TB and MGIT culture) reported negative results except SSM. 

 

Table 4: Discrepant results from the four tests including PMA-treated results from NWU-TB 

*Sample SSM Culture Xpert 
MTB/Rif 

NWU-TB 
PMA-untreated 

CT NWU-TB 
PMA-untreated 

∆CT 

1 Negative Positive MTB-low Positive 34.93 2.07 
2 Negative Positive Negative Positive 35.55 1.45 
3 Negative Positive MTB-Very 

low 
Positive 36.73 0.27 

4 Negative Positive Negative Negative 37 0 
5 Negative Positive Not done Positive 34.99 2.01 
6 
 

Negative Positive Not done Positive 35.78 1.22 

7 Negative Positive Negative Positive 36.13 0.87 
8 Scanty 8 Positive Negative Positive 35.85 1.15 
9 Scanty 5 Negative MTB-Very 

low 
Positive 27.71 9.29 

10 Scanty 7 Positive MTB-Very 
Low 

Positive 30.57 6.43 

11 1+ M. chelonei Negative Negative 37 0 
12 Scanty 4 M. kansasii Negative Negative 37 0 
13 Scanty 4 M. kansasii Negative Negative 37 0 

Note: All CT values for samples shown in this table were ˃37 after PMA-treatment, which means 

they all tested negative for live mycobacteria. ∆CT = CT PMA-treated – CT PMA-Untreated.  The shaded 

cells indicated those samples where the results of Culture, Xpert MBT/Rif and NWU-TB differed.   

* Re-coded numbering; Not the actual patient identification codes used in the study 

 

PMA treatment did not yield statistically significant differences when data was stratified according 

to TB treatment status as shown in Figure 3. The nonparametric median equality test of the ∆CT 

values of the treatment naive and treatment groups was 0.277. There were however observable 

differences with CT values of PMA-treated samples higher than those of PMA-untreated samples 

in most of the cases. Since the sample size was too small to stratify the patient samples according 



                              Chapter 5: Detection of M. tuberculosis by an improved NWU-TB diagnostic test 
 

103 
 

to TB treatment stage, sufficiently powered statistical analyses could not be performed to highlight 

the differences observed.  

 

Figure 3: Comparison between the mean difference in threshold cycle (∆Ct) (propidium 

monoazide (PMA) treated minus PMA untreated) obtained from sputum samples collected from 

patients either receiving anti-tuberculosis therapy (treatment group) or not receiving treatment 

(treatment naive). 

 

4.0 Discussion 

Early detection of MTB and initiation of appropriate anti-tuberculosis therapy are critical steps in 

ensuring both better disease prognosis in patients and epidemic control efforts. Currently, SSM 

and culture are the most relied upon tests for the initial diagnosis and treatment response 

monitoring in most high burdened countries. Though relatively sensitive for both initial diagnosis 

and treatment monitoring, culture is largely handicapped by its long turnaround time. SSM can 

produce results within a day but it cannot determine the viability of mycobacteria. Recently, 

considerable focus has been placed on PCR-based assays due to their short turnaround times and 

good accuracy (9, 32-35). However, like SSM no current commercial PCR-based assay can 

distinguish between live and dead mycobacteria thereby making the assays unreliable, especially 

in high endemic areas where reinfections cases are common. In this study, the performance of a 

new qPCR based NWU-TB system in clinical sputum samples was evaluated, and then the 

effectiveness of using PMA to distinguish between live and dead mycobacteria in sputum from 

patients on either standard anti-tuberculosis therapy or treatment naive was also explored. 

Nonparametric median equality test: P = 0.277
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NWU-TB showed better sensitivity than both SSM and Xpert MTB/Rif. The sensitivity values for 

Xpert MTB/Rif and SSM are comparable to those reported in literature (4, 36), thus results from 

this study can be trusted but still some caution must be exercised when drawing conclusions. By 

extrapolation, this means that the sensitivity of NWU-TB is comparable to other commercial 

molecular systems and warrant is its further development.  

 

On the other hand, the specificity of NWU-TB was significantly lower than that of Xpert MTB/Rif 

but comparable to that of other molecular assays reported elsewhere (37, 38). The lower specificity 

of NWU-TB may have been due to MTB-NTM coinfection though this was not investigated nor 

confirmed in this study. The high prevalence of NTMs in the cohort used as previously reported 

(25) strongly supports the MTB/NTM coinfection argument. Although speciation was done, the 

presence of a mixture of MTB and NTM in a patient sample may interfere with the performance 

of a molecular test depending on the relative concentrations of the MTB and NTM in that sample 

thereby reducing specificity (39).  

 

Study results may be influenced by the reference standard used to compare test results. Although 

culture is the universally accepted gold standard, it is not 100% sensitive and can give false-

negative results (40), thus presenting obstacles for evaluating new diagnostics especially in cohorts 

with a high HIV prevalence rate. However, in this study the effect of an imperfect reference 

standard on the reported accuracies of the tests is assumed to be minimal due to the experience of 

the technicians performing the tests at the hospital. The area under the curve (AUC) for both Xpert 

MTB/Rif and NWU-TB was above 0.9 indicating that they are both excellent tests according to a 

widely accepted guideline (41), while the AUC for SSM was 0.6255, confirming it’s widely 

reported lower accuracy.  

 

The NWU-TB results reported in this paper demonstrate that current efforts to improve the 

system’s sputum sample processing method as well as its usability in peripheral-level clinics on a 

real-time PCR platform have not reduced the accuracy of the system as the results are comparable 

to those previously reported (25). Strong correlation (rho = -0.7109) between NWU-TB CT values 

and the smear grades was demonstrated. This demonstrates the reproducibility and reliability of 

the NWU-TB sample processing step. Currently, the sample processing method is fully manual 

and efforts are underway to semi-automate the process and exclude the wash steps. Semi-

automation will minimize variations due to skill levels and laboratory capacities after deployment. 

Although a Biorad CFX96 was used in this study, the final modular NWU-TB system will 
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incorporate a small fast thermal cycler currently being development by a collaborator. The new 

cycler will permit real-time amplification in less than 25 minutes. This study demonstrates that the 

NWU-TB sample processing method can be coupled to any real-time PCR platform, thus reducing 

installation costs in laboratories that already have existing real-time PCR instruments. 

 

Currently, sputum culture conversion at 2 months is the only widely accepted marker of treatment 

efficacy and thus acceptable for monitoring therapy in patients on anti-tuberculosis treatment (42). 

