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Thesis abstract 

Tuberculosis (TB) is a difficult disease to treat, requiring a minimum of six months on a 

combination of four antibiotics. This thesis reports the first systematic evaluation of the St 

Andrews’ developed RNA-based tuberculosis-Molecular Bacterial Load Assay (TB-MBLA) 

for its accuracy to diagnose tuberculosis and measure treatment response in comparison to 

current standard-of-care tests. Presumptive TB patients were enrolled in Uganda and assessed 

for TB using TB-MBLA versus Xpert MTB/RIF Ultra (Xpert-Ultra) and stained smear 

fluorescent microscopy (SSM-FM) using sputum MGIT culture as the gold standard and 

reference test. Out of the 210 presumptive cases, 129 (61.4%) participants tested TB positive 

on the Xpert-Ultra in the sputum cohort and they were enrolled into the treatment arm and 

consequently monitored for six months. At baseline, 6/210 (2.9%) sputum MGIT culture results 

were indeterminate due to contamination, and they were excluded from the calculation of the 

sensitivity, specificity, and predictive values. 

Sensitivity for TB-MBLA and Xpert-Ultra (95%CI) was 99%(95-100) which was higher 

compared to 76%(65-83) for SSM-FM. TB-MBLA specificity at 90%(83-96) was higher than 

the 76%(68-86) for Xpert-Ultra but less than 98%(93-100) for SSM-FM. In the treatment 

follow-up arm, TB positivity rates reduced for all tests. TB-MBLA positivity reduction was 

consistent with that of the MGIT culture but different from that of Xpert-Ultra which occurred 

remarkably slower. Consequently, 31 participants were still Xpert-Ultra positive at the end 

treatment course. Three-month post treatment follow-up of the 31 Xpert-Ultra positive cases 

revealed no TB both clinically and on TB-MBLA and MGIT tests. In the stool cohort, TB-

MBLA detected TB in 57/100 participants including 49 who were confirmed positive for pTB 

on sputum MGIT culture. Fifty-seven percent (57%) of the indeterminate stool culture were 

positive on TB-MBLA. The findings prove that TB-MBLA’s potential utility as both a 

diagnostic and treatment monitoring tool of TB in research and routine healthcare.  
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Thesis summary 

Treating tuberculosis (TB) disease requires a minimum of six months on a combination therapy 

of antibiotic drugs. This is burdensome to TB control programmes as well as to the patients. 

The need for effective diagnostic and treatment monitoring tools cannot be more emphasised. 

These tools should ensure early detection of TB and prompt initiation of treatment, and that 

TB patients do not overstay on therapy inappropriately. This doctoral research evaluated a 

novel assay that targets 16S rRNA as a proxy for viable Mtb to inform improvements in TB 

diagnosis and monitoring response to treatment.  

Diagnostic accuracy of TB-MBLA using sputum samples 

For the first time, Tuberculosis-Molecular Bacterial Load Assay (TB-MBLA), an RNA-based 

technology was clinically evaluated as a diagnostic and treatment response monitoring tool for 

TB using sputum samples against Xpert MTB/RIF Ultra (Xpert Ultra) and stained smear 

fluorescent microscopy (SSM-FM) which are currently used as the standard-of-care tools in 

Uganda. Sputa were collected from adult persons who were presumed to have TB and analysed 

cross-sectionally. Findings from this investigation showed that TB-MBLA and Xpert Ultra 

have similar diagnostic sensitivity (95%CI) of 99% (95-100), but TB-MBLA was more specific 

(95%CI) at 90% (83-96) than Xpert Ultra at 76% (68-86). 

Monitoring response to TB treatment  

Out of the 210 participants that were enrolled into the study, 129 (61·4%) tested positive for 

pTB on Xpert Ultra and these were monitored for treatment response. Sputum samples were 

collected at weeks 2,8,17, 26 and 3 months after the end of treatment course. Positivity rates 

reduced for all tests, but this occurred at a remarkably slower rate for the Xpert Ultra and SSM-

FM. Consequently, at the end of treatment, 31- and 6- participants were still positive on Xpert 

Ultra and SSM-FM, respectively.  
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While Xpert Ultra remained sensitive (95%CI) at 92% (62-100) at week 8 of treatment, TB-

MBLA was more specific (95%CI), at 88% (80-94) and it mirrored MGIT culture at 94% 

agreement. At post treatment follow-up, all the 31 Xpert Ultra positive and the 6 smear positive 

participants were clinically well. The bacillary load measured on TB-MBLA among the smear- 

positive and smear- negative participants at 2 months did not statistically differ at P>0·05 

despite the former having an extra month of intensive phase of treatment. 

Diagnostic accuracy of TB-MBLA using stool  

Stool samples were collected and processed using two methods before testing for TB. One 

method (n=100) utilised OMNIgene-sputum (OM-S)– a Mycobacterium tuberculosis 

preservative, and the other (n=100) utilised Phosphate buffered saline- a commonly used 

laboratory reagent. Ribonucleic acid (RNA) was extracted using phenol chloroform method 

before conducting TB-MBLA (which was done using stored stool samples). Diagnostic 

performance of TB-MBLA was compared with that of the Xpert Ultra and SSM-FM (which 

were done using fresh stool samples). Sputum MGIT culture (which was done using freshly 

collected sputum) was used as the gold standard and the reference test. 

TB-MBLA detected Mtb in 57/100 stools of whom 49 were confirmed positive for pulmonary 

TB on sputum MGIT. Mean bacterial load measured on stool TB-MBLA was higher in HIV 

co-infected than in the HIV negative participants (p=0·04). Sensitivity of stool TB-MBLA and 

stool Xpert Ultra were similar but higher compared with that of the SSM-FM and stool culture. 

Specificity was highest for SSM-FM followed on Xpert Ultra, TB-MBLA and culture tests, 

respectively. Twenty six percent (26%) of the stool MGIT culture and 21% of the stool LJ 

culture tests were indeterminate due to contamination. Of the contaminated stool MGIT 

culture, 57% were positive on both TB-MBLA and Xpert Ultra. 
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Operational definitions 

 

Participants population Description 

Presumptive TB case An individual who presented with TB-like symptoms 

(chronic cough, sputum production, appetite loss, weight 

loss, fever, night sweats, haemoptysis and other). 

 

Enrolled participants All persons who met the eligibility criteria and voluntarily 

signed the Informed Consent Form. 

 

True Positive (TP) test Patients who presented to the clinic with symptoms of  pTB and 

confirmed to have TB disease on the MGIT and were started on 

a TB treatment regimen. 

 

True Negative (TN) test Patients who presented to the clinic with symptoms of pTB and 

were not confirmed to have TB disease on Xpert Ultra and MGIT 

and were not started on a TB treatment regimen.  

 

Smear-positive Patients whose sputum tested positive with fluorescent stained 

smear microscopy according to guidelines specified in the 

Laboratory Manual. 

 

Smear negative Patients whose sputum tested negative with fluorescent stained 

smear microscopy according to the guidelines that are specified 

in the Laboratory Manual. 

 

Smear indeterminate Any indeterminate TB test results due to error or inability to 

produce a result from a single run. 

 

MGIT positive Patients whose sputum tested positive with MGIT according to 

the guidelines that are specified in the Laboratory Manual. 

 

MGIT negative Patients whose sputum tested negative with MGIT according to 

the guidelines that are specified in the Laboratory Manual. 

 

MGIT indeterminate  Any indeterminate test results due to error, contamination, or 

inability to produce a result from a single run. 

 

Xpert MTB/RIF Ultra positive Patients whose sample tested positive with Xpert MTB/RIF Ultra 

according to the manufacturer’s instructions. 

 

Xpert MTB/RIF Ultra negative Patients whose sample tested negative with the Xpert MTB/RIF 

Ultra according to manufacturer’s instructions. 

 

Xpert MTB/RIF Ultra indeterminate Any indeterminate, error, or inability to produce a result from a 

single run. 
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Chapter One: General Introduction 

1.1 Background 

By late 18th Century, tuberculosis (TB) was one of the leading causes of morbidity and 

mortality rates in most parts of the world.1,2 However, the advent of industrialisation saw 

improved household incomes, personal hygiene, welfare, and nutrition which sparked the 

decline of TB burden in most of the industrialised world.1–3 This decline was accelerated by 

the discovery and development of the anti-TB drugs in the mid-20th century.3,4 The new TB 

drugs were readily accessible in the high income, but not in the low-income countries. Thus, 

TB disease reduction was perceptibly significant in the industrialised nations, but the burden 

remained high in resource-constrained countries.3,4 To curb TB-related infections, especially 

in the meagre income countries, the World Health Organisation (WHO) set out goals and 

milestones targeting 50% reduction of TB by the year 2025 relative to incidence levels in 2015. 

This decision was arrived at by the UN World Health Assembly in 2014 through the adoption 

of the End TB Strategy (2016–2035) as part of the Sustainable Development Goals (SDGs).5,6 

The WHO’s ambitious target of ending TB by 2035 strategy yielded some progress which 

witnessed a net 10% reduction in global TB incidences between 2015 and 2020, thus 

accounting for 50% of the first milestone of the End TB Strategy.7–9  In the Sub-Saharan Africa, 

some of the high TB burden countries such as Ethiopia, Kenya, Namibia, South Africa and the 

United Republic of Tanzania were able to reach the End-TB milestone for the year 2020.10 

Alongside this progress, there was a remarkable increase of HIV care services, evidenced by 

the rise of 49% coverage of antiretroviral treatment.10–13  Unfortunately, the outbreak of Covid-

19 pandemic in the year 2019 undermined this promising progress of End-TB strategy through 

disruptions of the national health systems.14  The deficit in the essential health services such as 

timely diagnosis, treatment and monitoring response to TB treatment caused instant reductions 

in TB detection rates and increased TB related deaths.14  
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1.2  Global TB related mortality 

Although tuberculosis (TB) is preventable and curable, it remains one of the leading causes of 

ill-health and mortality worldwide.12 Globally, the estimated number of deaths from TB 

increased between 2019 and 2021 which reversed years of TB mortality decline between 2005 

and 2019.18  Tuberculosis was a contributory factor to the deaths of 187,000 among the persons 

living with HIV (PLWHV).18 These deaths were up from best estimates of 1.5 million in 2020 

and 1.4 million in 2019 and reverted to the mortality levels in 2017.18  In terms of global case 

fatality rate (GCFR), TB-related mortality rates increased from 14% in 2019 to 15% in 2020 

10,11 and this increase was believed to be due to Covid-19 outbreak, which greatly reversed the 

years of global progress in the reduction of TB related deaths.10 Moreover, the estimated 

number of deaths officially classified as ‘caused by TB (1.3 million)’ in 2020 almost doubled 

the number of deaths caused by HIV/AIDS (0.68 million). Consequently, instead of achieving 

the targeted 35% reduction in the number of TB deaths between 2015 and 2020, the mortality 

rate in 2020 was 10% higher than what was reported in 2015. 10–12,15  

In general, the number of TB deaths increased during the Covid-19 pandemic in many of the 

30 high TB burden countries.11 For example, India alone accounted for 34% of the global TB 

deaths and 38% deaths among the persons living without HIV.10 Of the three global TB watch-

list countries, the Russian Federation achieved the End-TB milestone, with a cumulative 

reduction of 42% mortality.10 In total, however, only 33 countries are struggling to reach the 

desired milestone of ending TB by the year 2035, indicating that there is urgent need to 

implement the key requirements of achieving the SDG.10,11  
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1.3  The Mycobacterium tuberculosis 

Mycobacterium tuberculosis (Mtb) is a non-motile, non-sporulating, faintly gram-negative 

acid-fast bacilli. Due to the presence of the mycolic acid in its cell wall, Mtb is resistant to a 

wide range of antibiotics and adverse temperatures which makes it highly ubiquitous in nature. 

Mycolic acid rich cell wall slows down nutrient uptake and replication rates. Consequently, 

Mtb display a slower growth rate on artificial media which partly explains the long turnaround 

time (TAT) of the TB culture tests. Mtb belongs to a group of bacteria called Mtb complex 

(Mtbc). Members of the Mtbc group have a highly conserved genome with 99·9% similarity at 

the nucleotide level. The highly conserved identical genetic sequences within and between the 

Mtbc supports designing of the highly specific and sensitive Nucleic Acid Amplification Tests 

(NAAT).16–23 

1.4.0 Pathogenesis of tuberculosis 

Tuberculosis is an airborne disease that is caused by Mtb. The predilection site for TB pathogen 

is the lung tissue where it causes pulmonary tuberculosis (pTB). However, Mtb can spread 

from the lungs to affect other body organs usually causing disseminated tuberculosis. When a 

person with active TB coughs, it is estimated that they release aerosol droplets having 

between1-400 bacilli which is higher than the infectious dose. The suggested minimum 

infectious dose of TB is between 1-200 bacilli.24,25 Infection with TB start when one inhales 

aerosol droplets which have infectious doses of Mtb. The inhaled droplets are phagocytosed by 

the alveolar macrophages in the lung.26 In most cases, the innate immune defence contain Mtb 

infection, mainly due to the bactericidal activity of the macrophages, including pH reduction, 

action of lysosomal enzymes, reactive oxygen species, and nitrogen intermediates.27,28 

However, some Mtb evades the innate immune defence and continue to replicate inside the 

macrophages, infecting other host cells including epithelial and endothelial cells.29  
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Literature suggests that after about 2 weeks of infection, Mtb disseminate into other organs 

through the lymphatic system and continue attacking more and more host cells.29–31 Once the 

bacteria disseminate into lymph node, dendritic cell and macrophages (professional antigen 

presenting cells) present the Mtb antigen to CD4+ T cells and activate the pro-inflammatory 

responses to initiate the adaptive immune response to infection.30,31 This phenomenon leads to 

the activation of antigen-specific cells and their differentiation and expansion to effector T-

cells.32  In response, effector T-cells, including B-cells, macrophages and leukocytes migrate 

to the site of infection in the lung and contribute to the formation of a granuloma. Within the 

granuloma Mtb is contained and prevented from disseminating to other parts of the body.29,32 

Epidemiological studies have revealed that, 5% of infected patients clear the primary infection 

and do not develop TB disease, and that 95% have the infection in the granuloma and progress 

into latent TB infection (LTBI). Then, from LTBI, only 5-15% of persons eventually develop 

active TB disease in their lifetime.33,34  Development of active TB disease, from LTBI starts 

by the replication of the viable Mtb cells inside the granuloma. When the Mycobacteria (Mtb) 

load increases the granuloma bursts and release Mtb.35 When the TB granuloma bursts, an 

individual starts showing symptoms of active TB disease, may become sputum test positive for 

Mtb and releases infectious droplet nuclei containing Mtb when coughing or sneezing. The 

infectious droplets could infect another person and establish a new infection cycle.26  

1.5.1  Diagnosis of Latent tuberculosis  

Persons with latent TB infection (LTBI) are usually asymptomatic and non-infectious. Their 

chest Xray appears normal, and their sputum smear test is always negative which makes its 

diagnosis difficult. The currently available immunological tests that are used to detect LTBI 

include the Tuberculin skin test and the Interferon Gamma release assays. 36 A diagnosis of 

LTBI is important to find and treat persons who are at risk of progressing to active TB disease 

before they do so. 
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1.5.1.1  Tuberculin skin test  

Tuberculin skin test (TST) consists of an intradermal injection of Mtb proteins mixture.37 

Persons with pre-existing cell-mediated immunity to tuberculin antigen develop a swelling and 

an induration at the site of injection within 48-72 hours.37 The diameter of induration is 

interpreted as either positive or negative basing on the risk-stratified cut off points.37,38 The test 

is quick and may predict progression from latent infection to active TB disease. However, it 

requires a return visit of 2-3 days after the injection, which calls for additional cost burden to 

patients in transport fares.39 Besides, interpretation of the TST results is highly subjective and 

may not be reproduced.38
  Further, TST is commonly confounded by factors such as the history 

of gastrectomy, prior vaccination with BCG as well as being diabetic. All these confounders 

are prevalent in high TB burden countries.40 Moreover, recurrent TST testing is associated with 

immunological recall to previous exposure to mycobacterial antigens hence exaggerating 

subsequent response to the test41. High false positivity rates are common in populations where 

infection with Non-Tuberculous Mycobacterium species (NTM) is higher than infection with 

Mtb.38 Similarly, high rate of false negative results occurs among the persons who are living 

with HIV due to delayed hypersensitivity.42,43 Nevertheless, TST is a widely applied test 

because it is affordable, less invasive, easy to use, and readily accessible in high burdened and 

resource constrained countries.39 

1.5.1.2  Interferon gamma release assays 

Interferon gamma release assays (IGRAs)  measure the amount of the interferon-gamma (IFNγ) 

that is released in response to the following TB specific antigens: Early Secretory Antigenic 

Target-6 (ESAT-6), TB7.7 and Culture Filtration Protein-10 (CFP-10).44 Unlike the Tuberculin 

Skin Test, IGRAs are not affected by the previous exposure to the BCG vaccine, but they are 

less specific since they cross-react with Mycobacterium tuberculosis. marinum and 

Mycobacterium tuberculosis. kansasii.45,46 
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IGRAs are less reproducible largely due to the inter-operator imprecision and immunological 

boosting due to the purified protein derivatives.47,48,49 It is important to note that Interferon 

gamma release assays are not comparatively superior to the TST since both tests lack the 

accuracy that is sufficiently high to predict progression from LTBI to active TB disease.50,51,52 

However, persons with a TST sclerosis that is greater than 15 mm or a QuantiFERON®-TB 

Gold blood test (QFT-GIT) result that is greater than 10 IU/mL have been shown to be at higher 

risk of developing active TB.53 The progression from LTBI to active TB might easily be 

predicted among the persons with recently acquired, than those with distantly acquired LTBI, 

but more investigations are needed to ascertain this observation.54 

1.6.0  Prevention of tuberculosis 

Effective TB treatment, observing cough etiquette, and effective use of vaccines can prevent 

or reduce transmission of TB. The Bacillus Calmette-Guerin (BCG) was developed in 1921 by 

knocking out the Early Secretory Antigen Target (ESAT-6) and Mycobacterium culture filtrate 

protein-10 (CFP-10) genes in the regions of difference (RD1-RD16) from the Mycobacterium 

tuberculosis to make it nonvirulent. To-date, BCG vaccine is the only approved TB vaccine, 

yet its efficiency is varied.55–60 

1.6.1  Limitations of the BCG vaccine 

The average efficacy of the BCG vaccine against TB meningitis and miliary disseminated TB 

disease in children is 86% but it is not protective against TB in adult persons.61–63 Prior 

exposure to live Mycobacterium. avium elicits a broad immune response which is rapidly 

recalled following exposure to BCG vaccine. As a result, the immune response elicited by the 

vaccine is transient with incomplete or short lived immunity protection against TB.64 It has 

been suggested that high levels of environmental mycobacteria strongly correlate with high 

incidences of TB although majority of the general population are vaccinated.65 Development 

of a suitable vaccine takes long and requires a lot of money capital. 
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Different models such as non-human primate BCG infection model and human BCG challenge 

model to assess antimycobacterial immunity induced by the BCG and a candidate tuberculosis 

vaccine were described.66–68 The subunit TB vaccines based on proteins that are expressed in 

the replicating stage of Mtb are not affected by exposure to the environmental mycobacteria 

but they are unable to prevent progression from the latent infection to active TB disease.69 On 

the other hand, interventions such as Isoniazid Preventive Therapy (IPT) and Test and Treat 

have endured suboptimal implementation levels.70,71 

1.7.0  Active tuberculosis 

Exposure to Mtb may or may not progress to active TB disease in lifetime.28 About 10% of 

persons with TB disease is due to primary infection commonly in children and the 

immunosuppressed persons with new TB infection.72 About 5% of the persons with LTBI 

develop TB disease in the first two years of infection and the other 5% develop the disease later 

in life.73 Persons with active tuberculosis commonly report recurrent fever which usually 

follows a daily pattern, and it increases as the day goes and it then subsides at night. However, 

sometimes it is associated with night sweat.74 Although cough is often mild and non-productive 

in early stages of the disease, it becomes productive, and haemoptysis may occur in advanced 

cases of the disease. Non-pulmonary symptoms such as lymphadenopathy, unexplained 

fatigue, and pharyngitis may also occur.75 Additionally, advanced TB disease may lead to 

anorexia, and loss of body/muscle mass.76 

1.7.1.0 Biomarkers for tuberculosis 

A biomarker is a proven measurable surrogate for a normal physiological, pathological or the 

effect of therapeutic or prophylaxis intervention processes.77,78 In particular, TB biomarkers 

can be used for disease diagnosis, prognosis, progression from LTBI to active TB disease and 

monitoring the protective efficacy of TB vaccines.79  Biomarkers for TB are categorised as 

bacteriological and host biomarkers.  
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Bacteriological biomarkers entail Mtb as a pathogen and its characteristics. Contrastingly, host-

based biomarkers focus on elements and characteristics of the host’s response that are specific 

to Mtb infection.80 Biomarkers can be investigated at transcriptomics, metabolomics, 

proteomics and lipidomic levels. These can be modified to form a biosignature to develop a 

more suitable surrogate.81,82 Results from the same biomarker may be inconsistent depending 

on geographic locations, sample collection, processing, and the analysing procedures. This 

phenomenon highlights the most common challenge that is associated with biomarker research 

and discovery. However, recent technological advancements such as high-throughput mass 

spectrometry and advanced bioinformatics protocols have addressed some of these challenges, 

leading to discovery of active pTB biomarkers with 80% accuracy in symptomatic high-risk 

persons. 82,83,84  

 

Generally, progress in the development and evaluation of TB biomarkers take a very long 

trajectory, which delays translation into usable tools and implementation. This process needs 

to be accelerated if we are to achieve the end TB strategy goal of ending TB by the year 2035 

through early, affordable, faster, and correct diagnosis. 

 
 

1.7.2.0  Diagnosis of active TB 

Proper diagnosis of active TB is important to find and treat persons to prevent progression to 

severe levels which can lead to death. The common bacteriological and molecular based tests 

that are used to diagnose TB are discussed in this sub section. 