Since MGIT culture can take 2 to 6 weeks for the results to be available, it is not suitable for rapid 

decision-making about the effectiveness of TB-therapy. The PMA method coupled to nucleic acid 

amplification tests has been used for rapid differentiation of live and dead cells in food and 

environmental microbiology (43, 44). Recently, attempts have been made to apply the PMA 

approach, linked to PCR, to differentiate between live and dead MTB. To our knowledge, very 

few studies have evaluated the effectiveness of PMA in clinical sputum samples. Some of the 

factors that influence the efficacy of PMA include: length of PMA incubation with the sample, 

concentration of PMA used and the duration of exposure to the halogen lamp. However, de 

Assuncao et al., showed that at the optimal PMA concentration,  different incubation (5 to 10 

minutes) and halogen lamp exposure times (1 to 2 minutes) resulted in small differences in the 

efficacy of PMA (30). Therefore, shorter time intervals were adopted in this study. Previous 

studies with MTB used PMA concentrations ranging from 50 to 500µM (23, 30, 45). Since high 

PMA concentrations have been reported to penetrate viable cells and inhibit PCR (46), a moderate 

concentration of 100µM as employed in another study was selected (30). Some sample processing 

methods (sputasol and Cepheid sample reagent) has been reported to be incompatible with PMA 

(24), but there was no evidence that the lysis buffer used in this study was incompatible with PMA. 

 

Noteworthy, one culture negative sample (sample 9 in Table 4) tested positive on both Xpert 

MTB/Rif and NWU-TB without PMA treatment. However, after PMA pretreatment in the NWU-

TB system, a negative result was reported with a large ∆CT. This is a classic case of a false positive 

obtained by NAAT systems, highlighting the weaknesses of current molecular assays in failing to 

distinguish between live and dead mycobacteria. Overall comparison of the ∆CT values when 

patient data was stratified according to TB treatment status (treatment vs treatment naive), 

however, yielded no statistically significant differences although observable differences can be 

noted from the box plots in Figure 3. Specific cases are also reported in Table 4 where indeed 

PMA discriminated between live and dead mycobacteria. There were 8 culture-positive samples 

that tested positive without PMA treatment using the NWU-TB test but tested negative after PMA 
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treatment. This anomaly has also been reported in another study (47). Since in our case, stored 

samples as opposed to fresh samples were used, freezing and thawing could have affected the 

integrity of bacterial cell membranes, thus PMA could have penetrated the damaged membranes 

of MTB (47) leading to the false negative results after PMA pretreatment. 

 

The study had some limitations. Thawed stored sputum samples were used for NWU-TB testing, 

which may not give the same results as fresh specimens. Limited availability of patient medical 

data such as duration of therapy and the small sample size limited the level of analyses that could 

be conducted. A large prospective longitudinal assessment will yield more information. For this 

pilot PMA evaluation, the sample size was not sufficiently powered to detect differences between 

the treatment naive patients and those on TB treatment. In conclusion, the NWU-TB sample 

processing method is simple, fast and permits quantitative grading correlating with TB disease 

burden. Use of PMA also shows potential for live/dead MTB discrimination, which is important 

for treatment monitoring and detection in endemic settings where reinfection is common.  
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This chapter consists of a full length article to be submitted to BMC Infectious Diseases journal.  

The “instructions to authors” for the journal were followed in preparing the manuscript, except 

that for easy reading figures, schemes and tables are inserted at their logical places as they would 

appear in a printed version of the article and 1.5 line spacing was used to ensure consistency with 

the rest of the thesis. The complete author guidelines for the journal can be found in “Annexure 

E”. This chapter addresses the fourth objective in this study by estimating the cost per test of 

NWU-TB and its potential cost-effectiveness if adopted as a TB screening test for all miners in 

South Africa.  
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Abstract 

Background: mining communities act as reservoirs and drivers of new TB infections within South 

Africa and its neighboring countries; with a prevalence of tuberculosis estimated at 3,000/100,000 

population in South African miners. As new diagnostic tests that are cheaper, portable, and more 

accurate continue to reach the market, active case finding (ACF) as opposed to passive case finding 

can help reduce disease burden in such hotspots. The objective of this study was to estimate the 

cost per test for NWU-TB and then evaluate the cost-effectiveness of using either NWU-TB or 

Xpert MTB/Rif or sputum smear microscopy (SSM) to screen all miners in South Africa for 

tuberculosis, relative to the current base scenario of passive case finding (PCF).  

 

Methods: The “ingredients approach” was used to estimate the cost per test for NWU-TB from a 

laboratory perspective. A decision-analysis model was used to estimate the cost-effectiveness of 

screening all South African miners for TB, using NWU-TB, SSM and Xpert MTB/Rif relative to 

the current base scenario of PCF. We adopted the healthcare provider’s perspective. The primary 

outcome was the incremental cost-effectiveness (ICER) in US$ cost per case detected. It should 

be emphasized that the modelling work described here is of a very preliminary nature as it sought 

to address a basic question of whether at the current costs and performance level, NWU-TB will 

be cost-effective for TB screening in a high prevalence setting. 

 

Results: The total cost per test for NWU-TB was estimated at $5.36, with material cost per test 

contributing the highest (75%) and equipment cost contributing the least (1.31%). The incremental 

cost effectiveness ratios (ICERs) for community based TB screening within South African mines 

using NWU-TB and Xpert MTB/Rif were US$50.3 per case detected and $181.52 per case 

detected respectively.  

 

Conclusions: NWU-TB is cheaper than Xpert MTB/Rif but is almost double the cost of SSM. 

Active screening of all miners in South Africa for tuberculosis using NWU-TB was the most cost-

effective strategy.  

 

Introduction 

The emergence of accurate, rapid and reliable TB diagnostic tests on the market provides hope to 

all stakeholders in low- and middle income countries involved in the fight against TB. Studies’ 

documenting the diagnostic accuracy (sensitivity and specificity) of these tests are widely available 

and it is an active research area [1-4]. However, accuracy alone does not directly translate into 
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better patient or population outcomes such as deaths averted, years of life gained and reduced 

transmissions [5]. Therefore, the ability to estimate the potential impact and cost-effectiveness of 

a promising diagnostic test before its deployment must be a high priority to avoid wasteful 

investments [6]. For example, the recently launched revolutionary Xpert MTB/Rif has well 

documented good accuracy [7-9], but evidence from recent studies indicates that in spite of this 

high accuracy, insignificant reductions in morbidity and mortality have been achieved [10, 11].  