1.7.2.1  Use of clinical symptoms to diagnose TB 

TB disease is usually characterized by clinical manifestations, which distinguish it from TB 

infection without signs or symptoms; previously referred to as latent TB infection. Clinical 

symptoms are used to detect persons who are likely to have TB disease. Usually, screening for 

the four symptoms of cough, fever, weight loss and/or night sweats is the first key step to detect 
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TB in adults and adolescents, including patients living with HIV/AIDS (PLHA) regardless of 

antiretroviral treatment (ART) status. 85  

For infants and children living with HIV/AIDS and/or in contact with a person with infectious 

TB disease, screening for poor weight gain (failure to thrive) or weight loss, reduced 

playfulness or lethargy, fever and active cough is recommended by the WHO.86 Sensitivity and 

specificity of the WHO's recommended four-symptom screening rule for tuberculosis in 

persons living with HIV was conducted by Hamada et al., 2018. In this analysis, 21 records 

involving 15427 participants of which, 1559 were confirmed to have active tuberculosis. In 

their final met analysis, Hamada et al., included 18 eligible studies.87 They reported a pooled 

sensitivity (95%CI) of the four-symptom screening rule was lower for persons who were being 

treated with anti-retroviral therapy  (ART) was 51.0% (28-73) which was lower than 89.4%, 

(83-94) for those who were ART-naïve.87 They observed that pooled specificity (95%CI) for 

the participants on ART was 71% (48-86) which was higher than 28% (19-40) for those who 

were ART-naïve.87 Findings of this review suggested a lower sensitivity of the WHO four-

symptom screening rule among persons with HIV who are on ART than in those who are ART 

naive. Diagnostic accuracy of the symptom screening improved if used in addition combination 

with chest x-ray.87 The review revealed that addition of any abnormal chest radiographic 

findings to the data in participants who were on ART improved sensitivity (95%CI) from 

52.2% (38-66) to 85% (70-93) but this occurred at the expense of specificity which decreased 

from 56% (52-59) to 30% (26-34).87 

1.7.2.2  Medical imaging 

Over the years, chest radiography has been a useful tool for triaging and screening persons for 

TB with potential to increase TB case detection rates.88 In particular, chest imaging is essential 

in identifying certain forms of TB, including the following pleural, pericardial and miliary TB. 
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Usually, bacteriological testing is limited in such cases.89 Pleural effusion and cavitation on the 

chest x-ray is the commonest indicator of pTB.90 However, cavitation is less specific since it 

may not differentiate between the persons with post and those with current TB disease.91  In 

some cases, chest x-rays are less sensitive and they miss about 20% of the smear-negative but 

culture-positive patients.92 Besides, medical imaging usually depends on skilled and 

experienced personnel for reliable interpretation. In some cases, these skilled personnel may 

not be readily available. The few who are available may be overwhelmed by the heavy work 

load leading to poor quality results.93 Software for automated image reading is now available 

to support high throughput with minimal dependence on the radiologists. The software can be 

used to triage patients during case finding and to assist with prevalence surveys.94 More 

sophisticated imaging methods such as chest Computerised Tomographic (CT) and Positron 

Emission Tomography-Computed Tomography (PET-CT) scans have a high-resolution with 

enhanced sensitivity and higher accuracy for miliary TB.95,96
  However, these tests are less 

specific and sometimes require an additional chest Xray to enhance specificity.97,97 

Nevertheless, radiological biomarkers identify more cases of child TB and LTBI cases than 

any of the standard-of-care tests. With specialised instrumentation, there is hope that chest 

imaging can improve and may be applicable in monitoring treatment response.98,95 

1.7.2.3.0 Stained sputum smear microscopy  

In resource-limited countries, stained sputum smear microscopy (SSM) is the commonest TB 

diagnostic test because it is simple, affordable, and quick to perform. The ease and quickness 

of SSM is supported by the principle based on the ability of mycolic acid in the wall of Mtb 

cell to prevent decolourisation of the primary dye by acid-alcohol solutions (a phenomenon 

referred to as acid fastness).99 Broadly, stained smear technique for Mycobacteria is based on 

Carbol-fuchsin (Zeil-Neelsen) or Fluorochrome dyes. 
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1.7.2.3.1  Zeihl Nielsen stained smear microscopy 

This technique is named after the two German doctors who developed and modified the stain: 

the bacteriologist Franz Ziehl (1859–1926) and the pathologist Friedrich Neelsen (1854–

1898). The use of phenolic Carbol fuchsin as the primary dye in Ziehl Nielsen (ZN) for staining 

is based on its lipophilic nature which enables it to penetrate the waxy cell wall of the 

Mycobacteria.103 Efficiency of the carbol fuchsin is enhanced by steam heating the smear. 

Heating melts the waxy cell wall to ease Carbol fuchsin entry into the  mycobacteria cell.103 

Following decolorization with acid-alcohol, the smear is counterstained with malachite 

green or methylene blue which stains the background, providing a contrast colour against 

which the red Acid-Fast Bacilli (AFB) can be seen.103  

Kinyoun staining is a short and simplified procedure of the conventional ZN staining method. 

This modification replaces the heating step with phenol-Carbol-fuchsin solution of higher 

concentration. However, Kinyoun procedure is not recommended for use since it is ineffective 

compared with the conventional ZN method.100 To observe the AFB cells, stained smear is 

examined microscopically using the 100x Oil immersion objective. Acid fast bacilli appear as 

red, straight, or slightly curved rods, occurring singly or in small groups and may appear beaded 

(Figures. 1.1.0) 

 

Figure 1.1.0: Procedure for Zeil-Nielsen Staining (SSM-ZN). (A) Smear is flooded (Carbolfuchsin) for 30 

seconds. (B) Smear is heat fixed. (C) The smear is decolorised using acid alcohol. Methylene blue (or malachite 

green) is applied as a counterstain, and then rinsed with distilled water to remove the excess stain. (E) AFB appear 

as red rod-shaped bacteria, under X100 oil immersion. Adapted from www.labtestguide.com 

A B C D E 

http://www.labtestguide.com/
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1.7.2.3.2 Limitations of the Zeihl-Neelsen microscopy 

Although ZN-based smear microscopy is simple and inexpensive the test is less sensitive 

typically requiring a minimum of 10,000 AFBs per mL as a limit of detection. Sensitivity is 

further reduced due to paucibacillary nature of TB in children, among persons living with HIV, 

and those with extra-pulmonary tuberculosis (ETB). Consequently, a negative SSM-ZN is not 

sufficient to exclude TB disease. Furthermore, SSM-ZN cannot differentiate Mtbc from the 

non-tuberculous mycobacteria infections. However, this test is widely used in resource 

constrained settings with literature indicating good specificity. A multi-country cross-sectional 

evaluation study conducted in Ethiopia, Nepal, Nigeria, and Yemen among 1,156 participants 

who submitted spot-spot morning sputum, and 1,199 spot-morning sputum showed that 

examining two SSM-ZN had a pooled sensitivity (95%CI) of 66% (62‐70) which was less than 

73% (69-77) for Light Emitting-Fluorescent microscopy (LED-FM).101 Pooled specificity 

(95%CI) for SSM-ZN was 98% (97‐98) which was higher than 91% (90‐92)  for LED-FM. 

Increasing the number of examined smears from two to three increased the SSM-ZN sensitivity 

from 66% (62‐70) to 70·5% 66.4‐74.4) 101, but specificity dropped from 98% to 96·5%.101  

1.7.2.3.3.0 Fluorescent smear microscopy  

Fluorescent stained smear microscopy (SSM-FM) tests is based on the ability of fluorochrome 

dyes such as the auramine-O to form a stable complex with the mycolic acids and the resistance 

of the mycobacteria to lose the primary dye because of the acid-alcohol effect. The Potassium 

permanganate is used as the counterstain which aids to differentiate between AFBs and 

artefacts. Efficiency of the SSM-FM  improves if samples are properly collected, and smears 

are prepared and examined carefully. A sample smear which is too thick tends to flake during 

the staining steps and may be difficult to decolorise. Additionally, acid-fast organisms may be 

obscured on a thick smear. Too thin sample smears may represent ‘over dilution’ and may 

consequently contain less bacilli leading to false negative interpretation.102,103  
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1.7.2.3.3.1 Limitations and challenges of the fluorescent microscopy 

A fluorescent stained smear microscope is usually not readily available, and it is costly which 

makes it inappropriate for use especially outside the National Reference and Research 

Laboratories. Reagents like auramine-rhodamine are potential carcinogens, the acid–alcohol 

and potassium permanganate are also strong irritants.103 Besides, most strains of the rapid 

growers may not appear fluorescent. Excessive exposure to the counterstain may result in a loss 

of brilliance of the fluorescing organism. Stained smears should be examined within twenty-

four hours of staining to avoid false negative interpretation that might occur when the 

fluorescence fades. A negative staining reaction does not indicate that the specimen will be 

culturally negative. Therefore, a negative SSM-FM should be confirmed with SSM-ZN and at 

least 100- fields should be examined before being reported as negative. An add-on culture test 

is necessary. Besides, Centre for Diseases Control recommends fluorochrome staining for 

detecting AFB in primary patient specimens because SSM-FM is on average 10% more 

sensitive than SSM-ZN with similar specificity at 98%. Examination for 1minute of the FM is 

much quicker than SSM-ZN. For example, SSM-FM examination for one minute is associated 

with a higher sensitivity and similar specificity to SSM-ZN examination for 4 minutes.104 

A multi-country cross-sectional evaluation study conducted in Ethiopia, Nepal, Nigeria, and 

Yemen among 1,156 participants who submitted spot-spot morning sputum and 1,199 spot-

morning sputum showed that examining two sputum smears yielded a pooled sensitivity 

(95%CI) of 72.8% (68·8%‐76·5%) for LED-FM, which was higher than 65·8% (61·6%‐69·8%) 

for SSM-ZN.101 The same study showed that pooled specificity for 90·9% (826, 89.5%‐92·2%)  

for LED-FM was less than 98% (826, 97·3%‐98·6%) SSM-ZN.101 Increasing the number of 

examined smears from two to three increased the LED-FM sensitivity (95%CI) from 72·8% 

(68·8%‐76·5%) to 77% (3·3%‐80·6%) 101 but specificity dropped from 90.0% to 88·1%.101 
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1.7.2.4.0 TB culture tests 

Culture tests remain the gold standard for detecting mycobacteria in clinical specimens that are 

suspected to contain Mtb. Use of culture medium is mainly because it is more sensitive than 

smear microscopy capable of detecting less than 10 AFBs per mL in the clinical samples. 

Secondly, culture allows the isolation of the mycobacteria to enable speciation and 

identification studies. Thirdly, growth of viable bacteria on culture medium allows clinical 

samples to be tested for drug susceptibility. Cultivating TB involves inoculation of the clinical 

samples on solid medium in petri dishes, agar slants or bottles containing broths. To recover 

and isolate mycobacterial cells from the clinical samples, three main types of media are 

commonly used, and these include Egg-based, agar-based and liquid medium.105–107 

1.7.2.4.1.0  Egg-based media 

Egg-enriched media supports growth of a wider variety of mycobacteria species which is 

essential for biochemical tests such as niacin and catalase production tests and speciation test. 

Besides, egg-based media are easy to prepare, they are affordable and readily available. 

1.7.2.4.1.1.0  Lowenstein-Jensen  

Lowenstein Jensen (LJ) media is a selective medium that is used for the cultivation, isolation, 

and drug susceptibility testing of Mtb from clinical specimens. Lowenstein-Jensen media was 

first described on Lowenstein in the year 1931. The original formulation incorporated Congo 

red and malachite green to inhibit growth of the unwanted bacteria. In the year 1932, Jensen 

developed Lowenstein-Jensen media on altering the citrate and phosphate, eliminating the 

Congo red dye, and increasing the malachite green concentration contents of the Lowenstein 

formulation. 108,109 Since then, LJ culture media has undergone several modifications to 

improve the output and to allow different investigations to be undertaken. For example, 

replacement of the fat-rich glycerol with pyruvate was done to enhance growth of M. bovis and 

M. africanum. 110  
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To determine the rate of iron uptake on the mycobacteria, LJ media can be supplemented with 

iron. Incorporating five percent sodium chloride can be used to characterise some species of 

mycobacteria while for semi quantitative analysis, LJ medium deep tubes for catalase are used. 

The BBLTM MycobactoselTM Lowenstein-Jensen media Slants are supplemented with 

cycloheximide, lincomycin and nalidixic acid. 100,111,112 

1.7.2.4.1.1.1  Principle of the Lowenstein-Jensen medium 

L-Asparagine and Potato Flour are used as sources of nitrogen and vitamins. Monopotassium 

phosphate and magnesium sulphate enhance organism growth and act as buffers. Malachite 

green inhibits growth of most contaminants while encouraging growth of mycobacteria. Egg 

suspension provides fatty acids and protein which are required for mycobacterial metabolism. 

Heating the egg suspension coagulates the albumin and a solid surface is formed. This surface 

supports inoculation, identification, and enumeration of the bacteria colonies. Glycerol serves 

as a carbon source and ingredient for the growth of the human-type tubercle bacillus while 

being unfavourable to the bovine type. In the Gruft method, penicillin and nalidixic acid along 

with malachite green prevent the growth of most of the contaminating microorganisms while 

promoting the earliest possible growth of mycobacteria. 113,114 

1.7.2.4.2  Ogawa Mycobacteria Growth media 

Ogawa Mtb growth media is an egg-based medium with similar composition as LJ media but 

without asparagine. Replacing asparagine with sodium glutamate makes Ogawa medium a 

more affordable alternative to the LJ medium. Additionally, the concentration of the malachite 

green, volume of egg homogenate and pH all differ between LJ and Ogawa media.115,116 

1.7.2.4.3  Challenges of the egg-based media 

The main limitation of the egg-based media is the high turn-around time which may delay 

clinical decisions. Although mycobacteria growth can be detected in less than 21-days, 
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incubation proceeds for 8 complete weeks before the sample can be classified as negative. The 

turnaround time is even higher for samples that contain few bacilli. 

1.7.2.4.5.0  Agar-based media 

Agar-based medium was first described in 1958 by Middlebrook and Cohn and comes as either 

a 7H10 or 7H11 formulation. The composition of this medium is rich in organic salts, vitamins, 

cofactors, glycerol, malachite green and agar. Enriching the agar-based media with Oleic acid-

albumin-dextrose-catalase (OADC) allows for qualitative procedures for isolation. Hydrolysed 

casein at 0.1% favours the recovery of isoniazid-resistant mycobacteria. Therefore, enriching 

7H10 medium with 0.1% of the hydrolysed casein modifies it to 7H11, which enhances growth 

of fastidious strains of Mtb and improves susceptibility testing. Compared with 7H10 agar 

plates, 7H11 have been shown to be a better option for culturing multi-drug resistant strains of 

Mtb (MDR), hence justifying its wider applicability.117 (Figure 1.2.0)  

 

Figure: 1.2.0: Growth of Mycobacteria tuberculosis (Mtb) on culture media: (A) Growth of Mtb in Lowenstein-

Jensen media - an egg-based medium. (B) Growth of Mycobacterium tuberculosis in Middlebrook 7H11 medium 

- an agar-based medium. (Adapted from Mycobacteriology Laboratory, Makerere University) 

 

A B 
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1.7.2.4.5.1  Advantages of using the Agar-based media  

Unlike the egg-based media, agar-based media are translucent which allows the visualisation 

and microscopical count of Mtb colonies as early as one week after incubation. Colony 

morphology of the Mtb on agar plates is distinguishable which supports the identification of 

mycobacteria with ease. Additionally, it is possible to perform the susceptibility testing without 

changing the concentration of the antibiotic which is not possible with egg-based media.117 

1.7.2.4.5.2  Precaution measures when using agar-based media 

This medium is extremely sensitive to heat and light. Therefore, to minimise loss of quality, it 

is better to prepare it in small quantities at a time, and it should be stored in the dark. Besides, 

exposure of the agar-based media to heat and day light results in the release of formaldehyde 

from OACD. Formaldehyde inhibits growth of the mycobacteria; therefore, it is important to 

always store OACD at 4oC and not to heat it (but to rather thaw it to room temperature) before 

adding it to the agar.118 

1.7.2.4.6.0 Liquid media 

The turnaround time for the solid media culture is high and may delay clinical decision making. 

A shorter turnaround time is possible when the liquid culture is used. Commercial liquid-based 

culture systems use radiometric, colorimetric, or fluorometric detection methods in a manual, 

semi-automated or automated platforms.118  

1.7.2.4.6.1.0 Manual liquid culture systems 

Manual liquid culture systems lack specific instrumentation, and they are usually non-

radioactive. BBLTM Septi-CheckTM AFB from the Becton Dickinson Microbiology Systems, 

USA is a typical example of the manual liquid culture systems. This system is biphasic, 

consisting of the following media: a bottle of modified Middlebrook 7H9, a slide-plate 

containing chocolate agar, LJ and Middlebrook 7H11.  
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The blood agar test is used for the isolation- of bacteria other than the mycobacteria. 

Middlebrook 7H11 and the LJ media are incorporated to ensure growth of most mycobacteria 

species. Before inoculation of the sample, an antibiotic and enrichment supplement are added 

to supress the contaminating bacteria, and the bottle is upturned to inoculate the solid medium.  

Bacteria growth in the BBLTM Septi-CheckTM AFB system is detected by observing the colonies at 

the surface of the broth media. BBLTM Septi-CheckTM AFB system allows simultaneous 

detection of Mtb and NTM within three weeks of inoculation in addition to requiring a small 

inoculate. Most of the works, which were done in the 1990s showed that Septi-Chek AFB was 

more rapid with a higher recovery of Mtb than the LJ media. Besides, the system supported a 

wide range of biological specimens: sputum, bronchoalveolar lavage (BAL), urine, stool, and 

biopsy tissues; pleural, cerebral spinal fluid (CSF) and ascites fluid, but it was labour intensive. 

Moreover, the turn-around-time of three weeks was long enough to limit its use in clinical 

decision making.119,120 

1.7.2.4.6.1.1 The BBLTM MGITTM Mycobacteria Growth Indicator Tube  

This is a simple manual fluorometric method for detection of mycobacteria growth. Each of 

the mycobacterial growth indicator tubes contains 4mL of the modified Middlebrook 7H9 

media and a gel. The fluorescein (ruthenium) is embedded in silicone at the bottom of a 16x100 

mm round-bottomed tube. When the tubes are illuminated with a long wave UV light, an 

intense orange light is emitted at the bottom of the tube and at the meniscus of the media for a 

positive test. A faint or absence of fluorescence indicates a negative test. The BBLTM MGITTM 

Mycobacteria Growth Indicator Tube system does not use needles or radioactivity but rather 

plastic tubes to ensure safety. Evaluation studies indicated that the system had potential for 

routine use for both detection and drug susceptibility testing of Mtb isolates. Further, this 

system enabled rapid identification of Mtb and detection of resistance to antimicrobial drugs 

with high sensitivity and specificity.  
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Besides, since this system is non-radiometric method, it is considered safe to work with. 

However, BBLTM MGITTM Mycobacteria Growth Indicator Tube has some limitations too. For 

example, it is most suitable for laboratories with small work volume which limits its 

applicability in the large TB reference/researchprogrammes.121,122  (Figure 1.3.0) 

 

 
 

Figure 1.3.0: BBLTM Septi-CheckTM AFB and BD-BACLTEC-MGIT. (A) BBLTM Septi-CheckTM AFB; Source: 

http://www.bd.com/micro-biology. (B) BD-BACLTEC-MGIT Source: https://www.bd.com/en- 

us/offerings/capabilities/microbiology-solutions/mycobacteria-testing/bd-bactec-mgit-mycobacterial-growth-

indicator-tubes 

 

1.7.2.4.6.2 Semi-automated liquid culture systems 

BACTEC 460TB is a semi-automated system. This is because the bottles which contain the 

culture media are incubated outside the instrument before, they are placed into the instrument. 

This system enhanced the recovery of mycobacteria and reduced the time that was required for 

mycobacteria growth in the earlier systems to less than two weeks. BACTEC 460TB system 

was used for the isolation of mycobacteria, differentiation, and susceptibility testing of the Mtb 

strains. Semi-automated liquid culture systems comprise glass vials containing 4 mL of 

A B 

http://www.bd.com/micro-biology
https://www.bd.com/en-
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Midlebrook 7H12 or 7H13 (for blood samples). The medium contains palmitic acid labelled 

with radioactive 14C. 123–125 Mycobacteria growth is detected by measuring the release of 

radioactive carbon dioxide with the aid of a gas flow radio counter. The released radioactivity 

is converted into a growth index ranging from 0-99 using standard curve plotted from released 

radioactivity against time. Contaminating bacteria are suppressed on adding a supplement 

containing several antibiotics such as Polymixin B, amphotericin B, nalidixic acid, 

trimethoprim and azlocillin (BACKTECTM PANTATM PLUS kit). To enhance Mycobacteria 

growth, polyoxythylene stearate (POES) is incorporated in the media. Adding 5% carbon 

dioxide during each reading further enhances mycobacteria growth.123,124 

1.7.2.4.6.3.0 Automated liquid culture system 

The BACTECTM MGITTM is a fully automated fluorometric culture system for the isolation of 

mycobacteria. All the data obtained with the system can be stored and processed using 

EpiCenter software from BD Company. A positive test is detected by a strong fluorescence 

from the ruthenium dye in the gel under UV light which is converted into growth units (GUs). 

A positive test is achieved at 75 GUs. The fluorescence intensity is directly proportional to the 

amount of oxygen that is consumed by the replicating bacteria. The time to detection (TTD) 

for a positive culture is printed as a report form provided by the system. If there is no 

fluorescence after 45 days, the test is reported as negative. To supress the growth of 

contaminating bacteria, BACKTECTM PANTATM MGIT supplement is added to the primary 

culture. The BactecTM MGITTM system has low contamination rates, and it can be used to 

perform susceptibility tests of Mtb for both first- and second- line antibiotics. However, the 

cost of the equipment, the required reagents and media is high, making it expensive.118 
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The BacT/ALERT mycobacteria detection system is a fully automated microbiology system 

which uses a colorimetric sensor. It provides a non-isotopic alternative for the detection of 

mycobacteria. This system is based on the detection of a decrease in the pH due to the 

accumulation of carbon dioxide from the actively proliferating bacteria. The carbon dioxide 

acidifies the medium and causes the colour of the sensor to turn from green to yellow and this 

colour change is detected by a reflectometric unit. Results are read by the system automatically 

every after 10 minutes using infra-red rays. Data generated are saved on the BacT/View 

software which minimizes error rates that are associated with manual operations.126 

The BACTECTM 9000 MB is an automated non-radiometric culture system for the isolation of 

mycobacteria. The system uses the MYCO/F medium modified from Middlebrook 7H9 media. 

In this system, the inoculated vials are inserted into the equipment for incubation and the results 

are read every after 30 minutes. The system responds to changes in oxygen concentration. Each 

vial contains a silicon rubber disc impregnated with ruthenium, which serves as an oxygen-

specific sensor, thus enabling microorganism metabolism and growth to be detected. Oxygen 

consumption by microorganisms present in the medium can be observed by the increase in 

fluorescence and a positive reading indicates presumptive presence of viable microorganisms. 

This system monitors fluorescence levels and detects the growth of microorganisms using 

positivity algorithm. It is a rapid, sensitive, and efficient system that is suitable for the isolation 

of mycobacteria in clinical samples. 127–129 

1.7.2.4.6.3.1 Complementary tests to MGIT culture 

The Ziel-Neelsen smear microscopy is usually done for positive MGIT culture tests to confirm 

the presence of the acid-fast bacilli. Chocolate blood agar is done for every positive MGIT 

culture test to rule out the presence of contaminating bacteria. The result of the blood agar can 

be interpreted as contaminated- positive or contaminated- negative. 
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Tuberculosis Ag MPT64 test (Dickinson and Becton Company, MD, USA) is an 

immunochromatographic test (ICT) that rapidly differentiates between the NTM and TB 

disease since MPT64 protein is only secreted by members of the Mtbc but not the NTM Mtb 

Ag MPT64 test is also applicable in routine Pathology laboratories as an additional diagnostic 

measure to strengthen the diagnosis of extra pulmonary tuberculosis in formalin-fixed biopsies, 

especially if culture tests are not accessible.130,131 (Figure 1.4.0) 

 

Figure 1.4.0: MGIT culture and MPT64 test results. (A) MGIT culture tubes A2, A3 and A6 show fluorescence 

indicating a positive MGIT test. A1, A4, A5 and A7 show faint-to no fluorescence indicating negative MGIT 

result. (B) Identification of the Mycobacteria complex using TB Ag MPT64 test. B1 and B2 show red lines both 

in the control and test windows which indicates a positive TB Ag MPT64 test. B3 has one line in the control 

window indicating a negative TB Ag MPT64 test. Absence of the control band would invalidate the test. TB Ag 

MPT64 test with a red line in only the test window, or absence of a red line in both the test and control widows 

would be considered invalid (Adapted from Mycobacteriology Laboratory, Makerere University) 

 

The fully automated BACTEC MGIT 960 system is the most used liquid culture system.100 

The World Health Organisation recommends this test as the gold standard for TB diagnosis. 

Most evaluation studies use BACTEC MGIT 960 system as the reference test for calculating 

specificity, sensitivity, and predictive values of the novel TB diagnostics. The most important 

advantage of using liquid culture tests is that they have higher sensitivity compared with smear 

microscopy and solid culture.   
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Ideally, liquid cultures would potentially increase the likelihood of diagnosing TB in early 

stages, especially the paucibacillary form of the disease; and detection of treatment failures and 

drug susceptibility testing (DST).111  

However, the test has several challenges which limit its applicability for routine TB care. It is 

expensive requiring a category three laboratory, the turnaround time is long which would delay 

clinical decisions, and a lot of data is lost since some of the contaminated tests may be 

indeterminate. 

 

1.7.2.5.0 Nucleic acid amplification tests 

Nucleic acid amplification tests (NAATs) for TB are molecular based assays designed to target 

Mtbc specific gene sequences. Mature 16S and 23S ribosomal RNA, and the non-coding pre 

ribosomal RNA sequences have been targeted to detect and quantify viable mycobacteria. 

Genes that encode proteins such as mycobacterial protein fraction BCG-64kDa (MPB64), 

mycobacterial protein T-kDa40 (MPT40) and protein antigen have been targeted for rapid 

detection of Mtbc. Drug resistance determining genes gyrase subunit-beta (gyrB) and RNA 

polymerase-beta (rpoβ) have been incorporated as target sequences to enable testing for drug 

resistance. Additionally, insertion sequences IS6110 and IS986, and repetitive elements are 

included in the assays to improve sensitivity.132–134 NAATs influence a variety of management 

decisions resulting in decreased time to diagnosis, and they could be cost saving in some 

subpopulations.134,135 

1.7.2.5.1 Cobas Amplicor Mtb test 

The amplicor Mtb test (Roche Diagnostic Systems, New Jersey, USA) targets Mtb specific 16S 

rRNA gene. Under PCR, amplicons are detected colourimtrically after hybridising to 

complementary oligonucleotide probes. COBAS amplicor Mtb test is the automated version of 

the amplicor Mtb test.  
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This automated version amplifies and detect Mtb automatically on the same platform using the 

integrated analyser. This test is intended for use on decontaminated and concentrated samples 

and the results are availed in seven hours, which limit its applicability as a point-of-care TB 

tests. To improve its robustness, COBAS TaqMan 48 analyser which runs up to 48 samples 

and provide results within two and a half hours was invented. Clinical evaluation investigations 

indicate that the modified version is highly specific and sensitive, regardless of the smear status 

of the participants.136,137  

1.7.2.5.2 Gen probe assay 

The Gen probe is an isothermal transcription-mediated amplification (TMA) assay which 

targets 16S rRNA. A specific rRNA target is amplified by the transcription of the DNA 

intermediate products, thus yielding multiple copies of the mycobacterial RNA. The amplicons 

are then detected on binding to a single stranded acridinium ester-labelled DNA probe, giving 

a chemiluminescence signal that is read in the illuminator. Amplification and detection are 

performed in a single tube and test results are availed within two and a half hours.138,139 

1.7.2.5.3 Loop-mediated isothermal amplification  

Loop-mediated isothermal amplification (LAMP) test is based on auto-cycling, strand 

displacement DNA synthesis. This is achieved by using a DNA polymerase which has  high 

strand displacement activity. The test applies two specially designed inner, and two outer 

primers supplied by the Eiken Chemical Co Ltd., Tokyo Japan. LAMP assay targets a gene that 

encodes DNA gyrase subunit beta. The reaction proceeds in two phases: the starting structure-

producing step and the cycle-amplification step. To generate the starting structure, all the four 

primers are required to initiate rounds of strand displacement DNA synthesis (i.e., DNA is 

synthesised and denatured simultaneously). During the amplification stage, a pair of the 

composite primers amplifies the synthesised DNA, resulting in different sized stem-loop 

structure of alternatively inverted repeats of the target sequence.  
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This also results into cauliflower-like structures with multiple loops that are formed by 

annealing of the repeat sequences on the same strand. In addition, RNA transcriptase enzyme 

step allows the LAMP technology to use RNA as the starting material. Results can be visualised 

directly either by turbidometry or fluorometry method.140,141 (Figure 1.5.0) 

 

 

Figure 1.5.0: TB-LAMP tests. A2 and A3 indicate positive tests represented on a white precipitate of magnesium 

pyrophosphate. The precipitate can be observed directly on visual inspection or reading the tubes in a turbidimeter. 

A1 and A4 indicate negative results. B1 and B2 also indicate positive tests represented on a strong fluorescence 

when calcein, a chelating agent is used. In a positive test, Calcein combines with magnesium ions to yield a strong 

fluorescence under a UV light. Results can be inspected visually or by using spectrophotometer (Adapted from 

Mycobacteriology Laboratory, Makerere University) 

 

A modified version of the LAMP assay uses a kit (Einken Chemicals, Tokyo Japan) which 

simplifies the DNA extraction protocol and reduces the overall turnaround time to 1.5 hours. 

Loop-mediated isothermal amplification assay is reproducible, affordable and requires minimal 

training making it applicable in resource constrained settings. However, it is associated with 

low sensitivity and specificity among the smear negative persons, which limits its usability in 

patients with paucibacillary TB which is common among the persons living with HIV, children 

and those who are on ant-TB treatment.142–144 
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1.7.2.5.4.0 Line Probe Assays 

Line Probe Assays (LPA) are genotypic tests that rapidly identify Mtb by targeting 23S and 

16SrRNA. It also detects mutations in drug resistance-determining regions such as RNA 

polymerase β (rpoB), Catalase G (katG), Gyrase A (gyrA), Ethambutol target protein β (embB), 

Region of difference 1 (RD1) and isoniazid target protein (inhA) genes.145   

1.7.2.5.4.1 Genotype MTBDR plus assay 

The genotype MTB Direct assay (Hain life sciences) is an LPA test that is used to 

simultaneously  detect Mtb and four common Non tuberculous Mycobacteria in the clinical 

samples..149 This test involves three major steps: isolation of DNA using a magnetic bead 

capture method, nucleic acid sequence-based amplification (NASBA), and reverse 

hybridisation of the amplification products to a strip-containing target-specific oligonucleotide 

probes.149 The overall turnaround time is five hours which is quite high for routine TB care and 

management. Nonetheless, this test does not identify persons with TB drug resistance.146 

1.7.2.5.4.2 INNO-LiPARif.TB kit 

The INNO-LiPARif.TB kit (Innogenetics) detects Mtb resistance to RIF on culture isolates or 

sputum samples. Using this test, the Rifampicin (RIF)-resistance determining region of the 

rpoβ gene is amplified using a conventional PCR approach. The amplicons are hybridised to a 

nitrocellulose strip containing 10 specific probes: 1 probe that is specific to Mtb, 5 wild-type 

sensitive probes, and 4 probes for specific mutations in resistant strains.  

1.7.2.5.4.3 Genotype MTBDRplus 

Genotype MTBDRplus  (Hain Lifescience GmbH, Nehren, Germany)is an LPA contains 

probes specific for M. tuberculosis complex, as well as probes for common rifampicin (RIF) 

resistance-conferring mutations and a subset of the mutations conferring resistance to isoniazid 

(INH).150 The assay procedure involves DNA extraction, conventional multiplex PCR followed 
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by a reverse line hybridisation step. 147,148. From systematic review works, it was shown that 

Genotype MTBDRplus has a pooled sensitivity and specificity of 98·4% and 98·9%, 

respectively, for detection of RIF resistance and 88.7% and 99·2%, respectively, for detection 

of INH resistance, although almost all the studies included used either cultured isolates or 

smear-positive respiratory specimens.149 An initial validation study in South Africa showed 

that MTBDRplus was accurate for detection of resistance from smear-positive respiratory 

specimens and that the assay had good accuracy when applied to smear-negative respiratory 

specimens that contained Mtb in culture; 16/20 (80%) gave interpretable results for RIF, and 

14/19 (74%) gave interpretable results for INH.150 

1.7.2.5.4.4 The Genotype MTBDRsl  

The Genotype MTBDRsl assay (Hain Life Sciences) is an LPA test that detects resistance to 

fluoroquinolones, ethambutol, aminoglycosides, cyclic peptides, and second line injectable 

agents. Like Genotype MTBDRplus, the test procedure for Genotype MTBDRsl involves DNA 

extraction, conventional multiplex PCR followed by a reverse line hybridisation step, and it 

can be used on culture or sputum.151,152 

 

 

 

Figure 1.6.0: Line Probe Assay. For a positive test, Nitro-blue tetrazolium chloride (NBT) and 5-bromo-4-chloro-

3'-indolyphosphate p-toluidine (BCIP) in presence of alkaline phosphatase, an insoluble black-purple precipitate 

(Adapted from Bernad et al., 2012) 123 
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1.7.2.6.0 `Xpert MTB/RIF test 

The first-generation commercial and laboratory-developed nucleic acid amplification tests 

(NAATs) were labour intensive and usually required an experienced personnel to perform 

them.133 Xpert MTB/RIF assay (Xpert assay) is semi-automated with ability to detect the 

presence of Mtb and resistance to rifampicin by targeting the rpoβ gene which makes it suitable 

for routine TB management.153,154,155  Xpert MTB/RIF assay is automated and provides results 

within 1 ½ hours which is key for Clinicians to make decisions early enough. Being a nucleic 

acid amplification test, Xpert assay is highly sensitive and specific with good positive and 

negative predictive values.154–160 Among culture-confirmed child TB, Xpert assay detects up to 

61% of the children who are smear-negative.161 Among persons who live with HIV and were 

not being treated with the antiretroviral therapy (ART), Xpert assay increased TB case 

detection rates from 28% (when smear microscopy is used) to 73%.  However, Xpert assay 

could only be used as a near point-of-care since it could not be performed at the patient’s bed 

side.162–166 Moreover, Xpert assay was unsuccessful in detecting persons with paucibacillary 

TB especially in areas of low prevalence of TB.167 Furthermore, a drug and sensitivity test is 

required to validate a positive rifampicin resistance that is detected on the Xpert assay. This 

drawback significantly hinders the applicability of the Xpert assay as a rapid test for drug 

sensitivity.  

1.7.2.6.1  Xpert MTB/RIF Ultra  

In 2017, Cepheid developed a newer version of the Xpert system called the Xpert MTB/RIF 

Ultra (Xpert Ultra) to close the gaps associated with Xpert assay.168 Xpert MTB/RIF Ultra 

contains IS6110 and IS1081 insertion sequence as the additional target genes with a larger 

reaction volume. The limit of detection of the Xpert Ultra is 15.6 bacterial colony-forming 

units per ml which is lower compared to the 114 colony-forming units per ml for the older 

version of Xpert assay.169,170  
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These qualities allow the Xpert Ultra to be a faster and more sensitive assay when compared 

with the older version of Xpert saasy.171 While some studies indicate that Xpert Ultra is not 

statistically superior to the Xpert assay, other studies show that Xpert Ultra is more sensitive 

but less specific, especially in patients with paucibacillary TB.172 Although the Xpert Ultra has 

some advantages over the Xpert assay, it has limitations too. Firstly, copy number of the 

insertion gene IS6110 widely varies in members of the Mtbc, which could reduce sensitivity.173  

Secondly, Xpert Ultra can detect DNA from dead bacilli in patients who have a history of 

TB.174 Although there is no data about this, it is plausible that Xpert Ultra would falsely identify 

Mtb especially among patients who are being treated for TB. Thirdly, trace call positive results 

are not clinically conclusive since rifampicin resistance is usually indeterminate, hence 

requiring a repeat test. In cases where the results of the first and the second tests are discordant, 

clinical decision making becomes difficult.175 Basing on its superior attributes over the first 

generation NAATs, it is not surprising that Xpert systems were upgraded from being used on 

a risk-based approach to a standard of care for TB.176 

Sensitivity and specificity for Xpert Ultra among the children varies according to the sample 

used. A systematic review on Kay et al., 2022 showed that in 5 sputum studies, the Xpert Ultra 

summary sensitivity (95%CI) verified on sputum MGIT was 75·3% (64·3-83·8; among 127 

participants and high‐certainty evidence.) The same review showed that specificity (95%CI:)  

for Xpert ultra was 97·1% (94·7-98·5; among 1054 participants; high‐certainty evidence). They 

noted that sensitivity and specificity were lower in Gastric aspirate compared with sputum.177 

In 7 seven studies where gastric aspirate was used, Xpert Ultra summary sensitivity (95%CI:) 

verified on culture was 70·4% (53·9-82·9; 120 participants; moderate‐certainty evidence), and 

specificity (95%CI) was 94·1% (84·8 to 97·8; among 870 participants; and considering a 

moderate‐certainty evidence).  
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In six stool studies, Xpert Ultra summary sensitivity verified on culture was 56·1% (39·1 to 

71·7; 200 participants; moderate‐certainty evidence), and specificity (95%CI:) was 98·0% 

(93·3-99·4); 1232 participants; high certainty‐evidence).177  

In four studies that used nasopharyngeal aspirate, a summary sensitivity (95% CI) verified on 

sputum MGIT culture was 43·7% (26·7-62·2; 46 participants; very low‐certainty evidence), 

and specificity (95% CI) was 97·5% (93·6-99·0; 489 participants; high‐certainty evidence).177  

In a study among adult persons living with HIV, Xpert Ultra  had sensitivity and specificity 

(95% CI) 69% (57-80) (among 68 participants; with very low‐certainty evidence) and 98% 

(97·to 99) (503 participants; moderate‐certainty evidence), respectively.178 

In a systematic review conducted on Zifodya et al., 2021 about the comparative performance 

of the Xpert Ultra and Xpert MTB/RIF for diagnosing pTB and rifampicin resistance in adults 

with presumptive pTB showed that Xpert Ultra’s pooled sensitivity and specificity (95%CI) 

were 91% (86 to 95) and 96% (93-97) in 2834 participants; high‐certainty evidence 

versus Xpert MTB/RIF pooled sensitivity 85% (79-90) and specificity 98% (97-99) among 

2835 participants .179 The difference in the accuracy of Xpert Ultra minus Xpert MTB/RIF was 

estimated at 6·3% (0·1 to 12·8) for sensitivity and −2·7% (−5·7 to −0·5) for specificity.179 

In smear‐negative but culture‐positive participants, the review showed that pooled sensitivity 

was 78% (68-86) for Xpert Ultra versus 61% (48-72) for Xpert MTB/RIF, and that the pooled 

specificity was 96% (93-98) for Xpert Ultra versus 98·8% (98-100) for Xpert MTB/RIF.179  In 

persons living with HIV, the review revealed that out that pooled sensitivity increased to was 

88% (75-94) for Xpert Ultra versus 75% (59-86) for the Xpert MTB/RIF. Similarly, pooled 

specificity increased to 93% (82-97) for the Xpert Ultra and to 100% (99-100) for the 

Xpert MTB/RIF.179  
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In participants with history of TB, pooled sensitivity was 84% (73-92) for Xpert Ultra versus 

82% (69-90) for Xpert MTB/RIF; pooled specificity was 88% (71- 97) for Xpert Ultra versus 

97% (92-100) for Xpert MTB/RIF.179 In their systematic review, Zifodya et al., 2021 found out 

that  that applying the observed point estimates for the Xpert Ultra and Xpert MTB/RIF to a 

hypothetical cohort of 1000 patients, where 10% of the patients with symptoms are confirmed 

to have pTB,  Xpert Ultra would miss 9 cases, which are 6/15(40%) fewer than those that 

would be missed on the Xpert MTB/RIF test.179 However, Xpert Ultra would wrongly diagnose 

40 persons compared with 14 persons who would be wrongly diagnosed with the 

Xpert MTB/RIF.179  

1.8.0 Treatment of tuberculosis 

In 1952, the TB regimen based on a combination therapy was proposed for the first time ever 

and its efficacy was reported over a period of years. A tolerable regimen reduces TB treatment 

failure, TB relapse and risk of developing drug resistant TB.180 The use of Isoniazid and 

Rifampicin allowed shortening of the TB treatment from 18 months to nine months.181–184 With 

addition of Pyrazinamide (PZA) treatment was further shortened to 6 months. Earlier efforts to 

shorten treatment to four months using a fluoroquinolone were unsuccessful. However, in April 

2021, the Guideline Development Group (GDG) reviewed and considered a four-month 

regimen composed of rifapentine, isoniazid, pyrazinamide, and moxifloxacin. This regimen 

met the non-inferiority criteria set in the trial protocol and it is a possible alternative to the 

current standard 6-month regimen, without compromising efficacy and safety. Shorter regimen 

would allow faster cure and easing the burden on patients and the health care system. However, 

implementation and uptake of the suggested new regimen may be limited on the high cost and 

the limited accessibility in low-middle-income countries. 185–187 

 



 

32 
 

The current standard therapy for drug sensitive TB consists of Ethambutol, Isoniazid, 

Pyrazinamide and Rifampicin for two months and then four months of rifampicin and 

Isoniazid. Although this treatment duration dropped from nine months, it is still believed that 

over treatment occurs, since most samples convert to culture negative on month two. Long 

treatment duration is associated with high levels of adverse drug reactions, poor adherence and 

high cost for the programmes and patients. About 15% of patients default on TB treatment due 

to disruptions and toxicity. Stopping TB treatment prematurely as the symptoms resolve might 

result in higher rates of relapse as well as risk of developing drug resistance, which prompted 

innovations such as directly observed therapy and provision of social support to the patients 

during the treatment course.188 Unfortunately, a clinical trial to shorten treatment based on a 2-

months culture negativity resulted in high levels of TB relapse.189 

1.9.0 Biomarkers for monitoring response to TB treatment 

In this section, biomarkers for monitoring TB treatment response, including measures of Mtb 

burden such as culture-based assays, smear microscopy are reviewed. 

1.9.1 Stained sputum smear microscopy  

Currently, stained sputum smear microscopy is recommended for monitoring response to TB 

treatment and making decision whether patients can be switched from the intensive treatment 

phase to the continuation phase or not. However, stained smear microscopy is observer 

dependent, and cannot differentiate between dead and viable Mtb, and between Mtbc and 

NTM. Moreover, stained smear microscopy loses its sensitivity as the bacillary load drops, due 

to effective TB treatment.190,191 Therefore, a positive sputum smear at baseline and at follow-

up time point are unreliable and always requires a confirmatory sputum culture test.192–196  
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1.9.2 Sputum culture   

Culture outcome after two months of intensive phase treatment is the standard test for 

monitoring response to TB treatment.197 Time to positivity of the liquid culture directly 

correlates with duration on treatment hence indicating response to treatment.198–200 However, 

this marker has limited ability to predict treatment failure or relapse and a short detection 

phase.201-137 On the other hand, the presence of a significant proportion of viable but non-

culturable Mtb populations in sputum result in false negative culture results. As such, a 

negative sputum culture result may not necessarily mean absence of Mtb especially during the 

treatment course.204,205  Loss of data due to contamination with other microorganisms remains 

a big challenge to culture test.206,207  Besides, culture methods are laborious and technically 

demanding, thus limiting its applicability in low-middle income countries where TB burden is 

highest.190  

1.9.3 Tuberculosis-Molecular Bacterial Load Assay  

The Tuberculosis-Molecular Bacterial Load Assay (TB-MBLA) is a culture-free novel test that 

provides rapid quantification of viable Mtb cells in sputum samples.208 This assay was 

developed as an alternative test to microscopy and culture as tools for monitoring response to 

TB treatment.208–210 The uniqueness of the TB-MBLA relies in the fact that it detects and 

quantifies 16S ribosomal RNA (16SrRNA) and results are obtained in real time.209 Like viral 

load monitoring assays in HIV patients, TB-MBLA monitors TB treatment response on 

measuring changes in bacteria load over the course of treatment. In a multisite study of adult 

TB patients, it was shown that TB-MBLA is more sensitive and reproducible than the liquid 

culture.211 Quantification of the Mtb load on the TB-MBLA correlates with viable detection on 

the solid and liquid culture assays.209,212 Tuberculosis Molecular Bacterial Load Assay differs 

from liquid culture (MGIT) in several ways.  
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While TB-MBLA directly measures the number of bacteria in a sample, liquid culture gives an 

inverse indirect measurement of the bacteria burden basing on time to detection. TB-MBLA is 

faster giving results in 4 hours and it is not affected on contaminants since it is highly specific 

to Mtbc and has potential to detect nonculturable viable bacteria.205,213 Unlike for MGIT 

culture, clinical samples do not require decontamination with N-Acetyl-L-Cysteine-Sodium 

hydroxide (NALC-NaOH) before the test with TB-MBLA.  