Due to the urgent need to deploy new TB diagnostics but within an environment of limited 

population-level data on impact of new diagnostic interventions, models provide a less costly 

alternative to translate available empirical data into estimates of impact and cost-effectiveness, 

thus enabling informed decision making [12].  

 

Miners are an important reservoir of tuberculosis infection in South Africa and prevalence of TB 

in miners is more than three times that of a normal population [13]. Mines in South Africa employ 

many migrant workers from neighboring countries, which drives the spread of the epidemic in the 

region and the problem was well summarized by the South African Health Minister, (“If TB and 

HIV are a snake in Southern Africa, the head of the snake is here in South Africa. People come 

from all over the Southern African Development Community to work in our mines and they export 

TB and HIV, along with their earnings. If we want to kill a snake, we need to hit it on its head”) 

(Aaron Motsoaledi, June 2010). Active case finding (ACF) to identify and treat persons with active 

tuberculosis in hotspots like the mines is an attractive strategy that can interrupt future 

transmissions. However, for such programs to attract immediate funding there is need to highlight 

the direct economic benefits [14]. In this manuscript, the cost-effectiveness of adopting NWU-TB 

for community based screening of active tuberculosis in South African mines was determined. 

 

To determine the cost-effectiveness, the cost per test from a laboratory perspective for NWU-TB 

was determined. The accuracy of NWU-TB was previously described [15, 16] for tuberculosis 

diagnosis in a hospital of a South African gold mine. Since the test is under final development 

information from this study will also assist in setting the appropriate target product profile (TPP) 

that informs final product (prototype) optimization to achieve optimal population-level impact that 

is at the same time cost-effective.   
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Methods 

NWU-TB costing  

To determine the total cost of NWU-TB from a health provider’s perspective, we gathered cost 

information for the different activities and materials used. These included material costs per test, 

overhead and labour costs, equipment costs, and average number of tests performed per day. 

Statutory South African VAT (14%) was included in all the costs, and all costs are in U.S dollars 

[costs converted from South African rand to U.S$ at 13.6940 R/$US applicable on 23/09/2015 

(https://www.resbank.co.za/Research/Rates/Pages/CurrentMarketRates.aspx)]. The South African 

rand has been declining since the time this analysis was conducted and this might have a significant 

impact on the outcomes and conclusions drawn from this study. In January 2016, the rand reached 

it all time low of 16.84 to the dollar which directly leads to high prices for all imported products. 

This shows how vulnerable developing countries are to first world technologies where the costs 

are pegged to major international currencies and the tests are not domestic-based.  

 

Material costs per test 

The unit cost per specimen tested from a provider’s perspective for NWU-TB was estimated using 

the “ingredients” approach. This involved documenting all the materials used from the moment a 

patient sputum sample is received in the laboratory until patient results are dispatched.  

 

Number of tests per day 

To determine the labour cost per test and the equipment cost per test, it is necessary to determine 

the maximum number of NWU-TB tests that can be performed per day and assume that the system 

will operate at maximum capacity for the entire duration of its useful lifespan. The maximum 

number of tests that can be performed per day was determined as outlined below. The NWU-TB 

test can be divided into main 2 stages: sample processing stage and the amplification and detection 

of M. tuberculosis stage on a real-time platform. The real time instrument can run 48 specimens 

simultaneously, with each run lasting a maximum of 1 hour. The rate limiting step in the current 

NWU-TB workflow is the lysis step during the patient sample processing procedure [15]. In the 

current lyser device a maximum of 8 specimens can be processed per each run, with each run 

lasting a maximum of 20 minutes including the specimen processing and lysis. Assuming, a 

laboratory operates for 8 hours daily, a maximum of 128 specimens can be processed daily using 

a single lyser device. 

 

https://www.resbank.co.za/Research/Rates/Pages/CurrentMarketRates.aspx)
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Labour cost per test 

NWU-TB can be performed by a qualified medical laboratory technologist with ease. In South 

Africa a medical laboratory technologist must possess a national diploma in biomedical technology 

and be registered with Health Professions Council of South Africa. In determining the labour costs, 

the assumption was that all the tests will be performed only by these technologists and therefore 

the salary of a technologist employed by the National Health Laboratory Services (NHLS) was 

used in calculating labour cost per test. Other labour costs such as sample collection, counseling 

and physician consultation, were not included in calculating the labour cost per test as these would 

apply to any TB test.  

 

Equipment costs and daily equivalents  

The cost of building a lyser device was taken as the purchase price, and this does not include 

normal costs associated with future commercial product. However, these incremental costs are 

likely to be offset by cost savings associated with economies of scale. The negotiated purchase 

price of the Streck real time thermal cycler is US$ 8,000. The cost of building the lyser device 

came to US$ 772.29, thus the total equipment of the NWU-TB system is US$ 8,772.29. In order 

to estimate the daily equivalent costs, the following assumptions were made; (i) one year warranty 

provided by manufacturer, (ii) equipment comes with a $1,000.00 insurance package, with the 

assumption that the client will purchase insurance annually after expiry of warranty, (iii) the 

equipment has a 5 year useful lifespan, and (iv) a discount rate of 5% is included.   

 

Overhead cost per test 

Overhead costs for NWU-TB were estimated to be equivalent to those calculated for sputum smear 

microscopy (SSM) reported elsewhere [17]. The assumption is premised on the fact that NWU-

TB is designed to be stationed at a microscopy centre thus requiring the same level of 

infrastructure. The overhead cost was determined as $0.74 with an uncertainty range of between 

$0.18 and $0.93. 

 

Cost–effectiveness 

The modelling work described here is of a very preliminary nature as it only seeks to inform further 

product development. A decision-analytic model was constructed to estimate the cost-

effectiveness of community based screening of tuberculosis in South African mines using any of 

the three tests (SSM, Xpert MTB/Rif or NWU-TB) in comparison to the base scenario of passive 

case finding (PCF). The model structure is shown in Figure 1 and the main outcome measure is 
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the Incremental Cost Effectiveness Ratio (ICER which was expressed as US$ cost per case 

detected). The decision tree and all cost-effectiveness analyses were performed by decision 

analysis using TreeAge Pro 2015 (TreeAge Pro Inc., Williamston, MA). The cost per test for 

NWU-TB used in cost-effectiveness analysis has been calculated in this manuscript, while costs 

for SSM, and Xpert MTB/Rif were obtained from literature [17]. Due to the lack of data on patient 

associated costs, the evaluation was conducted from a healthcare provider’s perspective.  