A study in Tanzania showed that using NALC-NaOH to decontaminate clinical samples leads 

to substantial loss of bacteria counts. Therefore, tests which avoid the need for decontamination 

are likely to offer an option to liquid culture.214 Mycobacterium tuberculosis is a dangerous 

category B biological substance. Consequently, culturing Mtb samples must be handled in a 

category-3 laboratory. This requirement is expensive and may not be affordable in low- and -

middle income countries. 

Using a simpler and achievable conventional-heat inactivation method that may render TB 

samples non-infectious while preserving RNA for the TB-MBLA was described on Sabiiti et 

al., 2019b. They showed that heating samples could preclude the need for category 3 

laboratories. If approved, this simplified approach can apply to TB-MBLA but never to MGIT 

culture. Basing on the data that was available on 2018, the WHO acknowledged TB-MBLA as 

a potential substitute for Smear microscopy and Culture assays as for monitoring TB treatment 

response. However, more performance data in support of the TB-MBLA assay is still needed 

for its endorsement.  

1.10.0 Non-sputum TB samples 

Although sputum is a highly variable sample, it is the standard sample for testing pulmonary 

TB. But young children, the terminally ill persons and those who are neurologically damaged 

do not easily expectorate to provide sputum in required quality and quantity. Small volume and 
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or salivary sputa may lead to low performance of the diagnostics tests because they may have 

exceptionally low or no bacteria with them. Collecting sputum for TB investigations is 

challenging since it requires the patient effort to expectorate the sample from deep the lungs 

during which aerosols are generated. The generated aerosols might expose health workers and 

care takers to TB. These challenges are amplified in active-case finding scenarios which require 

high-throughput sampling in large numbers of persons.216,217 Consequently, obtaining an 

alternative/additional TB sample such as gastric or nasopharyngeal aspirates, induced sputum 

and broncho-alveolar lavage is critical yet the available collection methods might not be 

feasible or might not be readily available in resource-constrained settings where TB is endemic 

.218,219,220–225 In this subsection, some of the potential alternative/additional non-sputum TB 

samples are discussed. These include but not limited to the following: saliva, exhaled breath 

concentrates, stool, and blood-based TB specific biomarkers. 

1.10.1 Saliva  

Saliva could be a valuable specimen for testing host biomarkers to diagnose pulmonary TB. A 

protein biosignature in saliva of persons with TB disease can potentially be used as a triage 

test.226 However, concentration levels of the protein markers in saliva is comparatively lower 

than that in serum and plasma of the same patients.226 The same applies to bacteria load which 

is likely to be less in saliva compared with sputum. Nevertheless, collection of saliva as a 

sample for TB would obviously be non-invasive and quicker compared with serum, plasma or 

sputum. 227, 228,229,230,231  

1.10.2 Exhaled breath concentrates  

Exhaled breath aerosols (EBA) contain detectable TB-specific small metabolites, lipids, and 

volatile organic compounds (VOCs). Sampling these biomolecules provide a promising sample 

that would be easy to collect in a safe non-invasive manner.  
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Advancements in this area utilise bioaerosol sampling system and high-resolution Gas 

Chromatography–Mass Spectrometry (GC-MS) to allow characterisation of TB specific VOCs 

with a low turnaround time.232  A systematic review of fourteen studies among 1715 

participants showed that the pooled sensitivity (95%CI) and specificity (95%CI) of the 

electronic-nose test were 0·93% (0·82–0·97) and 0·93% (0·82–0·97), respectively, which do 

not meet the WHO’s minimal test requirements for a triage  and diagnostic.233 Moreover, 

available collection methods might not be feasible or might not be readily available in resource-

constrained settings where TB is endemic.234,235   

1.10.3 Stool  

Often, persons swallow expectorated sputum which ends up in the gut. Consequently, stool has 

been suggested as an alternative or additional sample for bacteriological confirmation of pTB 

disease. A systematic review of six paediatric stool studies reported that Xpert Ultra’s summary 

sensitivity (95%CI) as verified on sputum MGIT culture was 56·1% (39-72; among 200 

participants; moderate‐certainty evidence), and that specificity (95%CI:) was 98%(93·3-99·4) 

among 1232 participants; at ahigh certainty‐evidence).177  However, stool is associated with 

higher error rates on Xpert MTB/RIF platforms potentially due to the clogging effect of the 

artefacts and presence of the PCR inhibitors in stool samples. Consequently, protocols that 

remove PCR inhibitors and artefacts are necessary to improve the yield of stool-based PCR 

tests on minimising invalid results due to error and failed tests. 236–239  Stool culture is also 

possible but previous studies indicate that only 50% of the persons living with HIV can benefit 

from this test due to the paucibacillary nature of TB disease which is common in these 

persons.223,224 Similarly, stool culture has an extremely low sensitivity largely due to the 

contamination with other fast-growing flora which are abundant in the gut. Stool SSM also 

suffers from higher artefacts in stool which leads to higher false positive results.  
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While stool might be an easy to collect sample for TB related investigations, its wider usability 

is limited on the lack of faster and affordable processing methods. The currently available stool 

processing methods are complex, usually requiring several rounds of centrifugation. 

Nonetheless, stool is a potential additional sample, especially for paediatric and adult persons 

who find it difficult to provide sputum samples.221,224,240   

1.10.4 Blood-based TB specific biomarkers 

Persons who are infected with Mtb express unique and specific transcriptional signatures in 

their circulating blood and these signatures might be potential biomarkers for TB screening, 

diagnosis, and prognosis. Blood transcriptional markers appear early into infection with Mtb, 

indicating that these markers can inform development of novel tools for early TB diagnosis 

and monitoring treatment response.241
  Unlike for sputum, Bronchoalveolar lavage (BAL), 

gastric and cerebral spine fluid (CSF), and aspirates samples, blood can be collected easily 

which is essential for child-TB where specimen collection is a major limitation. Moreover, 

reproducible blood transcriptional profiles can be obtained from a small volume of blood, such 

a drop from a finger prick.242–244  Longitudinal studies from South Africa described a set of 

transcriptional signatures of active TB which quickly diminished with successful treatment 

indicating potential role in monitoring treatment response.245,246 These findings might also 

project the potential role of the blood-based transcriptional signatures to reveal early host 

response to TB infection which is key for investigations into improving treatment outcome. 

Although blood-based biomarkers have a great promising potential, translating these markers 

into practical tools has challenges too. For instance, at the present, there is no signature has 

been confirmed to successfully diagnose latent TB infection. 247 
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1.11.0  Respiratory/Oral microbiome 

Lower respiratory tract is no longer considered sterile since it harbours a diverse population of 

microorganisms that is collectively known as the lung microbiome. Normally, the lung 

microbiome would exist in an interdependent equilibrium state with the host. Related studies 

have indicated fluctuations in the diversity and abundance of the lung microbial communities 

due to TB disease.248 A perturbed microbiome might exacerbate TB disease and accordingly 

impede treatment outcome. Currently, there is an urgent need to explain the effects of TB drugs 

on the lung microbiome since antibiotic therapies are known to impact on the human 

microbiome diversity and abundance.249 This impact is reported to vary depending on a range 

of factors such as the antibiotic spectrum, dosage, duration of treatment, route of administration 

and the pharmacological properties of the drug agent.250,251 Changes in the microbiome 

diversity and abundance due to antibiotic therapy may be reversible but recovery time is not 

predictable.252 Besides, the processes of the host’s microbial communities reversing to their 

original state are reported to be incomplete.253 Generally, changes in the microbiome is critical 

since it might lead to losing the beneficial microorganisms that protect humans against certain 

opportunistic pathogens.  

Changes in the diversity and abundance of the host microbiome can also lead to colonization 

of the drug-resistant microorganisms which are expensive to treat. For example, reduction in 

the abundance and diversity of the commensal flora was associated with severe inflammatory 

responses.254  However, introduction of the novel sequencing technologies such as the Illumina 

platform provided a broader insight into the relationship between diseases, treatment and the 

host microbiome diversity and abundancy.255 In these protocols, hypervariable regions of the 

16SrRNA gene are usually targeted and sequenced. These genetic regions are usually 

conserved within but differ between different levels of the microbial classification. This  unique 
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aspect supports easier and reliable approach to differentiate among or between the microbial 

organisms.256,257  

Evaluating the adjacent regions such as regions 3/4 yields substantial differences in microbial 

diversity and abundacne.258 Differences in bacterial profiles that are obtained from different 

hypervariable regions of the 16S rRNA gene might reflect differences in the rate of evolution 

of these regions. However, there is no single region that is good enough to differentiate all 

bacteria. Evaluating the multiple regions (V1/V2, V3, and V6/V7) improves the yield of 

microbial investigations but this requires standardization of the variable regions that are to be 

sequenced.259,260  

Well-controlled studies evaluating the effect of TB treatment may constitute a marker for 

monitoring treatment outcome. These studies could allow insights into the impact of the anti-

tuberculosis therapy on the diversity and abundance of lung microbiome. The association 

between TB drug-induced changes in the lung microbiome and clinical features of TB such as 

sputum clearance and body mass index could be better understood. Moreover, the association 

of TB-drug-induced changes in diversity and abundance of lung microbiome with conventional 

biomarkers such as time to TB detection on MGIT culture, contamination rates as well as 

treatment outcome can be investigated.  

1.11.1 Limitations of host microbiome investigations  

Evaluation and correct representation of the lung microbiome diversity is critical but it is 

limited on several factors.261 For example, respiratory samples tend to be contaminated with 

the microbes in the oral cavity.262  Direct lung tissue sampling techniques may solve this 

problem, but tissue sampling is invasive and may be impractical, especially in humans. 

Moreover, techniques such as bronchoscopies which could potentially provide protection 

against oral contamination are also invasive and less acceptable for research purposes.263 
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Besides, bronchoalveolar lavage and sputum which are the most accessible methods for this 

investigation differ greatly in terms of diversity of the microbiome they detect.264  Moreover, 

the processing protocols for lung microbiome samples differ and each may have a differing 

impact on the quality and quantity of the extracted DNA and RNA. This challenge can be fixed 

on standardizing the protocols for specimen collection and preparation.263,265  

1.12.0  Statement of the study problem  

Global TB case detection, treatment success and case notification rates remain lower than the 

projected targets. Fast and accurate detection of TB is essential for effective treatment. Smear 

microscopy is the commonest TB test, but it is less sensitive especially when samples have low 

bacillary load. Moreover, it is incapable of differentiating between viable and dead Mtb and 

Mtbc form NTM acid fast bacteria. Xpert MTB/RIF is highly specific, sensitive with ability to 

rapidly detect rifampicin resistant. However, the current version of Xpert MTB/RIF cannot be 

used to monitor response to TB treatment, since it targets DNA which has a slow decay rate. 

While culture remains the gold standard TB test, a lot of data is lost through contaminations, 

and the associated high turnaround time limits its usability for routine care. Therefore, 

alternative, or additional tests are urgently needed to improve case detection and treatment 

success, as well as informing the formulation of novel TB regimens. 

1.13.0   Proposed solutions to the problem 

The TB-Molecular Bacterial Load Assay (TB-MBLA) was originally designed to monitor 

response to TB treatment. However, it has never been evaluated for diagnostic purposes and 

accuracy. Using the assay as a diagnostic tool may increase TB case detection, treatment 

success and case notification rates. Unlike the Xpert MTB/RIF and Xpert Ultra platforms 

which are DNA-based, TB-MBLA detects and quantifies Mtb 16SrRNA, making it suitable for 

monitoring treatment. Unlike culture tests, TB-MBLA is not susceptible to contamination, and 

it has less turnaround time, hence reducing data loss due to contaminations.  
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This supports quicker clinical decision making. Short turnaround time supports early treatment 

initiation, leading to improved treatment success rates. Moreover, TB-MBLA has the potential 

to amplify 16SrRNA from non-culturable yet viable Mtb. These hard-to-culture cells are 

largely responsible for TB relapse cases. Using TB-MBLA might support investigation of these 

cases and contribute to reduction of TB relapse.  

1.14.0 Significance of the study 

Data generated from this study have fed directly into the TB priority areas which include the 

following indicators: (a) increased proportion of detected relapse TB cases; (b) increased TB 

treatment success rates (c) adaption and scaling up of novel tools for improving TB diagnosis, 

treatment, and prevention, (d) increased active case finding, (e) formulation of novel regimens 

for shortening TB treatment. 

1.15.0 Main objective  

The main objective of this research was to evaluate biomarkers for Mycobacterium tuberculosis 

detection and monitoring response to anti-tuberculosis therapy. 

1.16.0 Specific aims 

i) In Chapter 3, the Diagnostic accuracy of RNA-based TB-MBLA was compared with the 

DNA-based Xpert Ultra and stained smear-fluorescent microscopy (SSM-FM) using MGIT 

culture as a reference. The overarching goal of this Chapter was to compare measures of the 

diagnostic accuracy (sensitivity, specificity, positive and negative predictive values) of TB-

MBLA with those of the standard-of-care Xpert Ultra and SSM-FM.  

ii) In Chapter 4, the Diagnostic accuracy of TB-MBLA were evaluated using stool as non-

sputum TB sample and the accuracy measures (sensitivity, specificity, positive and negative 

predictive values) of stool TB-MBLA were compared with those of stool Xpert and stool SSM.  
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The overarching goal was to establish the usability of stool as an alternative or additional TB 

diagnostic sample which is urgently needed for improving TB care in children and other 

persons who find it hard to provide sputum. 

iii) In Chapter 5, the accuracy of TB-MBLA, Xpert Ultra and SSM for monitoring response to 

TB treatment was assessed. The overarching goal was to establish changes in mycobacteria 

load, positivity rate, sensitivity, and specificity over the six-month treatment course. This 

investigation aimed at generating data on the possibility of diagnosing and monitoring TB 

treatment response using one platform. The current practice involves using a more sensitive 

Xpert Ultra to diagnose TB and then monitor response to TB treatment using a less sensitive 

SSM test.  
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2.0  Chapter Two: General Research Methods 

2.1.0  Ethical approvals  

All protocols that were used in this study were approved on the Research Regulatory bodies in 

Uganda and in the United Kingdom. These research approvals were granted on the University 

Teaching and Research Ethics Committee of the University of St Andrews UK, School of 

Medicine [Approval code: MD14702], the Makerere University School of Medicine Research 

and Ethics Committee [REC Ref No. 2006-017] and Makerere University School of 

Biomedical Sciences Research and Ethics Committee [REC Ref No: SBS 529], respectively. 

2.1.1  Consultation and induction of research teams 

Following the acquisition of the study approvals, the Research Assistants in Uganda (Figure 

1.0) were inducted into the study and taken through all the research protocols. The Research 

Assistants and Colleagues from the TB Clinic at Naguru Referral Hospital in Uganda were 

given detailed information about the type of the required study participants. This information 

included clinical data, specimen type, specimen volume, collection, and processing methods as 

well as collection intervals. A consensus was reached on study participants’ recruitment 

strategies, inclusion, and exclusion criteria. Details about data management, sample delivery, 

and issuance of results to the participants were discussed. We agreed to link the participants to 

the TB clinic for treatment initiation and follow-up. Modalities of compensation during the 

follow-up phase were agreed upon. Means and ways of archiving the collected specimens for 

the future investigations were discussed and agreed upon beforehand. Data capture forms and 

the study specific data and specimen databases were discussed and modified to allow easy 

adoption and integration into the existing workflow. The laboratory team was trained on sample 

processing and performing of the TB-MBLA as a way of building capacity and strengthening 

of the work relationship. 
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Figure 2.1.0: Induction of the Research Assistants and clinical team. Top left and lower left corner show training 

of the laboratory staff on how to extract Mtb RNA and how to prepare for the TM-MBLA PCR. The lower right 

corner shows the Clinical Team at Naguru Referral Hospital.  

  

2.1.2  Informed consent for literate participants  

After induction, the Clinical team was ready to identify the study participants and take them 

through the informed consent process. All the participants provided an informed consent before 

they were enrolled into the study. Informed consent forms were translated verbatim into 

Luganda which is the most spoken local language in Uganda. Consent forms were read to the 

illiterate participants/representatives in the presence of independent witnesses.  
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The process was interactive, during which participants were allowed to seek clarification(s) 

about anything in relation to the study protocols and objectives. The consent process disclosed 

all the information about the sample type, sample collection methods, sample volume and use 

of the collected samples for future TB related studies. Detailed information about the benefits 

and risks of study related methods were explained to the participants/representatives. The 

participants and/or their representatives, the clinical personnel, and witness (where applicable) 

signed and dated the informed consent forms accordingly. Illiterate participants/representatives 

marked the consent with a thumbprint and the witness attested to this process on appending a 

signature. 

2.1.3  Confidentiality  

Research records, blood, sputum, and stool specimens were identified on participant numbers 

and initials of their names. The original data entry forms, consent forms, initial participant 

questionnaire forms and all the study related material were stored and maintained under lock 

and key for security purposes. However, such information could only be disclosed if required 

on law, and to the appropriate regulatory bodies such as the Ethical Research Committees and 

the Uganda National Council of Science and Technology (UNCST). 

2.1.4  Participant compensation and future use of stored specimens 

There was no cost to the participants for examinations, laboratory tests and any indicated 

clinical care. As a requirement in Uganda, a separate consent form for sample storage for future 

TB research was filled and signed. Participants were at liberty to have their residual samples 

stored for future use or destroyed immediately. Even if the participant did not consent to the 

future use of stored samples, he or she was allowed to participate in the study.  
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2.1.5  Data capture and management 

Clinical and laboratory data were collected and maintained in compliance with the International 

Conference on Harmonization (ICH) and Good Clinical Laboratory Practices (GCLP). Data 

from source documents (as per ICH/GCLP 1.51 definition) were captured in the laboratory test 

reports, clinical charts, hospital records and recorded data from automated instruments such as 

the Xpert Ultra. These data were consistently entered onto the Case Report Forms (CRFs). 

Access Data Management system was used for data capture, ensuring double data entry and 

data cleaning for quality control as well as an automated audit trails. Only sponsors or 

designated representatives and other applicable regulatory agencies were allowed to have direct 

access to these documents purposely for monitoring, auditing, quality assurance reviews and 

evaluation of safety and progress. 

2.1.6  Protocol deviations and records retention  

Deviations were detected on vigilant study staff, reviewing the case report forms and through 

the internal quality control procedures. If such deviations were serious enough to disqualify the 

data for analysis, that data was recorded but not included in the final statistical analysis. Case 

report forms and documentation related to the study were kept in a lockable cabin with a plan 

to retain them for a minimum of three years following the completion of the study. Any actions 

that would not be done according to the protocol or GCP/GCLP guidelines would be recorded 

as deviations from the protocol.  

2.2.0  Laboratory procedures: Microbiological methods  

2.2.1  Preparation of chemicals and reagents for sputum decontamination 

Human sputa contain various fast growing microbial flora which contaminate culture tests. All 

samples were decontaminated using 2% Sodium Hydroxide/N-acetyl L-cysteine neutralised 

using sterile Phosphate Buffered Saline before cultivating them on culture media. 
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2.2.2  Sodium Hydroxide solution (4%) 

To prepare 4% of NaOH (Fischer Scientific), 20 g of NaOH was dissolved in 500 mL of 

distilled water. The solution was autoclaved at 121°C for 20 minutes. The autoclaved solution 

was stored at room temperature and used within 6 months. 

2.2.3  Tris-sodium citrate (2.9%) 

To prepare 2.9% of Tris-sodium citrate (Fischer Scientific), 29 g of Tris-sodium citrate was 

dissolved in 1000 mL of distilled water. The solution was sterilised on autoclaving at 121°C 

for 20 minutes. The autoclaved solution was stored at room temperature and used within 6 

months. 

2.2.4  Phosphate buffer solution (pH 6.8) 

To prepare Phosphate buffer solution (pH 6.8) (Sigma-Aldrich, UK), 4 tablets of the phosphate 

buffer were dissolved in 800 mL of distilled water followed on autoclaving at 121°C for 20 

minutes. The solution was stored at room temperature and used within 3 months 

2.2.5  Preparation of 1:1 NaOH (4 %) and Tris-Sodium Citrate (2.9%) 

Fifty millilitres (50 mL) of 4% sodium hydroxide solution were added to 50 mL of 2.9% Tris-

Sodium Citrate and capped securely. Depending on the workload, the volume of the solutions 

prepared would be scaled-up appropriately. 

2.2.6  Preparation of 2% N-Acetyl L-Cysteine- Sodium hydroxide 

Two grams (2 g) of N-Acetyl L-Cysteine (NALC) was dissolved in 100 mL solution of 1:1 

NaOH (4 %) and Tris-Sodium Citrate (2.9%). The NALC solution was prepared and used on 

the same day of sample decontamination because it is known to dilapidate very quickly.  

2.2.7  Mycobacteria Indicator Tubes  

The ready-made Mycobacteria Growth Indicator Tubes (MGITs, Becton and Dickinson 

Company, MD, USA) were used for isolation of the bacteria from clinical samples.  
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The MGIT culture was supplemented with Oleic acid-albumin-dextrose-catalase (OADC) to 

enhance the growth of Mtb. To minimise sample contamination, 800 mL. of the PANTA 

(Becton, Dickinson and Company, MD, USA) and antibiotics (Polymyxin B, Azloxicin 

Nalidixic acid, Trimethoprim and Amphotericin B) were added to the Mycobacterial Growth 

Indicator Tubes before inoculation with clinical samples. 