 

 

Figure 1: Simplified schematic of decision tree used in the study. The square represents a decision 

node, circles are chance nodes, and triangles are terminal nodes. Costs are calculated at each 

terminal node based on the parameters provided in Table 1. 

 

Prevalence of tuberculosis, costs for SSM and Xpert, and other variables associated with different 

algorithms were based on literature estimates and are summarized in Table 1. Diagnostic accuracy 

data for SSM, Xpert MTB/Rif and NWU-TB was sourced elsewhere [15], conducted at a mining 

hospital using MGIT culture as gold standard. Sensitivity analyses were conducted for most of the 

parameters using ranges provided in Table 1. Inspite of the high prevalence of HIV/AIDS in the 

study population; the costs and effectiveness of antiretroviral therapy were not modelled.  
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Table 1: Parameter values and ranges inputted in the model, and reference sources for the 

estimates used in the cost-effectiveness analysis 

Parameter Parameter 
value 

Range 
(Min-Max) 

Reference 

Epidemiological parameters    

Prevalence of TB among miners 0.03 0.01-0.07 [13] 

Characteristics of TB diagnosis    

Sensitivity SSM 0.621 0.553-0.684 [15] 

Specificity SSM 0.561 0.447-0.67 [15] 

Sensitivity NWU-TB 0.808 0.75-0.856 [15] 

Specificity NWU-TB 0.756 0.649-0.844 [15] 

Sensitivity Xpert 0.853 0.799-0.896 [15] 

Specificity Xpert 0.732 0.622-0.824 [15] 

Probability of being screened with a 
diagnostic test 

1 0.95-1.0 Personal opinion 

Probability of accessing care in PCF 0.57 0.25-1.00 [18] 

pTruepos_combined_PCF 0.776 0.61-1.0 [18] 

pTrueneg_combined_PCF 1.00 0.883-1.0 [18] 

Laboratory costs    

SSM $2.25  1.40-3.24 [17] 

NWU-TB* $5.36 4.56 - 10.64 This manuscript 

Xpert $14.93  13.36-28.88 [17] 

PCF $0.20 0.1 – 1 [19] 

*Note: The cost per test for NWU-TB is calculated in this paper 

Xpert, Xpert MTB/Rif; DALY, disability-adjusted life year; SSM, sputum smear microscopy, 

pTruepos_combined_PCF refers to the combined sensitivity of SSM and culture when confirming 

suspected TB cases, similarly pTrueneg_combined_PCF refers to the combined specificity of SSM 

and culture.  
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The following assumptions were made in the model in addition to those already mentioned 

elsewhere in this manuscript; a discount of 3%, the standard costs of TB treatment were not 

modelled, and benefits were assumed to only accrue over a one year static time period.  

 

Results 

NWU-TB costing 

Material costs 

The material cost per sample for NWU-TB is $ 4.02 when the cost of propidium monoazide is not 

included as shown in Table . The cost of propidium monoazide per sample is $5.28 which is 31.34 

% above the cost of all other materials used in the NWU-TB system.   

 

Table 2: Material costs per NWU-TB test 

Item US$ % of total 

Lysis buffer 0.11 2.74 

Lysis microreactor (LMR) 0.80 19.90 

ZR Viral DNA/RNA Kit  0.57 14.17 

Scorpion primer 0.09 2.24 

Scorpion probe 0.74 18.41 

KAPA Probe qPCR Mastermix 2x  0.39 9.70 

96-well plates 0.06 1.49 

Micro seal adhesives for PCR plates 0.02 0.50 

DNA extraction control- Internal control 0.92 22.89 

PCR grade water pH 8.0 0.10 2.49 

General consumables (Gloves, tips, detergents) 0.22 5.47 

Total material costs per test 4.02 100.00 

 

Labour costs 

Determining the staff time per test is naturally the first step in determining labour cost per test and 

Table  shows how the calculations were performed. The NWU-TB assay can be performed by any 

qualified Medical/Clinical Laboratory Technologist whose annual pay scale range is R 130,121.00 

to R 291,807.00 according to the National Health Laboratory Services (NHLS) 
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(http://www.payscale.com/research/ZA/Employer=NHLS/Salary/by_Job). In this study a median 

salary of R 210,964.00 (equivalent to US$ 15,405.58) was used. The actual work days per year are 

shown in Table .  

 

Table 3: Medical Laboratory Technologist labour cost per NWU-TB test in South Africa 

Item Value 

Total potential income per year $15,405.58 

Potential working days per year 260 days 

Annual leave 22 days 

National holidays  12 days 

Actual working days 226 days 

Technologist salary per day $68.17 

Working hours per day 8 hours 

Number of tests per hour 16 tests 

Labour cost per test $0.53 

 

Equipment cost per test 

Using standard procedures, the present value of equipment over its entire 5 year life span, was 

calculated to be $12,318.24. Table  shows how the equipment cost per test of US$ 0.07 was 

calculated.  

 

Table 4: Equipment cost per test for NWU-TB 

 Value (units) 

Present value of equipment with insurance $12, 318.24 

monthly equivalent equipment cost (over 5 years)  $205,304 

Days equipment used per month 22 days 

Daily equivalent equipment cost $9.33 

Number of tests per day 128 tests 

Equipment cost per test $0.07 

 

http://www.payscale.com/research/ZA/Employer=NHLS/Salary/by_Job
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Total cost per test 

Using data from Table  to Table , and the assumption made for the overhead cost per test, the total 

cost per test from the health provider’s perspective was calculated as shown in Table . The 

estimated total cost per test was US$ 5.36.  

 

Table 5: Total cost per test for NWU-TB based on component costs 

 Value (US$) % of total 

Material cost per test 4.02 75% 

Labour cost per test 0.53 9.89% 

Equipment cost per test 0.07 1.31% 

Overhead cost per test 0.74 13.80% 

Total cost per test 5.36 100% 

 

Cost-effectiveness 

The incremental cost-effectiveness ratio (ICER) of NWU-TB was US$ 50.3 per case detected, 

while both Xpert MTB/Rif and SSM were dominated as shown in Table . South Africa is a middle 

income country with a willingness-to-pay threshold of  US 5,786.00 [20], thus ICER was 

compared to this threshold value. A test that is dominated by other alternatives is rejected from the 

onset as the dominated strategy has a greater cost with no greater benefits under all model 

conditions. Xpert MTB/Rif and SSM were dominated under the model conditions. 