2.2.8  Lowenstein Jensen Medium  

The ready-made Lowenstein Jensen (LJ) solid culture medium (Becton, Dickinson and 

Company, MD, USA) was used in parallel to MGIT culture for cultivation of Mtb from clinical 

samples. This is the ready-to-use medium containing selective antibiotics (PACT: Polymyxin 

B, Amphotericin B, Carbenicillin and Trimethoprim) to control sputum contamination.  

2.2.9.0  Culture tests 

2.2.9.1 Decontamination of samples for culture tests  

Samples were decontaminated on mixing with equal volume of 2% NALC/NaOH and 

incubated at room temperature for 20 minutes before toping up with PBS to a final volume of 

50 mL. The resultant mixture was centrifuged at 3000 g for 20 minutes at 4°C. The supernatant 

was discarded, and the pellet was re-suspended in 2 mL of PBS (PBS; pH 6.8; Becton 

Dickinson, Sparks, MD, USA). 

2.2.9.2  Culturing decontaminated samples  

Mycobacteria growth tubes were then inoculated with 500 µL of the decontaminated sample 

and incubated at 37°C for a maximum of 42 days. Solid culture on the LJ medium (LJ; Becton 

Dickinson) slants were inoculated with 1 mL of the re-suspended sediment and incubated at- 

37°C for a maximum of 56 days. TB-positive cultures were confirmed on the presence of acid-

fast bacilli on ZN staining and presence of MPT64 antigen. Absence of acid-fast bacilli cording 

and growth on blood agar was recorded as contamination. 
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2.2.9.3  Checking for contaminants using blood agar 

Blood agar culture test and Zeil Nielsen (ZN) smear microscopy were performed for all MGIT 

that flagged positive. About 50 μL of positive MGIT culture were inoculated on blood gar and 

was incubated at 37°C for 48 hours. Visible growth of colonies on blood agar after 48 hours 

reflected a contaminated MGIT culture and the corresponding time to positivity (TTP) was 

rendered invalid. For SSM-ZN, two drops of a positive MGIT culture were used to make a 

smear which was stained and examined. All results were reported according to the International 

Union against Tuberculosis and Lung Disease guidelines (Table 2.1.0). 

Table 2.1.0: Interpretation of MGIT culture results 

 

MGIT: Mycobacteria Growth Indicator Tube test, ZN: Zeil Nielsen, TTP: Time taken on MGIT machine to flag 

as positive, Cont.: contaminated test 

 

2.2.9.4  MPT64 antigen test 

Antigen MPT64 (MPT64, Becton, Dickinson and Company, MD, USA)  test was performed 

to confirm that the final positive MGIT culture test was due to the presence of Mtbc and not 

NTM bacteria. A positive MGIT culture was mixed on pipetting up and down using a 

micropipette, and 100 μL of the MGIT suspension was applied on the lateral flow MPT64 

device (TBc ID) and incubated at room temperature. Results were read after 15 minutes 

following the Manufacturer’s instructions. A positive culture for Mtb was confirmed on 

MGIT  

instrument result 

ZN  

smear result 

Blood  

Agar result 

Final  

culture result MGIT TTP 

Positive Positive Negative Mtb. Positive Valid 

Positive Positive Positive Mtb Positive; Cont. Valid 

Positive Negative Positive Mtb. Neg; Cont. Invalid 

Negative at 42 days NA Negative Mtb. Negative NA 

Negative at 42 days NA Positive Mtb. Negative; Cont. NA 
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formation of two bands: one band indicating a control line (C) and the second band (T) 

indicating the presence of Mtb antigen in culture as described in Chapter two. 

2.2.10  Stained smear microscopy 

2.2.10.1 Ziehl-Neelsen stains  

This technique uses 1% Carbol fuchsin (prepared in Sub-section 2.2.10.4) as the primary dye, 

3% of Acid alcohol (prepared in Sub-section 2.2.10.5) as an acid-fast decolouriser and 0.3% 

of Methylene blue (Sub-section 2.2.10.6) as the counter stain. Basic Carbol fuchsin solution 

contained 10% Carbol fuchsin dye (Sub-section 2.2.10.2), 95% ethanol and 5% phenol (See 

Sub-section 2.2.10.3).  

2.2.10.2  Preparation of 10% of Carbol fuchsin (w/v) 

Ten grams (10 g) of Carbol fuchsin dye (Sigma-Aldrich, UK) was dissolved in 100 mL of 95% 

ethanol (Sigma-Aldrich, UK) to make 10% solution of carbol fuchsin. 

2.2.10.3  Preparation of phenol (5% w/v) 

To prepare phenol (5% w/v) phenol solution, 5 g of phenol crystal (Sigma-Aldrich, UK) were 

dissolved in 100 mL of distilled water, and this was kept out of the dark before use. 

2.2.10.4  Preparation of Carbol fuchsin staining solution (1%) 

Ten millilitres (10 mL) of 10% of Carbol fuchsin solution was mixed with 90 mL of 5% Phenol 

solution to make 1% carbol fuchsin solution. The solution was filtered using Whatman filter 

No.1 and stored in an amber coloured bottle which was immediately tight-capped before- 

storage at room temperature. The solution was used within 3 months from the date of 

preparation. 

2.2.10.5  Preparation of Acid-alcohol (3%) 

To prepare 3% of Acid-alcohol, 81 mL of 37% Hydrochloric acid (HCL) (Sigma-Aldrich, UK) 

was added to 919 mL of 96 % ethanol. Caution was taken to add slowly the acid to alcohol and 
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not vice versa, as the mixture creates heat. Using concentrated Hydrochloric acid would lead 

to a highly exothermic reaction, so 37% HCL was opted. The solution was stored at room 

temperature and used within 3 months from the date of preparation.  

2.2.10.6  Preparation of methylene blue solution (0.3%) 

To prepare 0.3% of Methylene blue, 3 g of Methylene blue powder (Sigma-Aldrich, UK) were 

dissolved in 1000 mL of distilled water. The solution was filtered and stored at room 

temperature and used within 2 months from the date of preparation. 

2.2.10.7  Auramine O staining solution (0.1%) 

Auramine-O staining solution (0.1%) was a commercial ready-to-use staining kit (Sigma-

Aldrich, UK) [https://www.biognost.com/product/tb-stain-auramine-o-kit/]. 

2.2.10.8  Potassium permanganate (0.5%) 

Potassium permanganate (0.5%) was prepared on dissolving 0.5 g of potassium permanganate 

powder (Sigma-Aldrich, UK) in 100 mL of distilled water. The solution was filtered and stored 

in the dark at room temperature.   
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2.2.10.9  Preparation of sputum smears  

To prepare sputum smears, 0.5 mL of the 2% NALC-NaOH decontaminated sputum pellet was 

applied on 2 slides and a smear of about 2 cm diameter was prepared using a sterile applicator 

stick. The thickness of the smear was considered okay if a writing beneath the slide and the 

smear could be read. Before staining, smears were air dried for 30 minutes at room temperature 

and then heat fixed on a hotplate at 80°C for 20 minutes. One slide was stained with ZN stain 

and the other was stained with Auramine-O staining technique and examined on the same day. 

2.2.10.10  Ziehl Nielsen staining and microscopy 

Ziehl Neelsen stain was performed on flooding the smear with 1% of Carbol fuchsin with 

intermittent heating for 15 minutes. Heating was done slowly on passing the underneath of the 

slide in a blue flame (while avoiding boiling). Then the slide was allowed to stand for 5 minutes 

at each interval as more dye was added to avoid the smear from drying. The slides were washed 

with distilled water and then decolourised on flooding with 3% Acid-alcohol for 2 minutes and 

carefully washing with distilled water before counterstaining with 0.3% of Methylene blue for 

3 minutes. The slides were rinsed with distilled water, air dried and examined using Zeiss 

Microscopy at 100X oil immersion objective lens. SSM-ZN smear results were graded 

according to the International Union for Tuberculosis and Lung Disease (IUTLD) guidelines 

(Table 2.2.0) 

Table 2.2.0: Grading scale of the ZN microscopy sputum smear results 

 

AFB=Acid Fast Bacilli. ZN smear grading was recorded in accordance with the International Union for 

Tuberculosis and Lung Disease.  

Number of fields  Smear grade 

No of AFB seen per 300 fields Negative 

1-9 AFB per 100 fields Scanty 

1-9 AFB per 10 field 1+ 

1-9 AFB per field 2+ 

˃9 AFB per field 3+ 
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2.2.10.11  Staining for Fluorescent smear microscopy 

The fixed smear was stained using a fluorochrome such as rhodamine-auramine for 15 minutes 

before rinsing using distilled water and decolorizing with acid-alcohol for 2 minutes. 

Potassium permanganate was applied as a counter stain for 2-3 minutes. The counter-stained 

smear was rinsed with distilled water and air dried before it is examined (Figure 2.3.0). 

2.2.10.12  Examining smears using Fluorescent Microscopy 

The air-dried stained smears were examined at a magnification of X200 using a UV light from 

a Fluorescent Microscope. Acid-fast organisms fluoresce reddish orange against a dark 

background, and it was reported as positive for TB. Whereas the absence of non-fluorescing 

bacilli coupled with the presence of pale-yellow organisms that were quite distinct from the 

bright acid-fast organisms was reported as a negative test. SSM-FM were graded according to 

the International Union for Tuberculosis and Lung Disease (IUTLD) guidelines (Table 2.3.0) 

Table 2.3.0: Grading scale of the FM microscopy smear results 

  

Fluorescent Microscopy smear grading was according to the International Union for Tuberculosis and Lung 

Disease. AFB=Acid Fast bacilli. AFB=Acid Fast Bacilli, HPF=High Power Field 

 

2.2.11  Quality control during reagent preparation 

During preparation of the reagents, chemicals were handled in a fume hood to protect the 

personnel while chemicals were protected from potential contamination. Personal protective 

equipment including gloves, facial masks and laboratory coats were always used. Before 

storage, all reagent bottles were labelled with the name of the reagent such as 1% Carbol 

IUATLD (1000x field=HPF) 

Result:1 length = 30 fields =300 HPF) 

Microscopy system 

Fluorescence 

Negative Zero AFB per length 

Scanty 1–29 AFB per length 

1+ 30–299 AFB per length 

2+ 10–100 AFB per field on average 

3+ >100 AFB per field on average 
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Fuchsin, Lot number, dates of preparation and expiry (DD/MM/YYYY), storage temperature, 

initials of the personnel who prepared the reagent and all these details were entered in the 

laboratory Logbook. 

2.2.12   Quality control and safety during reagent preparation 

Sputum smears were prepared, and air dried in the Biosafety Cabinet Level 2 (BSL-2) to protect 

both the personnel and the smears from exposure and contaminants, respectively. Lead pencil 

was used to clearly label the frosted end of the slide with patient ID, date of preparation and 

staining, initials of the person who prepared and stained the smear, and type of the sample 

involved (i.e., sputum or stool).  

 

 

Figure 2.2.0: Staining smears for fluorescent microscopy (A) 0·1% Auramine solution for 15 minutes. (B) 0·5% 

Acid-Alcohol. (C) counterstaining with 0·5% potassium permanganate for 2 minutes. (D)  dried in oven for 5 

minutes before examining with a fluorescent microscope under X200 objective (Slides were prepared in the 

Mycobacteriology laboratory, Makerere University) 

A 

C

c 

C

c 

C

c 

D D D 

A A B B B 
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2.2.13.0  Molecular Assays 

2.2.13.1  Xpert MTB/RIF Assay 

Two millilitres (2 mL) of sputum sample were mixed with 4 mL of sample reagent (Cepheid) 

and incubated at room temperature for 15 minutes with intermittent shaking at 5 minutes 

interval. After incubation, 2 mL of the sample and buffer mixture was loaded in the Xpert 

MTB/RIF Ultra cartridge and scanned using the machine barcode before loading into the Xpert 

MTB/RIF machine for the run.  

2.2.13.2  Interpretation of Xpert MTB/RIF Ultra results 

Xpert MTB/RIF Ultra results were interpreted on the Xpert MTB/RIF DX System based on the 

measured fluorescent signals and results were displayed in the “view results window” of the 

machine software. Printable results were semi-quantitively displayed as indicated in Table 

2.4.0  

Table 2.4.0: Xpert MTB/RIF Ultra results and interpretation 

 

 

 

Results displayed Semi-quantitation Interpretation 

MTB DETECTED High Positive 

MTB DETECTED Medium Positive 

MTB DETECTED Low Positive 

MTB DETECTED Very Low Positive 

MTB DETECTED Trace Positive 

NO MTB DETECTED .. Negative 

 

Rifampicin susceptibility result 

 

Displayed result Interpretation of the result  

 

Rif Resistance DETECTED 

 

Mutation was detected in the rpoβ gene  

Rif resistance INDETERMINATE Mtb concentration was lower than the limit of detection 

needed for mutations in rpoβ gene to be detected.  
Rif Resistance NOT DETECTED No mutation was detected in the rpoβ gene 
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2.2.13.3  Preparation for Tuberculosis-Molecular Bacterial Load Assay  

The Tuberculosis-Molecular Bacterial Load Assay (TB-MBLA) is a molecular test for rapid 

quantification of viable Mtb direct from clinical patient samples. The test detects and quantifies 

Mtb on targeting free Mtb16S-ribosomal RNA (16S-rRNA) via the reverse transcriptase-

quantitative polymerase chain reaction (RT-qPCR). 

2.2.13.3.1  Reagents for RNA extraction: Guanidine thiocyanate 

Guanidine thiocyanate (GTC) was used to preserve RNA from degrading due to RNases 

activity. In a fume hood, 200 g of GTC powder (Sigma-Aldrich, UK) was dissolved in 120 mL 

of molecular grade water. The solution was mixed thoroughly and incubated at 37°C overnight 

to further dissolve the GTC. The next day, the tube was stirred thoroughly to dissolve any 

undissolved GTC. Forty millilitres (40 mL) of 1 M Tris-HCl; pH 7.5 (Sigma Aldrich, UK) was 

added, and the volume was adjusted to 396 mL with molecular grade water. GTC was activated 

on adding 4 mL of β-mercaptoethanol (Sigma Aldrich, UK) and stored in aliquots of 4 mL at -

80°C to make a final volume of 400 mL of GTC solution. During the incubation sessions, GTC 

was protected from light on wrapping the bottle in aluminium foil. 

2.2.13.3.2  Ice cold ethanol (70% v/v) 

Aliquots of 50 mL absolute ethanol were prepared in a 50 mL falcon tube and frozen at -80°C 

until use. To prepare 70% ethanol, 35 mL of absolute ethanol was added to 15 mL of molecular 

grade water (Qiagen, UK) and mixed up and down ten times before freezing at -80°C until use.  

2.2.13.3.3  Sputum samples for RNA extraction 

Three spot sputa were pooled and homogenised using sterile beads and vortex mixer. One 

millilitre (1 mL) of the homogenised sample was mixed with 4 mL of the thawed activated 

GTC solution within 1hr of sample of collection. Samples which were homogenised in GTC 

solution were batched at -80oC until the time of RNA extraction, on average, every fortnight. 
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2.2.13.3.4  Preparing standard curves 

Standard curves were prepared using 10-fold serial dilutions of the RNA extracts of known 

concentration (Concentration 106 eCFU per mL). Briefly, 10 μL of the neat RNA extract was 

added to 90 μL of the molecular grade water (Sigma-Aldrich, UK) and serially diluted up to 

10-6 dilutions. Standard curves were prepared using the same Rotor Gene5plex Platform 

(Corbett Research LTD, UK) that was used for testing the clinical samples. 

2.2.13.4  RNA extraction 

Prior to RNA extraction, 100 μL of the extraction control (concentration; 106 eCFU per mL) 

was spiked into the clinical sample. The extraction control was used to assess the efficiency of 

the extraction process and control for the presence of inhibitors during the RT-qPCR step. RNA 

extraction was performed following the TB-MBLA protocol. Briefly, Mtb cells were lysed 

using RNAPro Blue Kit protocol before extraction of the nucleic acid using the chloroform-

phenol technique. DNA was removed on using the Ambion Turbo DNase kit (Life 

Technologies, UK).  

2.2.13.4.1  Removal of DNA from the nucleic acid extract 

Briefly, 11 μL of the DNAse mix (1 μL of Turbo DNase I enzyme: 10μL of 10x buffer) was 

mixed with 100 μL of RNA extract and incubated at 37°C for 30 minutes. An additional 1 μL 

of DNase enzyme was added to RNA extract and incubated for another 30 minutes at 37°C. 

The activity of the DNase was stopped on adding 10 μL of DNA inactivation reagent and 

incubated at ambient temperature with intermittent mixing at an interval of 5 min for a total of 

15 min. The extract was centrifuged at 13,000xg for 2 minutes and 110 μL of the supernatant 

containing pure RNA was harvested and tested immediately or stored at -80oC until the time 

of TB-MBLA testing. 
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2.2.13.5  Reagents for RT-qPCR (Details in appendix II) 

2.2.13.5.1  Stock concentration of the primers (100 μM)  

Primers and probes for Mtb and extraction control were supplied in a lyophilized form. The 

stock concentration of 100 μM was prepared according to the manufacturer’s instructions. 

Primers were dissolved using RNase free molecular grade water (Qiagen, UK). Probes were 

reconstituted using the probe dilution buffer supplied on the manufacturer.  

2.2.13.5.2  Working concentration of the primers (10 μM)  

Probe solutions for Mtb 16sRNA and extraction control were needed. To prepare 10 μM of 

each of the forward and reverse primer mix, 80 μL of RNase-free water was mixed with 10 μL 

of each of the stock solution of the forward primer (100 µM) and 10 μL of the stock solution 

of each of the reverse primer (100µM). The primer mix was stored at -20°C until use.  

2.2.13.5.3  Working concentration of the probe (20 μM)  

Probe solutions for Mtb 16sRNA and extraction control were needed. To prepare the 20 μM of 

each of the probe solution, 20 μL of each of the stock solution (100µM) was mixed with 80 μL 

of the RNase free molecular grade water (Qiagen, UK). The probe solution was stored in the -

20°C freezer until use. An aliquot of 0.2 μL of the probe was used for each sample reaction to 

make a final concentration of 0.2 μM. During preparation and storage, the probes were 

protected from light since they are light sensitive.  

2.2.13.5.4 RT-PCR conditions and analysis of results 

The RT-qPCR cycling conditions were as follows: 50°C for 30 min for reverse transcription, 

95°C for 15 min to activate Taq polymerase, 94°C for 40 sec for 40 cycles to allow the primers 

and probes to anneal; and 60°C for 60 sec to allow acquisition in Green (FAM-dye) and Yellow 

(HEX-dye) channels. The RNA from Mtb were detected in the green channel and the extraction 

control in the Yellow Channel.  
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Analysis of results was done on setting a threshold at 0.01, selecting slope correctly and 

removing the outlier at 10%. Only the sigmoid-shaped amplification curves above the set 

threshold line were true amplification curves. 

2.2.13.5.5  Master mix for RT-PCR reaction set up  

Two sets of master mix for the quantitative RT-PCR containing reverse transcriptase enzyme 

(RT+) and without the enzyme (RT-) were prepared using the Quantitec multiplex PCR mix 

(Qiagen, Germany).  

Table 2.5.0: TB-MBLA PCR master mix 

 

 

*Each sample was run in duplicate for the RT+ and in singlet reaction for the RT- mix. **The RT- reactions were 

included in each run and for each sample to ensure that the amplification during RT-PCR was due to RNA template 

and not DNA. β Total volume for RT+ reactions were calculated on multiplying the total number of the samples 

on 2. ββ Total volume for RT- reactions was multiplied on the total number of samples.  

 

Molecular biology grade water was used as a no template control for each run to check if there 

was contamination during extraction and preparation of the master mix. Sequence specific 

primers and Taqman dual labelled probes for Mtb-16S rRNA and for EC target were procured 

from MWG Eurofins, Germany. 

 

 

Reagent Vol.(µL) per 

RT+  

reaction* 

Vol.(µL) per  

RT-  

reaction**  

Total vol. (µL) 

for RT+  

reactionsβ 

Total vol.(µL)  

for RT-  

reactionsββ  

Quantitec mix 10 10 -- -- 

Mtb 16S primer mix (F+R) 0.4 0.4 -- -- 

EC primer mix (F+R) 0.4 0.4 -- -- 

Mtb 16S-FAM probe 0.2 0.2 -- -- 

EC probe 0.2 0.2 -- -- 

RT enzyme 0.2 0 -- -- 

RNAs free water 4.6 4.8 -- -- 

Total master mix volume 16 16 -- -- 
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2.2.14.0  Collection of stool samples 

Stool samples were collected on the day of patient enrolment using a flushable Hystool® stool 

collection device (https:/www.hystool.co.uk) 

2.2.14.1  Attaching the stool collection bag on the toilet 

The backing paper was peeled off from the adhesive pads on the corners of the stool collection 

bag. The bag was opened as wide as possible and stuck to the toilet seat using the adhesive 

pads. 

2.2.14.2  Utilising the toilet 

A piece of a toilet paper was folded and placed at the bottom of the stool bag to prevent direct 

contact between the bag and stool because the loose stool could burst the bag. The patient sat 

on the toilet seat and used it normally. Care was taken for stool not to pass through the bag. 

Participants were advised to try as much as possible not to pee in the stool because this could 

contaminate the sample or dissolve it. A portion of the stool (about two scoops) was picked 

into the sample container using a scoop which is attached to the cap of the stool container. 

2.2.14.3  Flushing the toilet after stool collection 

Sticker pads were unpeeled from the toilet seat allowing the gab, sticker, and contents to fall 

into the toilet and flushed normally. The stool bag used could dissolve in water and the sticker 

paper was biodegradable. 

2.2.14.4  Processing stool samples 

Spot stool (~6.0g) were self-collected on the participants into a sterile pre-labelled stool 

container and split into 2 equal portions on the laboratory technologist. One portion was 

homogenised in 10 mL phosphate buffered saline (PBS) and the other was mixed in equal 

volume of OMNIgene-sputum reagent (OM-S; DNA Genotek, Inc., Ottawa, Canada) and 

incubated at room temperature for 15 minutes.  
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OMNIgene-sputum reagent decontaminates TB samples while preserving Mtb viability. The 

resulting suspension was pelleted twice in OM-S at 3,000 × g, for 20 and 10 min, respectively. 