 

Table 6: Incremental cost-effectiveness ratios of the different diagnostic strategies 

Strategy Cost Incr Cost Eff Incr Eff C/E Incr C/E 

PCF 0.114 0 0.491 0 0.23 0 

SSM 2.25 2.136 0.478 -0.013 4.71 “dominated” 

NWU-TB 5.36 5.246 0.594 0.104 9.02 50.63 

Xpert 14.93 14.816 0.572 0.082 26.08 $ 181.52 

All tests referencing common baseline. Incr Cost – incremental cost; Incr Eff – incremental 

effectiveness; Incr C/E – incremental cost-effectiveness; 
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Figure 2: Cost-effectiveness analysis output graph 

 

One-way sensitivity-analyses on all parameters were performed, and Figure 2 shows 8 parameters 

that had the highest effect on the model. The model was most sensitive to the specificities of NWU-

TB and Xpert MTB/Rif, showing that increases in the specificities of the assays are associated 

with increased cost effectiveness. A decrease in the prevalence of tuberculosis in the target 

population will result in reduced ICERs.   
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Figure 3: One-way sensitivity-analysis of key parameters used in the model. The vertical line 

represents the incremental cost-effectiveness ratio (ICER) of the baseline parameter values.  Only 

the top 8 parameters are shown and the others are not shown. Black bars represent the low value 

of the sensitivity range and the coloured bars represent the high value. EV- expected value of ICER 

under baseline parameters; SSM- sputum smear microscopy; Xpert- Xpert MTB/Rif 

 

Discussion 

In South Africa, active tuberculosis cases are detected through passive case finding using mainly 

SSM to test presumptive patients presenting themselves at health care centres. MGIT culture, 

which is the current gold standard for tuberculosis diagnosis is slow and requires specialized 

facilities thereby making it unsuitable for community based screening of the disease [21]. In 1974, 

the World Health Organization abandoned its policy on ACF using mobile mass radiography, due 

to strong evidence against its effectiveness and inappropriateness [14]. However, screening of high 

risk groups was never condemned as long as it does not deter development of optimal tests. As 

better tools for TB diagnosis with lower risks than mobile mass radiography emerge on the market, 

there is need to predict their potential impact on future transmission, cost-effectiveness, and direct 

benefits for cases detected. We previously described a low cost and rapid TB diagnostic test with 
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the potential to be adapted for mobile ACF programs in high burden settings like mines in South 

Africa [15, 16]. 

 

In this study, the total cost per test for NWU-TB, which is a nucleic acid amplification test (NAAT) 

for rapid detection of Mycobacterium Tuberculosis (MTB) was first estimated. The cost of NWU-

TB was found to be 64% lower than that of subsidized Xpert MTB/Rif [22, 17]. 

Consumables/materials accounted for 75% of the total cost per test, which is comparable to that 

reported for other molecular tests (Xpert MTB/Rif and MTBDRplus), whose consumable costs are 

described to be between 60% and 80% [17]. Reduction in consumable cost contribution for NWU-

TB can be gained from economies of scale if the test is rolled out on a wider scale. Labour costs 

contributed 9.89%, which can increase if the number tests performed per day decreases. On the 

other hand, if less skilled cheaper labour can be trained to use the test or in low-income countries 

where salary costs are lower, the labour cost per test can also decrease further provided the number 

of tests per day remains unchanged. Equipment costs per test accounted for only 1.31%, 

highlighting the fact that simple technology can make a difference.  

 

It was demonstrated that NWU-TB is the most cost-effective diagnostic test for community based 

TB screening among miners in South Africa. NWU-TB had an ICER of $ 54.58 per case detected 

relative to PCF, while SSM and Xpert MTB/Rif were dominated under the model conditions. The 

results are comparable to those from an ACF program conducted in Cambodia which targeted TB 

contacts; the overall cost per case detected was US$ 108 [23]. The prevalence of TB among 

household contacts is reported to be 3.1% (95% CI 2.1–4.5%) [24], and is similar to the TB 

prevalence [3%, sensitivity analysis range: 1% - 7%] used in the study, this study and the 

Cambodia study [23] highlight the cost-effectiveness of ACF in high TB prevalence settings. 

Different results may be obtained when ACF is conducted in low prevalence settings. One-way 

sensitivity analyses revealed that TB prevalence was of the top three factors whose uncertainty 

drives the largest impact.  Therefore, current R&D effort to semi-automate and commercialize the 

NWU-TB test should focus on further improvements on the specificity of the test.  

 

Although Xpert MTB/Rif was dominated it had an ICER of US$ 181.52 per case detected, and 

can be considered cost-effective compared to results from large ACF multisite study which 

reported ICERs ranging from US$ 60 to US$ 1626 per case detected [25]. Therefore, policy makers 

must take into account its good performance characteristics and design features such as its low 

biohazard risk which makes it a suitable alternative for community-based screening. Caution must 
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still be exercised in recommending the most suitable alternative as policy makers do not make 

decisions in a vacuum. There are many programmes competing for limited funding and a 

seemingly “cost-effective strategy” may wipeout the entire health budget of the country if 

implemented. For example, it is reported that “In India, providing Xpert MTB/Rif to 15% of all 

TB suspects would consume the entire annual budget of the Revised National TB Control Program 

of US$ 65million as of 2010”. There are about 500,000 mine workers in South Africa [26]. 

Assuming that a program was launched where all of them were screened at the stated costs for the 

TB tests given in Table , then screening all miners in South Africa for tuberculosis using either 

NWU-TB or Xpert MTB/Rif would cost US$ 2,680,000 and US$ 7,465,000 respectively in 

laboratory associated costs only.  

 

Like any other modelling analyses, the study had some limitations. First, the model has a one year 

statistic time frame and future reductions in TB transmission that accrue from community-based 

screening in mining communities were not accounted for. It has been estimated that an individual 

with active TB can infect up to 12 persons per year [27, 28], leading to 0.9 future active TB cases 

[29]. Therefore, the model may have significantly underestimated the long-term cost-effectiveness 

of TB active case finding for all the tests relative to the no screening base scenario. Secondly, to a 

large degree, the cost-effectiveness analysis relied on literature data for parameter estimates. For 

example, effectiveness parameters were taken from a study conducted in a neighboring country 

[19], with a different socio-economic status to South Africa. In addition, costs per test for SSM 

and MGIT culture were obtained from literature and the methods used to calculate these costs are 

slightly different from the one adopted for determining NWU-TB cost per test as outlined in this 

study. Another assumption was that a negative test during screening will not influence clinical 

decision making.  