The resulting pellet was re-suspended in 6 mL of phosphate-buffered saline before being 

aliquoted into four different portions of 1 mL each to be tested on auramine O smear 

microscopy (smear), Xpert ultra, MGIT and LJ culture tests. The remaining portions were 

banked at -20°C and tested on TB-MBLA in a batch on all specimens concurrently at once. In 

addition to stool samples, sputum samples were collected and tested on the same day using 

Sputum MGIT culture and Xpert Ultra. 

2.2.15.0  Sample size calculation 

Sample size calculation was based on data from the Uganda’s National TB data 266 and a 

method described on Buderer.267 Using Buderer’s method, a minimum required samples size 

was 125 participants at baseline to achieve statistical power. 

Z1- α/2: Standard normal deviation = 1.96 

Sp: Anticipated assay specificity = 0.84 

d: Absolute precision on either side of  Sn and Sp = 0.1 

P: Prevalence of TB in Uganda = 0.6 

 

For treatment follow up arm, to get a minimum of 100 cases of bacteriologically confirmed 

pTB, we proposed to screen 1608 cases with TB-like clinical signs. This estimation was based 

on the Uganda National TB prevalence survey which showed that Greater Kampala has twice 

as high, 0.5% the national TB prevalence. At the national level, 3·1% (160/5144) cases were 

bacteriologically confirmed to have TB. We therefore estimated that with double TB 

prevalence rate in Greater Kampala, we would need fewer cases to achieve 100 

bacteriologically confirmed TB cases. Indeed, we screened 210 participants to get 129 

bacteriologically confirmed pTB positive cases who were then recruited into treatment follow 

up arm.  
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2.2.16   Statistical Analyses 

Means and medians were calculated using standard formulae. Differences in baseline clinical 

characteristics were compared using Mann-Whitney U-test for continuous variables. TB-

MBLA quantification cycles were converted to bacterial loads using a standard curve and 

reported as estimated colony forming units per mL (eCFUs per mL) and all were log 

transformed using a standard formula in excel before statistical analyses. Mean cycle thresholds 

of the Xpert ultra were obtained using TB-specific probes, including the insertion sequences. 

Quantification cycles for Xpert ultra and TB-MBLA, and the TB-MBLA bacterial loads 

between HIV-negative and HIV-positive participants were compared using Mann Whitney U-

test. Correlations of the time-to-positivity for MGIT culture and quantification cycles were 

performed using Spearman’s correlation test. Statistical significance was considered at 

probability value less than 0.05. Sensitivity was calculated as a proportion of the results that 

were positive on both the index test (TB-MBLA) and the reference test (True positive tests) to 

all results that were positive on the reference test (True positive + False negative). Specificity 

was calculated as a proportion of the results that were negative on both the index test (TB-

MBLA) and the reference test (True negative tests) to all results that were negative on the 

reference test (True negative + False positive tests). Positive predictive value was calculated 

as a proportion of true positive results to the summation of true positive and false positive 

results. Negative predictive value was calculated as a proportion of  true negative results to 

summation of true negative and false negative results. STATA version 15.1 tool (StataCorp, 

College Station, Texas, USA) was used to achieve the diagnostic accuracy estimates at the 

confidence interval of 95%.  
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3.0 Chapter Three 

Evaluation of the diagnostic accuracy of the Tuberculosis-Molecular Bacterial Load Assay 

among presumptive pulmonary tuberculosis adult patients 

 
3.1.0  Background 

Globally, 10 million persons were estimated to have developed TB in 2020, and 30% of them 

were believed to have missed diagnosis or not notified to the National Authorities.268 In the 

year 2018, the United Nations high-level meeting on tuberculosis and the political Heads at 

local and international levels committed to support endeavours towards upscaling TB diagnosis 

and treatment.268 Subsequently, a reduction of 9% in TB incidence and a 14% drop in TB-

related deaths were noted between 2015 and 2019, but this progress was too slow to achieve 

the set goals.268 Timely diagnosis and treatment reduce TB-related morbidity and mortality 

which justifies the demand for more suitable tools. 

Stained smear microscopy (SSM) is the commonest tool for TB diagnosis because it is fast, 

affordable, but requires significant training to perform it well. However, smear microscopy is 

observer dependent and cannot differentiate between dead and viable Mtb, and between Mtb 

complex and non-Mtb. It is associated with low sensitivity especially among the persons living 

with HIV and those with low bacterial loads, hence limiting its applicability.192–196  Culture is 

considered to be the optimal confirmatory test for TB diagnosis and a reference for other TB 

tests, yet it has several limitations: it is slow and requires an expensive high containment 

laboratory.269,270 Molecular-based assays have potential to solve the challenges that are 

experienced on the conventional TB diagnostic methods since they are usually faster, 

reproducible, not compromised on contamination and have been proven to be highly specific 

and sensitive for Mtb.271,272 Accordingly, Xpert Ultra- a modified version of the Xpert 

MTB/RIF assay is now recommended as an initial TB diagnostic and rifampicin resistance test 

in all adults and children with signs and symptoms of pulmonary TB.  
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However, trace call positive cases are not clinically conclusive since rifampicin resistance is 

usually indeterminate hence requiring a second run. In cases where the results of the first and 

the second run are discordant, making clinical decision becomes difficult which potentially 

delay clinical interventions.175 Tuberculosis-Molecular bacterial load assay (TB-MBLA) is a 

novel RNA based assay that detects and quantifies viable Mycobacterium tuberculosis (Mtb) 

bacilli in sputum.273,274 In 2018, the TB-MBLA was noted on the WHO to be a biomarker with 

potential to replace smear and culture for monitoring TB treatment response.275 TB-MBLA 

targets the abundant Mtb16S ribosomal RNA specifically and the test is highly sensitive with 

good positive predictive values.276  

3.2.0  Demographics of Uganda 

Uganda is located astride the Equator positioned in the Eastern region of Africa. On average, 

Uganda is about 1,100 metres (3,609 Ft.) above sea level and much of its border is lakeshore. 

Such environment supports the vector-, pathogen-host interactions, partly explaining why 

Uganda is burdened on lots of infectious diseases. There are four main administrative divisions 

called regions which include the Central, Western, Eastern, and Northern. The four regions are 

further sub-divided into 15 sub-regions which are constituted on 121 districts. The current 

study was based in Kampala, which is the most populated district with about 1,659,600 million 

persons. (Figure 3.1.0) The current growth rate of Uganda is estimated to be at 3.32%. On 

average, every adult female has approximately 5.7 children. At this growth rate, over one 

million persons are added to the population annually. It is estimated that each household has 

an average of 4.5 members which may partly explain the high prevalence of tuberculosis due 

to congestion, inadequate aeration and hygiene, and limited access to nutritious food. All these 

lifestyle factors are risk factors for TB transmission in case one of the household member has 

active TB disease. 
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Figure 3.1.0:  Map of Uganda. The current study was conducted at a Referral Hospital which is in Kampala. The 

Hospital serves persons around the central region of the country. Because central region is cosmopolitan, there 

are chances that results obtained from this region are more representative than results from any other region. 
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Based on these estimates, Uganda’s population is projected to exceed 100 million persons on 

the year 2050. This enormous increment in population creates a huge challenge to the already 

dilapidated public health systems, in the sector of the infectious disease control. 

(www.DHSprogram.com; Uganda Population 2022 (Demographics, Maps, Graphs) 

(worldpopulationreview.com; World Bank, 2018, Uganda; Population Reference Bureau 2018, 

Uganda) 

3.3.0  Epidemiology of tuberculosis in Uganda 

Uganda is one of the 30 World Health Organisation designated countries with a high burden of 

TB and HIV infections and diseases. In 2019, Uganda notified 65,897 TB cases to the World 

Health Organisation. In the same year, 88,000 persons fell ill of TB, and an estimated 15,600 

persons died. Men constitute more than half of the TB cases (56 %) in the country and the 

children account for 13 % of the total cases. In 2019, only 65,897 TB cases were diagnosed 

and reported to the National TB and Leprosy Programme (NTLP). This indicates that nearly 

22,103 (~25%) TB cases were either not diagnosed or they were diagnosed but they were not 

notified to the NTLP.12  

3.4.0  TB screening and Management in Uganda 

A patient presenting with any one of the following unexplained ailments/conditions is screened 

for TB: persistent cough for 2 or more weeks, persistent fever for 2 or more weeks, noticeable 

weight loss, excessive night sweats, and if it is a child, unexplained poor weight gain and/or 

history of contact with a person with confirmed TB. This patient is considered a presumptive 

TB case and he/she qualifies to undergo investigations for active TB disease. 

3.4.1  TB diagnosis and management using Xpert MTB/RIF assay 

For health facilities with functional Gene Xpert platforms, Xpert MTB/RIF assay is done in 

parallel with rapid screening of HIV. If Mtb is detected and it is rifampicin sensitive, the patient 

http://www.dhsprogram.com/
https://worldpopulationreview.com/countries/uganda-population
https://worldpopulationreview.com/countries/uganda-population
https://worldpopulationreview.com/countries/uganda-population
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is initiated on the standard first line TB treatment. If Mtb is detected and it is rifampicin 

resistant, the patient is treated as MDR-TB at a designated MDR-TB initiation Hospital. 

Additionally, a sample is referred for a baseline smear and TB culture to perform the 1st and 

2nd line drug sensitivity testing (DST). In case of an indeterminate rifampicin result, the patient 

is initiated on the first line standard TB treatment regimen, but Xpert MTB/RIF assay test is 

repeated using another sample to aid in the review for the rifampicin resistance. If the test is 

negative, further clinical evaluation and X-ray test are performed. If the patient is likely to have 

clinical TB, he/she is started on the first line TB treatment. Otherwise, the patient is treated for 

bacterial infections using the broad-spectrum antibiotics and subsequently monitored for two 

weeks. When the patient fails to respond to the broad-spectrum antibiotics after 2 weeks, he/she 

is re-assessed for TB. 

3.4.2  TB diagnosis and management using smear microscopy 

If the facility lacks a Xpert platform which is the case in most of the peri urban and rural Health 

facilities, a smear microscopy is performed in parallel with HIV test. If the result is positive, 

the patient is started on the first line TB treatment, and a sample is referred for Xpert MTB/RIF 

assay to rule out rifampicin resistance. Negative smear samples are referred for Xpert 

MTB/RIF assay. If all the results are negative, the patient is treated for bacterial infections with 

broad spectrum antibiotics. If the patient does not respond to broad spectrum antibiotics in 2 

weeks, he/she is re-assessed for TB.  

3.5.0  Recording and reporting 

All diagnosed TB patients i.e., those who are drug resistant, sensitive, or indeterminate are 

recorded in the unit TB register and subsequently included in the facility quarterly (HMIS 106a, 

Health Management Information System, section 106a). Notification reports and all rifampicin 

resistant TB patients should be notified in the weekly (HMIS: Health Management Information 
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System, section 033b). In addition, rifampicin resistant TB patients are recorded in the district 

line list and the Drug resistant TB register at the treatment initiation facility.  

3.6.0  Justification for undertaking this work in Uganda 

Tuberculosis-Molecular Bacterial Load Assay has the potential to achieve the following: 1) 

reduce turnaround time leading to early treatment initiation, 2) reduce loss of data through 

contamination, and 3) increase TB detection rates and subsequent case notification rates. All 

these attributes feed directly into the Uganda’s National priority area which is “to reduce the 

TB incidence from 201/100,000 to 117/100,000 on 2025/26” through: (a) increased proportion 

of new/relapse TB cases detected from 75% to 90%, (b) increased treatment success from 72% 

to 90%, (c) adaption and scaling up of new tools for improving diagnosis, treatment, and 

prevention of TB, and (d) increased active case finding at all Health facilities in the country.  

3.6.1  Main Objective  

The main objective of this Chapter was to evaluate the diagnostic accuracy of the tuberculosis-

Molecular Bacterial Load Assay in comparison with the standard-of-care tests using sputum 

sample: smear microscopy and DNA-based Xpert MTB/RIF Ultra using sputum MGIT culture 

as the reference test. 

3.6.2  Specific Objectives 

i. To establish the sensitivity, specificity, and predictive values of the tuberculosis-Molecular 

Bacterial Load Assay among the adult TB patients. 

ii. To ascertain the sensitivity, specificity, and predictive values of the standard of care tests: 

smear microscopy and Xpert Ultra using the same samples from the same participants. 

iii. To subjectively compare the sensitivity, specificity, and predictive values of the 

tuberculosis-Molecular Bacterial Load Assay with the standard of care tests: smear 

microscopy and Xpert Ultra. 
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3.7.0  Study sites and Design 

This study was conducted at Naguru General Hospital and Makerere University, Kampala 

Uganda. Naguru General Hospital is also known as China-Uganda Friendship Hospital, 

Naguru. The Hospital is located along the Naguru Road, Nakawa Division, Kampala District. 

This location is about 4 Km East of the central business district of Kampala. Naguru General 

Hospital serves the residents of Kampala metropolitan area and other Ugandans from different 

parts of the country. To-date, Naguru General Hospital consists of four operating rooms, a 

maternity ward, a paediatric unit, a teenage centre, a blood bank, a radiology department 

equipped with a CT scan, functional TB, and HIV clinics. The laboratory department is 

furnished with a functional Xpert MTB/RIF Ultra machine, fluorescent microscope, 

centrifuges, biosafety cabinet level II (BSL-II) among other standard laboratory requirements 

to handle clinical samples for microbiological investigations. This study was nested in a 

longitudinal cohort of persons with pneumonia at Naguru Hospital. This cohort is known as 

the “Mulago In-patient Non-Invasive Diagnosis-International HIV-Associated Opportunistic 

Pneumonias-Inflammation, Aging, Microbes and Obstructive Lung Disease” (MIND-IHOP-

IAM OLD) study.  

The parent study is sponsored on Makerere University and the University of California, San 

Francisco, funded on the National Institute of Health (NIH). The primary objective of the 

MIND-IHOP-IAM OLD study is to investigate the frequency, quantity, and diversity of 

bacterial, mycobacterial, fungal, and viral bugs in the respiratory and non-respiratory human 

specimens on using microbiologic, serologic, and nucleic-acid amplification techniques, 

seeking to establish the relationship between the presence of these organisms and clinical 

outcomes. 
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3.7.1  Sites for participant enrolment  

Study participants recruitment was done at the TB Clinic and the triage station of the Naguru 

General Hospital. Blood and sputum samples collection, HIV testing, complete blood count 

(CBC), liver and renal function tests (RFT/LFTs), smear microscopy, and Xpert Ultra assays 

were done at the MIND-IHOP-IAM OLD study laboratory. During the enrolment sessions,  

study nurse and the student screened potential participants from the outpatient department, at 

the triage station and or TB-clinic. Patients who qualified and consented to participate in the 

study provided clinical and laboratory data. 

3.7.2  Sites for laboratory services 

Circulating levels of the CD4+/CD8+ counts were done at the Makerere University-John 

Hopkins University (MU-JHU) Core Laboratory. Solid and liquid culture tests were done at 

the Mycobacteria Laboratory which is Biosafety category 3 facility (BSL CAT3) found in the 

Department of Medical Microbiology at the College of Health Sciences (CHS), Makerere 

University, Kampala Uganda. Both facilities;  (MU-JHU) Core Laboratory  and Mycobacteria 

Laboratory which is Biosafety category 3 facility are certified on the College of American 

Pathologists (CAP) society. 

3.7.3  Study design 

Participants were screened basing on the guidelines of the Uganda National Tuberculosis and 

Leprosy programme. Specimens were collected cross-sectionally and processed accordingly. 

Participants were identified and consented on the study nurse, except in a few cases where a 

clinician assessment was deemed necessary.  

3.7.4  Inclusion criteria  

The WHO-recommended tuberculosis screening guidelines were followed. Consequently, 

participants were enrolled into the study project after meeting the following criteria:  
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i. Being able to provide a written informed consent or oral witness for the illiterate patient  

ii. Being male or female adult within the age limit of 18-65 years  

iii. Meet criteria for a presumptive TB case  

iv. Being able to produce an adequate volume of sputum of 2 mL or higher  

v. Being a newly identified with active TB with/without a history of TB treatment  

vi. Willingness to be enrolled into the treatment response follow-up arm 

vii. Being able to return to the Hospital for follow-up visits if included in the follow-up arm 

viii. Having accessible Physical address and contact reference for easy follow-up 

3.7.5  Exclusion criteria  

Patients were excluded based on any of the following criteria:  

i. Being terminally ill with a high likelihood of missing the treatment follow-up  

ii. If patient was unable to produce required sputum volume 

iii. Having a history of drug resistance 

3.7.6  Study related risks and challenges  

3.7.6.1  Loss of confidentiality due to participating in the study 

Loss of confidentiality would cause stigma especially to participants that had been found to be 

positive for TB, HIV, or both. In this case, all personnel involved in data collection were trained 

on how to oversee patient data with care. Consequently, no identifiable information was used. 

We ensured that participant information on the data capture forms were put in a unique folder 

that was labelled with a unique identifier number before keeping them in a lockable cabin with 

a restricted access.  

3.7.6.2  Exposure of the study personnel to TB 

To mitigate the risk of catching infection, personal protective equipment. Were availed and all 

personnel involved in data collection were sensitised on using these tools. For example, sputum 
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expectoration was done in a designated well aerated open space. Processing of sputum and 

blood samples was strictly done in the biosafety cabinet. Protective gears such as the World 

Health Organisation approved N95 nasal masks. gloves and face googles were always worn 

during data collection. A specimen rejection criteria put in place, and this was utilised to reject 

all specimens that were delivered in leaky and soiled containers.  

3.7.6.3  Mitigating contracting Covid 19 on study personnel 

Continuous training in infection control in the context of Covid 19 was conducted. The training 

was aimed to equip the personnel with knowledge to assess the risk of Covid 19 among the 

patients and to emphasize the infection control measures. All staff were provided with alcohol-

based hand rubs in addition to the existing hand washing facilities to enable them wash 

regularly. To maintain social distancing and decrease of congestion, staff members were 

encouraged to work on alternate days. Mandatory cleaning of the surfaces and outdoor 

meetings were emphasised and implemented. Free access to Personal Protective Equipment 

(PPE) including face shields, gaggles’ scrubs, aprons, N95, face masks and gloves was ensured.  

3.7.6.4  Mitigating study participants from contracting Covid 19  

All patients were provided with protective face masks during their interaction with the study 

staff. Patients were provided with hand washing facilities, and they were encouraged to 

effectively wash their hands before interaction with study staff. In addition to routine work, 

patients were screened for possible Covid 19 infection and in case they were graded as high 

risk, they were referred to the Hospital-managed isolation unit for further management. 

Moreover, a maximum of 2 participants were scheduled for follow up visit points to avoid 

congestion at the data collection station. 
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3.7.6.4  Effect of Covid 19 on execution of the current study activities 

At the start of the Covid 19 related restrictions on movement, we experienced a slow enrolment. 

To mitigate this, as a team we worked with the TB Clinic/Programme colleagues to increase 

patients’ screening points. Research participants were engaged to lead us to their contacts who 

had TB-like symptoms. In n this case, motorcycle riders were deployed to get to these persons 

and shuttle them to the clinic for potential enrolment into the study. As Covid 19 lock downs 

dragged on, supplies from overseas  delayed due to restrictions in shipment from abroad. To 

mitigate this, we leveraged on our collaborators, and we made sure to refund/replace the 

borrowed supplies. 

3.7.7 Withdrawal from the study 

Participants’ withdrawal from the study was voluntary and due to death, transfer out of the 

study area or withdrawal of consent to continue participating in the subsequent follow up visits. 

Participants who withdrew from the study were helped to start and or continue with their TB 

treatment in case they were positive for TB. The patient ID of the participants who withdrew 

from the study were maintained for inclusion in statistical analysis and all the related 

documents were updated. Date and reason of withdrawal was indicated on the patient file for 

future reference. 

3.7.8  Data collection network 

The study nurse collected the clinical data, including patient demographics, TB history and 

other relevant information. Patient clinical information was captured onto the respective 

primary source documents, signed, and dated before handing them over to data clerk for 

transferring the same information into the electronic database. Before the patient were referred 

for specimen collection, they were clearly informed of the specimen type and volume of the 

sample that is required. Patients’ decision was always respected.  

 



 

74 
 

3.8.1  Chest radiographs 

Standard chest radiographs were done in the Radiology Department of Naguru General 

Hospital. Antero-Posterior views were evaluated for TB, using a standard reporting form on 

the Study Pulmonologist to classify the outcomes of Chest-Xray readings. Results from the 

chest x-ray were primarily for clinical management of the patients but not for research 

purposes. However, reference could be made where the circumstances required so. If the 

patient had TB symptoms but the sputum was negative, and the chest x-ray was highly 

suggestive of pTB, that participant would be asked to supply another sputum sample to be re-

examined to confirm absence of bacteriologically confirmable TB disease. 

3.8.2  Laboratory and clinical data collection and management 

Before the specimens were collected, the detail of specimen collection procedures was revealed 

to the patients, and their decision was considered. Specimens were collected from patients who 

provided full consent and it was done on the student and a designated Phlebotomist under the 

supervision of a Clinician when it was required. All specimen containers were clearly labelled 

and capped to make sure that there is no leakage and that the containers are not soiled. 

Specimen in their containers were added to the Ziplock and handed over to the laboratory 

runner to deliver them to the respective laboratories. All specimens were accompanied with 

well filled test requisition forms. The clinical data and specimen collection information were 

captured onto the respective data capture forms and log forms. Data capture forms were then 

handed over to the data entrant for entry into electronic database. Specimen information (type, 

collection date, volume, identification number, and the position in a cryovial for archived 

samples) was also captured into the separate specimen database. Hard copies of the test results 

from the respective laboratories were delivered on the laboratory runner. These results were 

captured into the results capture forms and handed to the data entrant for capture into the 

electronic database.  
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After data was captured into the electronic database, all hard copies were archived in patient 

unique file and stored into a lockable cabin. All dates were uploaded onto the Central server 

which is only accessed on selected persons. Before data analysis, electronic copies were 

retrieved and cleaned-up to rid typos before statistical data analysis.(Figure 3.2.0) 

 

 

Figure 3.2.0: Patient identification, data collection and information flow. The blue dotted lines indicate that when 

information was unclear, the concerned party was contacted either on emails or a phone call and a response was 

delivered on the same means. 1: Specimen in their containers were added to the Ziplock and handed over to the 

laboratory runner to deliver them to the respective laboratories. All specimens were accompanied with well filled 

test requisition forms. 2: The clinical data and specimen collection information were captured onto the respective 

data capture forms and log forms. Data capture forms were then handed over to the data entrant for entry into 

electronic database. Specimen information (type, collection date, volume, identification number, and the position 

in a cryovial for archived samples) was also captured into the separate specimen database. 3: Hard copies of the 

test results from the respective laboratories were delivered on the laboratory runner. These results were captured 

into the results capture forms and handed to the data entrant for capture into the electronic database. 4: After data 

was captured into the electronic database, all hard copies were archived in patient unique file and stored into a 

lockable cabin. 5: All dates were uploaded onto the Central server which is only accessed on selected persons. 

Before data analysis, electronic copies were retrieved and cleaned-up to rid typos before statistical data analysis. 

 

3.8.3  Processing and examination of blood specimen 

About 4-5ml of the venous blood was collected and used to measure the complete blood count, 

renal, and liver function tests. Blood was also used to assess for the presence or absence of 
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HIV, and to measure the circulating levels of the CD4+/CD8+. During counselling, testing and 

issuing results, the Uganda National HIV Counselling and Testing guidelines were followed.277  

3.8.4  Processing and examination of sputum specimens 

Each participant’s sputum sample was examined using four different tests including the 

following: TB-MBLA, Xpert Ultra, MGIT culture, and SSM-FM. Participants were requested 

to provide three serial spot sputa for us to be able to get enough sample volume. Because 

sputum is variable, the three sputa were pooled and homogenised immediately before equal 

volume aliquots were assigned to different tests as shown in the Figure 3.2.0 below.  

 

 

 

 

 

 

Figure 3.3.0: Sample collection and processing before examination. TB-MBLA: Tuberculosis Molecular 

Bacterial Load Assay, Xpert Ultra: Xpert MTB/RIF Ultra, SSM: Stained smear microscopy, MGIT: Mycobacteria 

Growth Indicator Tube. aTB-MBLA was the study index test. B MGIT was the gold standard and reference for 

TB-MBLA, Xpert Ultra and SSM. Participants provided 3 spot sputa which  were pooled and homogenised using 

sterile beads and vortex mixer to improve specificity, sensitivity and reduce on the cost per test. Each pooled and  

aliquoted into 4 portions. One portion was tested on either TB-MBLA, Xpert Ultra, culture or smear (Source: 

The picture was taken during specimen collection at Naguru referral hospital, Uganda). 

 

Each mL of sputum for TB-MBLA were preserved in 4 mL of GTC containing 1% 

mercaptoethanol as detailed Chapter Two. Pooling the three sputa was preferred to ensure that 

a single homogeneous sample was assessed on all test platforms: TB-MBLA, Xpert Ultra, 

SSM-FM and MGIT culture. Literature review indicated that sample pooling improves 

sensitivity, specificity, and that it saves on the investigational costs.278   

TB-MBLAa 

Xpert Ultra 

SSM-FM 

MGIT culture b 
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 3.8.5        Laboratory investigations 

Xpert MTB/RIF Ultra was performed for each baseline sample to assess for the presence or 

absence of Mtb in patients’ sputa. One millilitre (mL) of the homogenised sputum sample was 

used as detailed in Chapter Two. 

3.8.5.1  Stained sputum smear microscopy 

Sputum smears were prepared on applying 100 μL of the pelleted sputa on a labelled glass 

slide. Sputum was diluted on distributing it evenly to make a uniform smear as described in 

Chapter Two. Smears were air dried for 30 minutes and then heat-fixed at 50°C for 20 minutes 

in an oven before staining and examining them as detailed in Chapter Two.  

3.8.5.2  MGIT culture and confirmation of Mtb  

Before the culture tests were done, sputa were decontaminated as described in Chapter Two. 

The MGIT culture tubes that flagged positive in the BACTEC MGIT 960 instrument were 

further examined on SSM-ZN to confirm the presence of AFB. Cultures that were AFB positive 

on the SSM-ZN were tested with the MPT64 antigen test to further confirm the presence of 

Mtb and exclude non-tuberculosis mycobacteria. Blood agar was performed to rule out 

contaminants and exclude false positive signals of the MGIT instrument due to contamination, 

changes in oxygen level and pH of the medium as detailed in Chapter Two. 

3.8.6.0  TB-MBLA 

Samples for TB-MBLA were batched and processed on weekly basis. Before batching, 1 mL 

the pooled sputum  was added to 4 mL of GTC that was already activated with beta mercaptol 

ethanol and stored at -80oC for a fortnight. This storage process preserve the bioavailability of 

the RNA. Within two weeks, RNA extraction was performed as described in Chapter two. The 

TB-MBLA and standard curves were done as detailed in Chapter Two. 
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3.9.0  Results 

3.9.1  Participants’ enrolment and their baseline characteristics 

A total of 236 persons were screened for TB between the period of September 2019 to February 

2022. Out of the 236 screened patients, 210 (89%) were enrolled into the study this was because 

of the following reasons: i) Fifteen (6.4%) of the 236 persons that were screened objected to 

participate in the study because they were staying far from the TB Clinic, and it would have 

been hard for them to return for the scheduled visit points. ii) Ten (4.2%) persons withheld 

their consent to participate in the study. ii) One of them (0.4%) failed to provide sputum sample. 

(Figure 3.1.0).  

The enrolled participants were young adults with median (IQR ) age of 35 years (27-44). 

Majority of the participants 135 (64%) were of male gender. Overall, 72 (66%) of the 210 

participants were living with HIV 24 (23.3%) of whom were confirmed to have pTB 

coinfection with a median CD4 cells count 227 cells per µl (IQR: 54-345). Most of the 210 

participants 206 (98%) reported unexplained cough for two or more weeks and 54 (27%) of 

these had blood in their sputum. Overall, 159 (75.7%) participants reported unexplained weight 

loss. Of these, 86 (53%) were confirmed to have pTB, and 67(42%) were pTB negative 

according to MGIT culture. Gene Xpert MTB/RIF Ultra detected TB in 129 participants. The 

gold standard test (sputum MGIT culture) confirmed pTB in 103 (49%) participants whereas 

Xpert Ultra identified 129 (61·4%) participants. Out of the 210 enrolled participants, 6(2·9 %) 

were excluded from the final analysis because their MGIT culture test was indeterminate due 

to contamination. Median body mass indices: 19 kg/m2 for all participants, 20 kg/m2 for 

participants that were confirmed to have pTB, and 18·8 kg/m2 for those who were pTB negative 

according to MGIT culture, were all within the ‘healthy range’ value 18·5-24·9. Heart rate, 

respiratory rate, oxygen saturation as well as body temperature did not significantly differ 

among participants who were confirmed to have pTB and those that were not(Table 3.1.0).
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Figure 3.4.0: Participant enrolment. Potentially eligible persons were n=236. Only n=210 participants were enrolled into the study because n=10 withheld consent, n=25 stayed 

far from clinic and would not come back on the scheduled follow up visit, n=I failed to provide sputum sample. Six out of the n=210 participants had their MGIT culture result 

indeterminate due to contamination on bacteria other than Mtb. MGIT culture as a gold standard TB test identified n=103 participants as positive and n=101 as negative. TB-

MBLA, which is the index test identified n=114 participants as positive and n=97 as negative. Twenty-eight of the n=113 TB-MBLA positive cases were living with HIV and 

n=85 were living without HIV. After excluding the indeterminate MGIT culture results, positive TB-MBLA results were n=112, and negative TB-MBLA results were n=92. 

n=101 results were positive on both  the gold standard test (MGIT culture) and the index test (TB-MBLA). 

HIV+ 

n = 40  

Potentially eligible participants 

n = 236 

Eligible participants n (n = 210) 

TB-MBLA test (n = 210) 

 

Excluded  

• Declined (n=10) 

• Stayed far from clinic (n=15) 

• Failed to provide sputum  (n=1)  
 

No TB-MBLA test (n=0) 

TB-MBLA negative 

n = 97 

TB-MBLA Positive 

n = 113 

TB-MBLA inconclusive 

n = 00 

No MGIT 

n = 0 
HIV- 

n = 57  

No MGIT 

n = 0 

HIV+ 

n = 28  

HIV- 

n=85 

MGIT (n = 97) 

n = xx 

MGIT (n = 113) 

n = xx 

Final diagnosis (92) 

pTB positive  (n=1) 

pTB negative (n=91) 

 

Final diagnosis (n=112) 

pTB positive  (n=102) 

pTB negative (n=10) 

MGIT inconclusive 

n = 1 
MGIT inconclusive 

n = 5 
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Table 3.1.0: Baseline participants’ demographic characteristics 

 
N1:  210 refers to all participants who were enrolled into the study. MGIT culture test confirmed pTB in 103 participants, and 101 participants were confirmed negative for 

pTB. Six (3%) MGIT culture results were indeterminate due to contamination. Categorical data are n/N (%); Quantitative data are median [IQR]; a Bacteriologically confirmed 

positive or negative TB cases using sputum MGIT; b CD4 and CD8 and (CD4/CD8) were measured and (calculated) only for HIV positive participants (n=72). c P-value 

compares persons who were bacteriologically confirmed to have pTB and those without pTB  

 Persons with indicated pulmonary tuberculosis (pTB)  

Demographic characteristics Overall 

N1 = 210 

Positive a 

n=103 (49%)  

Negative 

n=101(48%)  

Contaminated 

n= 6 (3%)  

p-value c  

Age (Years)  35(27-44) 32(26-43)  35(30-47)  37(30-48)  0.6  

Male 135(64) 78(75) 54(53.5) 3(50) .. 

Evening fevers  174(82.9) 92(89.3) 77(76.2) 5(83.3) .. 

Weight loss >5% 159(75.7)  86(83.5)  67(66.3)  6(100)  .. 

Cough >2weeks  206(98) 102(99) 98(97) 6(100) .. 

Haemoptysis  54(27)  28(27.2)  25(24.8)  1(16.7)  .. 

Heart rate (%)  98(85-112) 104(88-114) 93(79-104) 104(66-123) 0.27 

Respiratory rate (%)  22(20-28)  24(20-28)  21(20-26)  20(18-23)  0.27  

Oxygen saturation (%)  96(94-98) 96(94-97) 97(94-98) 97.5(97-98) 0.82 

Living with HIV/AIDS  72(66)  24(23.3)  44(43.6)  4(66.7)  .. 

Antiretroviral therapy use  35(63) 7(6.8) 25(24.8) 3(50) .. 

CD4 (cells/µL)b  222(54-381)  227(57-345)  183(52-601)  514(113-922)  0.44  

CD8 (cells/µL) b  585(413-874)  589(459-872)  585(410-897)  631(466-883)  0.68  

CD4/CD8 b  0.28(0.1-0.5) 0.24(0.1-0.5) 0.3(0.1-0.9) 0.6(0.25-1.1) 0.51 

Body mass index  19(17-22)  20.1(17-24)  18.8(17-21)  24(18-27)  0.2  

Body temperature  37(36-37)  36.6(36.4-37)  36.5(36-37) 37(37-37)  0.81  
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3.9.2  Mtb bacillary load and quantification cycles  

Mycobacteria load measured using TB-MBLA, Cq values, and time-to-positivity were 

obtained for only Mtb positive results. Of the 113 TB-MBLA positive results, 102 (90·3%) 

were also positive on MGIT , and 1(0·9%) was contaminated with MGIT culture  and was 

excluded from the analyses. The overall mean ± standard deviation bacteria load of these 112 

samples was 4·8 ± 1·5 log10 eCFU per mL. Twenty-eight (25%) of the TB-MBLA-positive-

HIV positive participants had mean bacteria load of 3·8±1·6 log10 eCFU per mL. For 

participants who were TB-MBLA-positive but HIV negative (n=84), mean bacteria load was 

5·2±1·3 log10 eCFU per mL representing a 1·4log10 eCFU per mL logs higher  (t-test , 

p>0.0002) compared to those who were positive on TB-MBLA and HIV testing. Median (IQR) 

Cq value for TB-MBLA was 20 (17-25). Median (IQR) Cq was 25 (20-28) in TB-MBLA-

positive-HIV positive participants (n=28), and 20 (16-23) in TB-MBLA-positive-HIV-

negative participants (n=84). For Xpert Ultra (n=126), median Cq value was 20 (18-23). In 

Xpert Ultra-positive-HIV-positive participants (n=34), median Cq was 23 (20-28), and 19 (18-

22) in the Xpert Ultra-positive-HIV negative (n=92). (Table 3.2.0) 

 Table 3.2.0: Bacterial load, Quantification cycle values, and MGIT TTP 

Test Bacterial Load 

(Mean±SD log10 eCFU/mL) 

Quantification cycle 

(Cq)(Median[IQR]  

MGIT TTP   

(Median days[IQR]) 

TB-MBLAa    

Overallb (n=112) 4·8 ± 1·5  20 (17-25)  -- 

HIV positive (n=28) 3·8±1·6  25(20-28)  -- 

HIV negative (n=84) 5·2±1·3  20(16-23)  -- 

MGIT 
   

Overallb (n=103) -- -- 7(5-10) 

HIV positive (n=24) -- -- 9·5(6·5-13) 

HIV negative (n= 79) -- -- 6(5-9) 

Xpert Ultra  
   

Overallb (n=126) -- 20(18-23) -- 

HIV positive (n=24) -- 23(20-28)  -- 

HIV negative (n=92) -- 19(18-22)  -- 

TB-MBLA: Tuberculosis Bacterial load assay, MGIT: Mycobacteria Growth Indictor Tube, Xpert Ultra: Xpert 

MTB/RIF Ultra; a Index test. b Sample size excludes those which were indeterminate on MGIT culture 
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Spearman correlation test showed a positive correlation of the overall Cq values of TB-MBLA 

and Xpert Ultra possibly indicating that at baseline, both tests detect viable Mtb. Overall 

median values for the quantification cycles values 20 (IQR:17-25; n=112) for the TB-MBLA 

and 20 (IQR:18-23; n=126) for the Xpert Ultra were comparable indicating that both tests 

measured similar bacteria burden in the sputum sample (Figure 3.2.0).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3·5·0: Comparison of median quantification cycles values of the index test (TB-MBLA) and standard- of-

care test (Xpert Ultra). TB-MBLA: Tuberculosis Molecular Bacterial Load Assay, Xpert Ultra: Xpert MTB/RIF 

assay.  

 

3.9.3  Discordant results 

Although TB-MBLA concurred with MGIT culture test at 94% (kappa=0·89), Xpert Ultra at 

90·2% (Kappa statistics (k)=0·8), and SSM at 62·5% (Kappa statistics (k)=0·22), there were 

some discordances. Test results which were negative on Xpert Ultra, MGIT and SSM-FM but 

positive on TB-MBLA were pooled and excluded those which were self-repeating. We noted 

that 33(29·4%) of the 112 TB-MBLA positive samples were negative on the pooled test results. 

Considering MGIT test alone, ten results were TB-MBLA positive but were negative on MGIT 

test.  
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The mean bacteria load for these 10 samples was 3·8 ± 1·33 log10eCFU per mL, which was 

1·0log10 eCFU/mL less than the average bacteria load (4·8logs) in all study participants. Three 

3 (2·6%) samples were positive on TB-MBLA but negative on Xpert Ultra. The mean bacteria 

load in these three samples was 2·1log10eCFU per mL, which was almost half the average 

bacteria load (4·8 logs) for the entire  study population. Focusing on SSM-FM, 34 (30·4%) 

samples were positive on TB-MBLA but negative on SSM-FM. The mean bacteria load in 

these 34 samples was 3·4 log10 eCFU per mL which was 1.4log10eCFU per mL less than the  

(4·8logs) bacteria load for the overall  study population. On average, samples that were positive 

on TB-MBLA but negative on MGIT, Xpert Ultra and SSM-FM had an average bacterial load 

of 1·5logs below the average bacterial load of the study population. 

3.9.4  Xpert Ultra ‘Trace call’ results  

‘Trace call result’ is a new category of results on the Xpert Ultra platform that can be used to 

make clinical decision. Overall, out of the enrolled 210 participants, Xpert Ultra detected Mtb 

in 129 participants of whom 3(2·3%) had indeterminate MGIT culture results. Ten (7·8%) of 

the 129 Xpert Ultra positive results were ‘trace call’ category. Out of the 10 trace call results, 

2(20%) results were also positive on both TB-MBLA and MGIT culture. The mean  bacteria 

load of these two samples was 4·6 log10 eCFU per mL which was like 4·8 log10 eCFU per mL 

bacteria load for the overall TB positive study population.  

Median quantification cycle value of these two samples was 25·3 which was also similar to  

average Cq value 25 for the overall population. Median MGIT time to positivity for the MGIT 

culture test of these two samples was 10-days. Although ‘trace call’ results guided TB treatment 

initiation, majority of these results were negative 8(80%) on TB-MBLA and MGIT culture, 

and 9(90%) on SSM-FM. Importantly, all the 10 trace call results were associated with 

‘indeterminate rifampicin resistance’ result (Table 3.3.0). 
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Table 3.3.0: Relationship between ‘Trace call’ results with other tests results [n=10]* 

Test                                                                                       Test results n/N (%) 

 
Positive Negative 

TB-MBLAa 2(20) 8(80) 

MGIT culture 2(20) 8(80) 

SSM-FM 1(10) 9(90) 

 

 a index test. *None of the ‘samples with ‘trace call’ had a corresponding MGIT culture as indeterminate. 

 
 

3.9.5  Measures of diagnostic accuracy in all study population participants [n=204] 

Test diagnostic performance was measured against MGIT culture test. Out of the 210 enrolled 

participants, 6(2.9%) were excluded from diagnostic accuracy statistical analysis because they 

were indeterminate on MGIT culture. Therefore, diagnostic accuracy analysis was done for 

204 (97%) participants. We noted that TB-MBLA had a diagnostic sensitivity (95%CI) of 99% 

(95-100), and specificity (95%CI) of 91% (83-96). Although sensitivity at 99% (95-100) was 

similar for TB-MBLA and Xpert Ultra assays, specificity at 78% (68-86) was lower for Xpert 

Ultra when compared to 90% (83-96) for the TB-MBLA test. SSM-FM was the least sensitive 

test at 75% (65-83) but it was the most specific test at 98% (93-100). (Table 3.4.0) 

3.9.6 Measures of diagnostic accuracy  in persons living with HIV [n=68] 

Being HIV positive may lower the sensitivity of TB diagnostic tests due to low bacillary load 

in sputum. We found out that that in persons living with HIV, TB-MBLA and Xpert Ultra had 

similar sensitivity of 100% which was almost two-folds higher than 54%(33-74) for SSM-FM 

test. The NPV (95%CI) 100% (91-100) for TB-MBLA and 97% (85-100) for Xpert Ultra were 

similar. The positive predictive value (95%CI) of TB-MBLA was 89% (71-98) which was 17% 

higher than 72% (53-86) for the Xpert Ultra test. SMM-FM was the most specific test at 98% 

(87-100) with  PPV (95%) of 93% (66-100)  (Table 3.4.0). 
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Table 3.4.0: Measures of diagnostic accuracy  in the total study population [n=204]  

 

 

 

Table 3.4.1: Measures of Diagnostic accuracy in persons living with HIV [n=68] 

Tests  Mean value (95% CI) forb 
 

TP TN FN FP Sensitivity(%) 

(95%CI) 

Specificity(%) 

(95%CI) 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

TB-MBLAa 102 91 1 10 99(95-100) 90(83-96) 91(85-96) 99(94-100) 

Xpert Ultra 102 77 1 24 99(95-100) 76(68-86) 82(74-89) 99(93-100) 

SSM-FM 77 99 26 2 75(65-83) 98(93-100) 97(91-100) 79(71-86) 

 

TB-MBLA: Tuberculosis Molecular Bacterial Load Assay, Xpert Ultra: Xpert MTB/RIF Ultra, SSM-FM: Stained Sputum Smear-Fluorescence Microscopy, MGIT:  

Mycobacteria Growth Indicator Tube. PPV: Positive Predictive Value, NPV:  Negative Predictive Value . b Sputum MGIT culture was used as the reference., TP: True 

positive results, TN:  True negative results,  FN:  False negative results, FP:  False positive results,  a TB-MBLA was the index test. 

Test Mean value (95% CI) forb 

 
 

TP 

 

TN 

 

FP 

 

FN 

Sensitivity(%) 

(95%CI) 

Specificity(%) 

(95%CI) 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

TB-MBLAa 24 40 4 0 100(86-100) 93(81-99) 89(71-98) 100(91-100) 

Xpert Ultra 23 33 11 1 100(79-100) 81(63-90) 72(53-86) 97(85-100) 

SSM-FM 13 43 1 11 54(33-74) 98(87-100) 93(66-100) 79(65-89) 

 

TB-MBLA: Tuberculosis Molecular Bacterial Load Assay, Xpert Ultra; Xpert MTB/RIF Ultra, SSM; Stained Sputum Smear-Fluorescence Microscopy, MGIT:  

Mycobacterial Growth Indicator Tube,  PPV:  Positive predictive value, NPV:  Negative predictive value, TP: True positive results, TN:  True negative results,  FP:  False 

positive results, FN: False negative results. Sputum MGIT culture was used as the reference test, a TB-MBLA was the index test 



 

86 
 

3.9.7 Smear negative participants [n = 124] 

Out of the 124-sputum smear-negative results, 26 (20·96%) were confirmed to have Mtb on 

the sputum MGIT culture, 34 (27·42%) were positive on the TB-MBLA with mean bacterial 

load ± SD; 3·38 ± 1·33 eCFU per mL; 48/124 (38·7%) were positive Xpert Ultra test. Twenty-

four (19·4%) of the 124 samples were positive on all the three tests i.e., TB-MBLA, Xpert Ultra 

and MGIT. Nine samples were positive on TB-MBLA but negative on MGIT culture. Seven 

(77·8%) of the 9 samples were also positive on Xpert Ultra. The average bacteria load of the 9 

samples that TB-MBLA positive but MIT negative was 3·47 log10 eCFU per mL. Three samples 

were positive on TB-MBLA but negative on Xpert Ultra, 1 (33%) of which was also positive 

on MGIT culture. Mean bacteria load of these 3 samples was 3·51 log eCFU per mL. Two 

samples were positive on TB-MBLA but negative on both TB-MBLA and Xpert Ultra with 

average bacteria load 2·26 log10 eCFU per mL. Sixteen samples were positive on Xpert Ultra 

but negative on both TB-MBLA and sputum MGIT. (Figure 3.4.0). 