 

In conclusion, a detailed costing calculation for estimating the cost per each NWU-TB test from a 

laboratory perspective is provided. The potential cost-effectiveness of community-based screening 

of all miners in South Africa for tuberculosis using either SSM or Xpert MTB/Rif or NWU-TB 

relative to the current base scenario of PCF was modelled. NWU-TB was found to be the most 

cost-effective strategy relative to PCF as base case scenario, while both Xpert MTB/Rif and SSM 

were dominated under the model conditions.  
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This chapter summarizes all the preceding chapters and discusses recommendations for future 

research. The chapter starts with a recap of the objectives, followed by the main findings in each 

of the chapters, and finally highlights potential areas for future research. 

Thus, objectives 1, 2 and 3 were satisfactorily addressed. 
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1.0 Introduction 
Annually, 3 million infectious cases of tuberculosis remain undiagnosed (World  Health 

Organization, 2014).  Evidence shows that a single TB diseased patient can infect as many as 15 

more individuals per year if they remain untreated (Valadas & Antunes, 2005). TB is a curable 

disease but appropriate therapy cannot be initiated before a proper diagnosis is made. Sputum 

smear microscopy (SSM), the current mainstay test in low-income settings has poor accuracy, is 

labour intense, requires electricity and skilled microscopists and is thus inadequate to identify all 

infectious cases. If new diagnostic tests that result in dramatic increases in case detection in low-

income settings where the disease burden is greatest do not see the light of the day, there is no way 

TB can be eradicated by 2050. Disturbingly, despite Sub-Saharan Africa being the highest bearer 

of the TB disease burden, its involvement in research and development of new TB diagnostic tests 

is minimal. Financial returns on investment to develop affordable point-of-care tests for low-

income settings are narrow and therefore unattractive to international biotech firms (McNerney et 

al., 2015). As an African student and together with my supervisors, we decided to be part of the 

solution and conceived this study.  

 

The objectives of this study were as follows: 

1. Develop a rapid and affordable nucleic acid amplification based test for the diagnosis of 

tuberculosis using sputum samples dedicated to be used for community-based screening in low-

income settings. 

2. To evaluate the performance of the developed test in clinical sputum samples collected between 

January 2013 and December 2015. 

3. To be able to distinguish between live and dead mycobacteria, thereby preventing false positive 

results in a NAAT system and enabling the test to be used in treatment outcomes monitoring. 

4. To determine the cost and potential cost-effectiveness if the system is adopted as replacement 

for SSM in South Africa. 

 

2.0 Summary of study design, execution and results 

Applying the principle of rapid cell lysis (Grobler et al., 2012) that achieves mycobacterial cell 

lysis through chemical, mechanical and thermal means simultaneously, a 15 minute sputum sample 

processing method was developed. After the lysis step, 5µL of the lysate was directly used in a 

Multiplex PCR reaction using a Philisa fast thermal cycler (Streck Inc., Omaha, NE) which allows 

amplification for 40 cycles in 25 minutes. Biosafety risk of the lysis step was also assessed to avoid 

exposure of healthcare workers to bioaerosols during sample manipulation. The Total Assay Time 

(TAT) of the NWU-TB test is about 1 hour 30 minutes. Diagnostic accuracy in clinical sputum 
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samples using MGIT culture as gold standard showed that NWU-TB had better sensitivity [% 

(95% CI)] than both Xpert MTB/Rif and SSM in TB treatment naive individuals. In the initial 

evaluation described in chapter 4, the sensitivity of NWU-TB was [87.6% (79.8%–93.2%)] while 

sensitivities of SSM and Xpert MTB/Rif were [62.9% (52.9%–72.1%)], and [83.8% (75.3%–

90.3%)], respectively. Specificity [% (95% CI)] for NWU-TB [88.9% (70.8%–97.6%)] was also 

better than for SSM [74.1% (53.7%–88.9%)] but lower than Xpert MTB/Rif [70.4% (49.8%–

86.2%)]. In the problematic smear negative-culture positive group, mainly comprised of HIV 

infected patients, NWU-TB had better sensitivity of [76.1% (60.7%–88.9%)] than Xpert MTB/Rif 

[61.5% (44.6%–76.6%)]. Biosafety studies showed that there was complete mycobacterial 

inactivation during lysis and bioaerosols released were trapped by the filter fitted on the lysis 

microreactors.  These results and features demonstrate that the new test (NWU-TB) can be suitable 

for community based TB screening in South Africa due to the short TAT, low cost, and good 

sensitivity especially in the smear negative-culture positive group.  

 

However, the test still had some limitations that could prevent its widespread adoption. The first 

limitation of the test was the need to run agarose gels, and in the field or laboratory healthcare 

workers would not be interested in performing such a task. Secondly, the test could not distinguish 

between live and dead mycobacteria. DNA from dead mycobacteria has been reported to persist 

in sputum for up to 5 years (Boyles et al., 2014). In endemic settings, exposed individuals and 

patients with a TB history are likely to have a false positive result. In order to address these two 

issues, a real-time PCR platform and a strategy using propidium monoazide (PMA) to distinguish 

between live and dead mycobacteria were adopted. PMA is a photoreactive DNA-binding dye that 

penetrates cell walls of dead cells and binds to DNA but cannot penetrate intact cell walls of living 

cells (Nocker et al., 2006). Exposure to visible light from a 650W halogen lamb induces the 

photoreaction of PMA and dsDNA, forming a complex that is not amplifiable by PCR (Nocker et 

al., 2007). The sensitivity of NWU-TB [94.6% (89.1%;-97.8%)] was still higher than for both 

Xpert MTB/Rif [84% (76.2%-90.1%)] and SSM [64.3% (55.4%-72.6%)]. Specificity for NWU-

TB [86.2% (68.3%-96.1%)] was higher than for SSM [62.1% (42.3%-79.3%), but still remained 

lower than Xpert MTB/Rif [100% (88.1%-100%)]. Next, 50 paired PMA treated or PMA untreated 

sputum samples were randomly selected to evaluate the effectiveness of PMA to discriminate 

between live and dead mycobacteria. The ∆CT (PMA treated – PMA untreated) was calculated 

and samples stratified by TB treatment status for analysis. Though observable, ∆CT difference 

between patients receiving TB therapy and treatment naive were not statistically significant.  
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Proof-of-concept for the inclusion of PMA in the NWU-TB test was demonstrated in the study. In 

future, a large prospective study must be conducted. 

 

The diagnostic accuracy (sensitivity and specificity) of any test is an important factor that is 

considered when selecting the most suitable test to adopt. Therefore, diagnostic accuracy studies 

reporting on the clinical evaluation of new tests must follow STARD guidelines for the results to 

be considered trustworthy and enable accurate comparison of results from different studies. 

STARD guidelines were followed in designing the three clinical evaluations of NWU-TB reported 

in this thesis. The first evaluation was performed at an independent site, the NICD, and blinded 

samples were used in the study. The other two studies were performed at North-West University 

by the team developing NWU-TB, however, the reference test (MGIT culture) together with Xpert 

MTB/Rif were performed by independent and experienced laboratory technicians stationed at 

Orkney-West Vaal hospital. The results from the comparative and reference tests were kept blind 

to the North-West University team until the data analysis stage. The current universally accepted 

“gold standard” for tuberculosis is MGIT culture and this was used in all the evaluations. As 

STARD guidelines were followed in designing the studies, the lower accuracy of Xpert MTB/Rif 

reported in chapter 4 when compared to results from other studies could not be dismissed on the 

basis that it is different from other studies. The diagnostic results reported in chapter 4 and chapter 

5 indicate the actual performance of SSM, MGIT culture and Xpert MTB/Rif in the field and it 

can be observed that the field results may be different from results of evaluations done in controlled 

studies. This possibly explain why some tests with good performance indicators as reported in 

literature do not make huge impacts on morbidity and mortality once deployed in the field. It is 

recommended that future clinical evaluation studies of diagnostic tests be conducted in settings 

that closely mirror the sites at which they will be deployed and that they are performed by 

individuals with the same skills level of the healthcare workers anticipated to operate the 

instruments.  

 

 In addition to diagnostic accuracy, it is necessary to estimate the cost-effectiveness of adopting 

the new strategy as tests with good accuracy may not be affordable in the target market. This is 

particularly critical for a disease like tuberculosis that mainly affects the poor as they stay in 

overcrowded and poorly ventilated houses, therefore a good test which is unaffordable will not 

make a big impact. The cost of NWU-TB and its cost-effectiveness for community-based 

screening of tuberculosis in all South African miners was evaluated. Costs for NWU-TB were 

estimated using the “ingredients approach” and were estimated to be $5.36 without PMA treatment 
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and $10.64 with PMA treatment. NWU-TB was also found to be cost-effective for tuberculosis 

screening in all South African miners with an ICER of $50.3 per case detected. Xpert MTB/Rif 

and SSM were both dominated under the model conditions. Although Xpert MTB/Rif was 

dominated its ICER was $181.52 per case detected which is comparable to the ICERs of other 

ACF studies reported elsewhere (Hinderaker, 2011; Eang et al., 2012) 

 

Table 4 of Chapter 2 provided a list of the proposed minimum specifications for the design of any 

new TB POC diagnostic test that was drafted by a TB diagnostics working group 

(http://www.msfaccess.org/TB_POC_Parismeeting/). A comparison of NWU-TB to other tests 

following those points is provided in Table 1 below to indicate how NWU-TB fares when 

compared to other tests. NWU-TB cost per test is lower than that of Xpert MTB/Rif and MGIT 

culture, but is more expensive compared to SSM. It also shows better sensitivity that Xpert 

MTB/Rif in the problematic smear-negative and culture-positive group, which is associated with 

paucibacillary disease. However, NWU-TB still has some weaknesses: it is still manual test 

making it susceptible to operator variability and it stills lacks an internal amplification control 

which may result in false negatives due to presence of PCR inhibitors. 

http://www.msfaccess.org/TB_POC_Parismeeting/
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Table 1: Comparison of Performance and features of NWU-TB to commonly used TB diagnostic tests in South Africa 

 SSM MGIT culture Xpert MTB/Rif NWU-TB system 

Cost $2.25 $23.46 $14.93 $5.36 

Equipment cost $3,409.00 $38,950.00 $17,000.00 $ 8,772.29 

Sensitivity : smear
-
-Culture

+
 N/A N/A 61.5%  76.1% 

Number of samples 3 1 1 1 
Time to Result 2-3 days 10-21 days < 2 hours < 2 hours 

Number of samples per run 1 (20/day) 960 1 (64/day)  8  (128/day) 

Sample processing BSL 1 BSL 3 BSL 1 BSL 1 

Level of training High High Low High 

Results read out Complex simple Simple simple 

Battery powered Yes No No Yes 

Where sited (laboratory) primary level  reference level district level    Primary level/mobile 

Live/dead discrimination No Yes No Yes 

Major limitations MTB vs. MOTT Slow expensive manual  
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3.0 Discussion 

This section aims to provide a proper perspective on some of the outcomes reported on in this 

thesis and firstly to put the specific results on the use of PMA to distinguish between live and dead 

bacteria into context and secondly to discuss the low specificities of SSM and Xpert MTB/Rif 

reported here since these are discordant with results from several other publications. 

 

3.1 PMA use in live/dead discrimination 

Molecular methods promise to change the tuberculosis diagnostic landscape due to their quick 

turnaround times, and high accuracy. A number of such tests are already on the market. In spite of 

the advantages of the molecular tests, these methods have not managed to completely replace 

culture methods with its long turnaround times of 2-6 weeks. One of the main reasons for this is 

that molecular methods are not able to distinguish between live and dead mycobacterium, which 

makes them unsuitable for treatment outcomes monitoring and also prone to false positives in 

previously treated individuals. The use of propidium monoazide has been explored in a few studies 

(Miotto et al., 2012; de Assuncao et al., 2014; Kim et al., 2014) in an attempt to address this 

inherent shortcoming of all molecular methods. The PMA approach is attractive in that if properly 

optimised it can be coupled to any molecular method. Since few studies have evaluated this 

approach particularly using clinical sputum samples, a pilot study was conceived and executed as 

described in one the manuscripts (chapter 5) in this thesis. The aim of the pilot was to optimize the 

PMA assay using the light exposure instrument (Figure 1) that was assembled specifically for this 

study. Only 50 frozen sputum samples were used in the evaluation in which each sample was split 

into two aliquots. To enable a direct comparison, one aliquot was treated with PMA and the other 

was not.  The samples were further processed in exactly the same manner following the NWU-TB 

standard protocol.  

 

The results of this pilot study show that PMA treatment alters CT values of the samples (denoted 

by ∆CT), with larger ∆CT values occurring in samples from patients who were receiving anti-

tuberculosis therapy. This indicates that PMA was able to penetrate dead cells and cross-link with 

DNA to form a complex that is non-amplifiable by PCR using the conditions described in the 

manuscript. The protocol developed in the study will be used in a large prospective cohort study 

where fresh samples will be used. 
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Figure 1: Light exposure apparatus used in the PMA assay 
 

It is hypothesized that freezing and thawing of samples damage the integrity of the bacterial cell 

wall of viable cells, which may allow PMA to penetrate the cells (Kim et al., 2014). In addition, 

propidium monoazide is currently relatively expensive and this deters its wide scale use if the cost 

is not significantly reduced by for instance decreasing the sample volume. The cost was of this 

study was one of the reasons for analyzing only 50 samples in our study. 

 

3.2 Specificity of SSM, Xpert MTB/Rif and NWU-TB 

There may be concerns with reference to the low specificity results for Xpert MTB/Rif and SSM 

that were presented in this thesis. These results appear to be discordant with results from several 

other publications that show that both Xpert MTB/Rif and SSM have high specificities (Steingart 

et al., 2006; Steingart et al., 2014). The following facts may go some way in explaining the results:  

First, samples used in all studies reported in this thesis were collected from the same site (Orkney-

Westvaal hospital) therefore any factors unique to this site would be replicated throughout all the 

studies. It should be noted that the laboratory where the reference tests (MGIT culture, SSM, and 

Xpert MTB/Rif) were performed is certified by the South African National Accreditation System 

(SANAS). As described in our study design the reference tests were carried out by registered 

medical scientists at the site as part of their daily routine work, with no interference form the NWU. 

In addition, the studies were blinded, with unblinding at the data analysis stage only. These results 

reinforce the known fact that all the current TB diagnostic tests have weaknesses when deployed 

in the field, especially in high prevalence settings. The reference used in all the analysis is MGIT 

culture, referred to as the “gold standard” in the literature; it is currently the universally acceptable 

microbiological reference standard.   
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4.0 Future research focus 

In the present study; a rapid and affordable point-of-care TB diagnostic test suitable to be used as 

a community-based TB screening tool has been developed and evaluated. However, some R&D 

activities are still outstanding in order for the system to become commercially available.  

 

The areas for further research include the following: 

1. Designing and optimizing an internal amplification control. An internal amplification control 

needs to be introduced to each sample at the beginning of sample preparation to monitor the 

success of the process rather than the diagnosis of the sample, without losing sensitivity. As 

internal control a DNA sequence that is unrelated to the M. tuberculosis target sequences must be 

used.  This unrelated DNA sequence is simultaneously amplified by PCR.  A negative internal 

control result with a negative patient result is regarded as inconclusive and the test is repeated. 

This helps reduce the number of false negative that may be caused by the presence of PCR 

inhibitors in the sample.  

 

2. Conduct a full prospective clinical evaluation on the effectiveness of PMA to discriminate 

between live and dead mycobacteria. A proof-of-concept study described in chapter 5 

demonstrated that PMA is potentially effective strategy when coupled to NAATs for 

differentiating between live and dead mycobacteria in clinical samples. The strategy can enable 

NAATs to be used in treatment outcomes monitoring, which currently relies on the slow culture 

method. In the future study, during the first 2 months weekly sputum samples must be obtained 

from patients commenced on therapy and then monthly thereafter. This will ensure that there is a 

sufficient number of time points for statistical analysis which was not possible in the proof-of-

concept study. 

 

3. Screening of miners in South Africa to determine whether NWU-TB is actually a cost-effective 

strategy for community based TB screening. The final prototype of the NWU-TB system 

incorporating the improvements suggested above needs to be evaluated in the South African mines 

in order to validate the cost-effectiveness results reported in chapter 6. Other clinical evaluations 

studies can also be conducted during this phase in order to build a sufficient dossier for 

presentation to the WHO prequalification programme.  

 

4. Incorporating drug resistance detection capabilities in the NWU-TB assay algorithm. 

Approximately 95% of rifampin resistance is associated with mutations in an 81-bp region 
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(corresponding to codons 511 to 533) of the rpoB gene known as the rifampicin resistance 

determining region (RRDR) (Htike Min et al., 2014). Efforts to use sloppy molecular beacons 

(SMBs) targeting the entire 81bp RRDR are already underway using three SMBs (Chakravorty et 

al., 2012) and their sequences are provided in Table 5. SMBs enable rapid and high-throughput 

identification of drug resistance based on accurate “probe-target hybrid” melting temperature (Tm) 

values (Roh et al., 2015). The primers and SMBs were synthesized by Biomers.net (GmbH, 

Germany).  

 

Table 5: Sequences of primers and sloppy molecular beacons for RMP drug resistance detection 

Name Sequence Fragment 
length 

RpoB-F 
RpoB-R 

5′-agacgttgatcaacatccg-3′ 
5′-acctccagcccggcacgctcacgt-3′ 172bp 

rpo1 5′-FAM-cgaccgCccatgaattggctcagctggctggtgAcggtcg-BHQ1-3′  

rpo2 5′-HEX-ggcgcgaaccAcgacagcgggttgttctggtccatgaacgcgcc-BHQ1-3′  

rpo3 5′ −Cy5-cgcgcgcaTcAccAacagtcggTgcttgtgggtcaacccgcgcg-BHQ2-3′  

 

The envisaged algorithm involves first detecting the presence of M.tuberculosis in a patient sample 

and in positive samples the presence of any mutations in the RRDR that are associated with RMP 

resistance is then probed. The rationale behind this approach is to minimize costs associated with 

drug resistance detection as the SMB probes are expensive. Two of the SMB probes (rpo1 and 

rpo2) have been successfully optimised and optimization of the third probe (rpo3) is still ongoing. 

The melt peak of rpo1 that corresponds to a wild type genotype is 80.0oC and that of rpo2 is 83.2 
oC. Further validation using a large panel of wild type clinical isolates will be needed to determine 

the range within which all possible wild type genotypes will fall. Future work must also focus on 

optimization of the rpo3 probe. Thereafter the concordance between the SMB approach will be 

evaluated against Sanger sequencing as the” gold standard” in patient sputum samples.  
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