-  
 

Figure 3.6.0:Positive test results among the smear negative participants. Out of the 26 samples confirmed pTB 

positive, 25 (96·2%) were also positive on both TB-MBLA and Xpert Ultra. Twenty-four (19·4%) samples were 

positive on all the three assays. Thirty-one (25%) tested positive on both TB-MBLA and Xpert 
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The 48-smear negative but Xpert Ultra positive samples were further categorised according to 

positivity grades. Eight of the 48 (16·7 %) were graded as ‘Trace’, 21(43·8%) were graded as 

‘low’, 8(16·7%) were graded as ‘very low’, 5(10.4%) were graded as ‘medium’ and 5 (10·4%) 

were graded as ‘high’. Out of the 48 Xpert Ultra positive but SSM-FM negative samples, 

31(64·5%) were also positive on TB-MBLA with mean bacterial load ± SD, 3·50 ± 1·33 eCFU 

per mL. Sixteen (33·3%) of the 48 samples were negative on TB-MBLA but positive on Xpert 

Ultra. These sixteen samples had lower mycobacteria load ranging between ‘low’ to ‘trace’ 

according to Xpert Ultra grading. 

3.9.7.1  Measures of diagnostic accuracy in smear negative participants [n=124] 

The sensitivity (95%CI) of TB-MBLA among the participants who had a negative SSM-FM 

test result was 96% (80-100), and specificity (95%CI) was 92% (84-96). Sensitivity of the 

Xpert Ultra 96% (84-100) was similar to that of the TB-MBLA but specificity 78% (69-86) 

less compared to 92% (84-96) of the TB-MBLA. The PPV (95%CI) of the TB-MBLA was 

76% (58-89) and was higher than 53% (39-69) of the Xpert Ultra. On contrast, the NPV was 

high at 99% for both TB-MBLA and Xpert Ultra tests. The trend of the sensitivity, specificity 

and predictive values was similar in participants who were negative on SSM-FM and living 

with HIV (Table 3.5.0). 

Table 3.5.0: Diagnostic accuracy among SSM-FM negative participants [n=124] 

TP: True positive cases, TN: True negative cases, FP: False positive cases, FN: False negative cases, Sn: 

Sensitivity, Sp: Specificity, Sputum mycobacteria Growth Indicator Tube culture was used as the reference 

standard test. PLWHIV: Persons  Living With  HIV

Test Performance in all SSM-FM negative study participants 
 

 

TP 

 

TN 

 

FP 

 

FN 

Sn% 

(95%CI) 

Sp(%) 

(95%CI) 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

TB-MBLAa 25 90 8 1 96(80-100) 92(84-96) 76(58-89) 99(94-100) 

Xpert Ultra 25 76 22 1 96(84-100) 78(69-86) 53(39-69) 99(93-100) 

 

Diagnostic accuracy of TB-MBLA and Xpert Ultra in PLWHIV with negative SSM-FM[52] 

TB-MBLA 11 39 2 0 100(72-100) 95(84-99) 85(55-98) 100(91-100) 

Xpert Ultra 10 33 8 1 91(59-100) 80(65-91) 56(31-79) 97(84-100) 
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3.10.0  Discussion  

Using Molecular assays can potentially increase TB detection rates and the number of TB 

patients who could start on the treatment early enough. These assays also improve treatment 

outcome and reduce TB transmission rates. In this Chapter, a novel-RNA based TB-MBLA 

was evaluated for its diagnostic accuracy among the presumptive TB patients. The diagnostic 

accuracy of the TB-MBLA was compared with smear microscopy and Xpert Ultra.  

TB-MBLA was sensitive and specific with higher positive predictive value, indicating that it 

has potential role in TB diagnosis. Although sensitivity was similar for TB-MBLA and Xpert 

Ultra, specificity was higher for TB-MBLA. MGIT culture which was used as the reference 

test could have underestimated the specificity of the Xpert Ultra since it is likely to be less 

sensitive than the Xpert Ultra. This observation indicates the limitation of using a 

bacteriological test as a standard reference for the more sensitive and specific molecular-based 

assays. It also justifies the need for a more accurate and reliable molecular TB surrogate method 

to function as the standard reference for the nucleic acid amplification-based tests.  

In the year 2018, the WHO noted that TB-MBLA has a potential to replace culture and smear 

for monitoring TB treatment response. The findings from the current study show that TB-

MBLA has a higher degree of concordance with MGIT culture than SSM-FM and Xpert Ultra, 

indicating that TB-MBLA is a likely to be a more suitable molecular test that can replace MGIT 

culture as a standard reference for TB molecular assays. 

Being HIV positive is an important risk factor for getting TB disease and getting ill from the 

TB. It is therefore important to have a test and sampling strategies that improve TB detection 

accuracy in persons living with HIV. From literature review, Xpert Ultra is noted to have a 

pooled sensitivity of 69% (57-80) in persons living with HIV.279  In the current study, the 

sensitivity of TB-MBLA and Xpert Ultra among the persons living with HIV was 100%.  
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The higher sensitivity of these assays may be attributed to the fact that we used a pooled sample 

which reportedly improve estimates of diagnostic accuracy.278  

The observation in this study that 8/10 (80%) -9/10 (90%) of the trace positive Xpert Ultra 

cases were negative on TB-MBLA, MGIT culture and SSM-FM tests may suggest a possibility 

of over-diagnosis. However, since the current study was conducted in a high TB and HIV 

prevalence country10,11,11,15 and enrolled participants who were screened positive for TB-like 

symptoms with no history of prior TB treatment, it is plausible that treating patients who were 

trace call was beneficial. However, future studies should investigate such ‘trace call’ results  in 

countries with low TB and HIV prevalence, focusing on asymptomatic persons with a history 

of treated TB. These investigation will be needed to unravel the time taken for Xpert Ultra 

positive but culture or TB-MBLA negative patients to also become Xpert Ultra negative.  

Prior studies indicate that Xpert Ultra has a higher pooled sensitivity and specificity among the 

smear-negative TB samples.280,281 Our findings concur with this fact. We observed that TB-

MBLA and Xpert Ultra tests identified more positive cases in the smear-negative participants 

further suggesting the potential advantage of these assays over the bacteriological tests. Of 

Importantly, TB-MBLA could have a comparative advantage in routine TB care over the Xpert 

Ultra because we found out that it has a higher positive predictive values: 92% versus 82 in 

entire study population,  89% versus 72% in those living with HIV, and 76 versus 54 in those 

with smear negative TB. The observation that  TB-MBLA detected TB that was otherwise 

missed on SSM-FM (n=34), MGIT culture (n=10), and Xpert Ultra (n=3) indicates an added 

value for this novel tool. Since the measured bacteria load was below the average for the entire 

study population, it is plausible that TB-MBLA has potential to detect persons who present 

with low bacteria load. This is important to guide clinicians to initiate treatment early.  

To date, smear microscopy is a rapid and cheap method to detect AFB, but this requires at least 

5,000–10,000 bacilli cells per mL of sputum to yield a positive result.  
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It is, therefore, possible that samples with lower bacillary load would yield a negative result 

for TB. Nevertheless, smear microscopy is the most used TB test in the resource constrained 

settings, implying that a substantial number of persons often miss accurate diagnosis and 

treatment. This presents a huge challenge for the TB Control Programmes in poor countries, 

since persons with smear-negative pulmonary TB are about 10 to 12.5% as infectious as smear-

positive cases and they considerably contribute to TB transmissions.282,283  Liquid sputum 

culture has a high sensitivity and can detect as low as 10 viable bacilli per mL of sputum sample 

and may identify TB patients who are missed out on the smear microscopy. However, culture 

requires a longer time, extending up to 4 weeks before a positive result can be issued, and 

requires category three containment. This causes delays in making clinical decisions.284  

3.11.0  Conclusion 

Using sputa samples from the same presumptive TB patients, molecular-based assays were 

found to exhibit high sensitivity, specificity exceeding the minimum WHO Target Profile 

Product 285 in the general study population, in study population participants who were  living 

with HIV, and those who were smear negative. In this study, the two molecular assays (TB-

MBLA and Xpert Ultra) identified pTB positive cases that were missed on the SSM-FM and 

MGIT culture. However, TB-MBLA and MGIT culture concurred on the negativity of some 

cases that were positive on the Xpert Ultra, demonstrating similar specificity between these 

two assays. Taken together, the findings of this study show that TB-MBLA is sensitive and 

specific with higher positive predictive value and can potentially be used as a diagnostic and 

treatment monitoring tool.  
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3.12.0  Limitations of the current study 

The main limitation of the study is the dependence on MGIT culture as the reference test for 

the molecular based assays. Culture is an imperfect surrogate and may have distorted the results 

of the diagnostic performance of the molecular tests. Secondly, our findings are further limited 

on the small sample size and being undertaken at only one site and fewer sampling points. 

While findings show that TB-MBLA has potential as both a diagnostic tool, in its current state, 

the lengthy processing protocol requires it to undergo technical modification to automate its 

operation, which will make it more rapid for wider applicability in areas with limited 

workforce.  
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4.0  Chapter Four 
Accuracy of the Tuberculosis Molecular Bacterial Load Assay to monitor response to anti-

tuberculosis therapy in comparison to the conventional standard of care sputum smear 

microscopy, Xpert MTB/RIF Ultra, and culture 

 

4.1.0  Introduction  

Despite the seemingly steady improvements over time, Tuberculosis (TB) treatment success 

rate remains lower especially among the persons living with HIV at 77% compared to 86% 

among the general TB population.11,12 All TB patients should be monitored closely to detect 

interrupted treatment, slow treatment response or even failure, on the same day of sample 

collection. Effective monitoring of the patients’ response to TB treatment is key for guiding 

clinicians in making timely treatment decisions to minimize TB transmissions, risks of 

developing drug resistance, dilapidated health, and deaths.187 However, efforts to detect TB 

treatment failure or disruptions early into therapy are hindered on the lack of optimal and 

effective tools for monitoring TB treatment response.286  

Accurate tests reflecting the changes of viable Mtb during TB therapy are crucial for making 

correct clinical decisions on the progress of the patients’ treatment.287,288 Patient clinical 

symptoms such as cough, sputum production, loss of weight, loss of appetite, night sweats and 

chest pain are associated with active TB disease and are used to clinically monitor response to 

TB drugs289,290 However, some of the TB symptoms clear too fast while others persist even 

after treatment. For example, Hales et al., showed that 20% of the patients continued to present 

with productive cough after treatment completion, and that this cough was not associated with 

TB disease but other ailments.291 Similarly, Bark  et al., reported that 13% of the patients in 

present with cough at month-6 of treatment.292 To-date, bacteriological investigations including 

liquid culture (MGIT) and stained smear microscopy (SSM) appear to be most suitable 

treatment monitoring tools based on some inherent positive attributes.  
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For example, liquid culture is sensitive and it can detect as low as 10 bacilli per millilitre of a 

clinical sample.128 Additionally, liquid culture can be used to identify drug resistant Mtb and 

to isolate viable Mtb, which allows investigations that require viable organisms.128 However, 

liquid culture is associated with several limitations including the following: i) this test requires 

expensive high containment laboratories and highly trained personnel to perform, ii) It is 

associated with a long  turnaround time,  and iii) loss of data due to contamination on other 

fast-growing bacteria that are available in the clinical samples.269,270 

Consequently, stained sputum smear microscopy (SSM) has been used as the standard of care 

test for monitoring response to TB treatment until recently when the WHO recommended Xpert 

MTB/RIF Ultra as an add-on test.293 Stained smear microscopy test is fast and affordable which 

explaining its wider applicability. 195 However, SSM is observer dependent, and it requires 

significant training and experience to competently interpret results.196 Moreover, SSM test 

cannot differentiate between dead and viable Mtb, and between Mtbc and NTM.199 Further, 

SSM is associated with low sensitivity, especially among the persons living with HIV and those 

with low mycobacterial loads such as those on  TB treatment.192–196 

Molecular-based assays may have potential to solve the limitations of the conventional 

diagnostic methods in monitoring treatment response. This is because Molecular-based assays 

are generally fast, reproducible; they are not compromised on contamination, yet they have 

been proven to be highly specific and sensitive.275 For example, the Xpert Ultra is being 

adopted on the TB Control programmes as a standard of care for TB diagnosis because it is 

highly sensitive, and specific even in persons living with HIV and those with smear negative 

TB.  Xpert Ultra cartridge derives its improved sensitivity from a bigger sample volume per 

reaction which doubles the amount of sample DNA that can be assessed. The additional multi 

copy gene probes and primers which allow identification of paucibacillary samples which are 

IS6110/IS1081 positive but rpoB negative. 271,272  
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Nevertheless, the Xpert Ultra cartridge targets Mtb-DNA as a proxy for Mtb in a clinical 

sample. It is commonly understood that DNA is a stable macro biomolecule that  is not cleared 

rapidly after Mtb is killed, implying that there is a high chance of giving false positive results 

among patients who are being treated for treatment.294  Because of its attributes, Xpert Ultra is 

now recommended as an initial TB diagnostic test and rifampicin resistance test in all adults 

and children with signs and symptoms of pulmonary TB.178 However, as in much as the Xpert 

Ultra is highly sensitive in both smear negative and general population of TB patients,  the new 

results category known as the ‘trace call’ positive is not clinically conclusive, since the 

associated rifampicin resistance test is usually indeterminate, hence requiring a second run.178 

In cases where the results of the first and second test runs are discordant, making a clinical 

decision becomes difficult, which potentially delays subsequent clinical assistance to 

patients.175  

Much as molecular based assays are highly promising tools for  improving TB diagnosis, there 

is no molecular test that has been validated for detection of viable Mtb in the clinical samples 

to reflect the progress of anti-TB treatment in routine a clinic setting. Monitoring TB treatment 

response is essential for understanding whether a patient is or not responding to anti-TB 

medications, and to identify poor responders with a higher risk of developing drug resistance 

or treatment failure in the early stages of the treatment.295 Overall, effective monitoring of 

patients’ response to TB treatment could lead to a better usage of anti-TB drugs, reduce 

treatment costs for patients, health facilities and the costs associated with the evaluation of new 

anti-TB antibiotics.295 Tuberculosis-Molecular bacterial load assay is a novel RNA based assay 

that detects and quantifies viable Mycobacterium tuberculosis (Mtb) bacilli in clinical 

samples.273,274  In 2018, WHO noted that TB-MBLA has potential to replace SSM and culture 

as a tool for monitoring response to TB treatment.275  
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However, lack of evidence on the performance, suitability and comparative advantage over the 

SSM and culture limited immediate role out of TB-MBLA in TB clinical settings.296 TB-

MBLA targets the abundant Mtb16S-ribosomal RNA specifically and the test is highly 

sensitive with good positive predictive values.276 Previously, TB-MBLA was evaluated as a 

treatment monitoring tool on samples that were already confirmed TB positive on other tests 

such as SSM which made it impossible to calculate specificity and predictive values.296 TB-

MBLA has the potential for routine monitoring of response to TB treatment but so far, there is 

not enough supporting data which limit its roll out into TB care settings. In this chapter, 

accuracy of the TB-MBLA to monitor response to anti-tuberculosis therapy in comparison to 

the conventional standard of care sputum smear microscopy, Xpert MTB/RIF Ultra, and culture 

was investigated among the ambulatory and hospitalised adult presumptive TB patients in 

Uganda, East Africa. 

4.1.1  Management of TB in Uganda  

After confirmation of the presence of Mtb, the patient is registered for anti-TB treatment and 

receive the 6-month standard anti-TB treatment. Treatment is administered on out-patient basis 

at the nearest health facility. This lessens the transport burden and increase retention in care. 

The nurses responsible for Directly Observed Therapy ensure that every dose that is given to 

the patient is swallowed and documented appropriately on the patient treatment card. 

4.1.2  TB treatment response assessment in Uganda 

Monitoring response to TB treatment is performed on examining sputum using SSM at months 

2, 5 and 6 after the treatment initiation for the new active TB cases. For the re-treatment cases, 

monitoring treatment response is done at months 3, 5 and 7 after the treatment initiation. When 

at the end of intensive phase treatment, sputum SSM is positive, the intensive treatment phase 

is extended for 1 extra month. At the end of the extended intensive treatment phase, another 

sputum sample is collected and used for culture and drug susceptibility testing (DST).  
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If the DST result is suggestive of resistance to the first line TB medication, that patient is 

switched to the second line TB treatment regimen. If the DST is negative, that patient is 

switched to the continuation treatment phase. A sputum specimen for culture and DST is also 

collected when a patient has a smear positive at month -5 and -6 of anti-TB treatment to detect 

the possibility of MDR-TB and/or treatment failures. 

4.1.3  Rationale for exploring the utility of TB-MBLA in clinical settings  

Liquid culture is sensitive but using it for monitoring treatment response does not provide real 

time results for clinical management of TB treatment. Typically, culture test requires at least 

two months or more to obtain a phenotypic DST result after sample collection. Consequently, 

there is an urgent need for a rapid, sensitive, and specific, yet affordable test to monitor 

response to TB treatment. This would provide valuable information for early treatment clinical 

decision making. Presently, there is no proven molecular test for the detection of the decreasing 

load of viable Mtb signifying effective treatment. Monitoring response to TB treatment is key 

for understanding whether the patient is responding to TB medications or not. Monitoring 

response to TB treatment identifies patients who are poor responders with a higher risk of 

developing drug resistance and/or treatment failure. 

4.1.4 Main objective 

The overall objective of this Chapter was to investigate the utility of TB-MBLA for monitoring 

response to TB treatment in comparison with the standard of care methods in Health facility 

centres. Effective monitoring of response to TB treatment can lead to a better use of anti-TB 

drugs, lessen treatment costs burden for patients, Health facilities and Governments. 
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4.1.5 Specific aims 

The specific objectives of this Chapter were to:  

1) Evaluate the accuracy of the TB-MBLA for monitoring TB treatment response compared to 

bacteriological tests: sputum SSM and culture. Accuracy was measured as sensitivity, 

specificity, and predictive values.  

2) Compare the performance of TB-MBLA for treatment response monitoring to Xpert Ultra 

test. Accuracy was measured as sensitivity, specificity, and predictive values. 

3) Describe the changes in bacterial loads measured on the TB-MBLA and the cycle threshold 

cycles that are generated on the Xpert Ultra during the TB treatment course. 

4.2.0  Methods 

4.2.1  Ethics approvals 

The project was approved on the Makerere University School of Medicine Research and Ethics 

committee [REC REF No. 2006-017] and Makerere University School of Biomedical Sciences 

Research and Ethics Committee [REC REF No: SBS 529] respectively. Before enrolment, 

participants consented to utilizing their biological samples and clinical data for this study. All 

the study related activities were conducted according to the guidelines outlined in the Good 

Clinical and Laboratory Practice manual.297 

4.2.2  Participants and Study design 

We conducted a longitudinal prospective study using spot sputa that were obtained from 

persons who were being investigated for pTB, and later confirmed positive and treated. This 

sub study was nested within a cohort of persons with pneumonia at Naguru Referral Hospital, 

Kampala (Uganda) for the period between 2019 and 2022.298 Adult participants (≥18 years of 

age) who were coughing for at least 2 weeks with/without night sweats, with apparent weight 

loss; with/without symptoms of extrapulmonary tuberculosis were enrolled.  
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4.2.3  Study specimens during treatment monitoring phase  

All participants were invited to the study site and requested to provide 3 spot sputa which were 

pooled and homogenized at week 0, and then at weeks 2, 8, 17 and 26 after the initiation of TB 

treatment. The homogenized sputa were aliquoted into 4 portions, each 1mL and assessed using 

Xpert Ultra, smear microscopy, Lowenstein-Jensen, and Mycobacteria Growth Indicator Tube 

culture tests. Aliquots for TB-MBLA were preserved in Guanine thiocyanate and stored at -

20oC until use. Xpert Ultra was used as the standard of care for tuberculosis and a basis for 

treatment initiation as described in Chapter Two. 

4.2.4  Placement of participants on the Standard TB Treatment regimen 

Participants who were positive on Xpert Ultra were initiated on the Standard TB treatment 

consisting of Rifampicin (R), Isoniazid (H), Pyrazinamide (Z) and Ethambutol (E) for the first 

two months and then continuation phase with R and H for additional four months (2HZRH 

+4HR) following the National Leprosy and Tuberculosis Programme guidelines. Treatment 

was administered on the respective Health facility Nurses. 

4.2.5  Follow up visits during treatment monitoring phase  

The National Leprosy and Tuberculosis Programme (NTLP) schedules for routine monitoring 

of response to TB treatment involves sampling the patients at month 2 to decide whether they 

can be switched to the continuation phase or extend their treatment for an extra month, and 

then at months 5 to check for treatment failure or success. Follow-up visits for the current study 

were selected to match the NTLP schedules, to reduce the burden of transport cost and to save 

the patients’ time. An additional week 2 visit, which is not part of the routine NTLP monitoring 

visit was included to capture early information on patient response to treatment during the first 

2 weeks of TB therapy.  
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4.2.5.1  Tracing of study participants during treatment monitoring phase 

Contact details for each participant such as  physical address and phone number(s) were 

captured into the respective patient file at enrolment. The study Nurse explained to the patient 

all the details of the subsequent study visit dates  which were scheduled for the whole duration 

of 6 months of treatment. Participants were reminded through a phone call at one week, and 

then two days to their next visit. A scheduled home visit was only arranged for participants 

who missed a visit date and those who were not reachable through phone calls.  

4.2.6  Clinical assessment of treatment response  

Each patient was screened for clinical symptoms of TB at baseline visit and resolution of these 

clinical symptoms in subsequent follow up visits. Participants were given clear instructions on 

how to take medications on the study Nurse. At a fortnight interval, participants were contacted 

using a phone call and asked about their general health. During this phone call, participants 

were reminded to adhere to the pill ingestion instructions. They were also asked to mention 

any unusual condition that they might have experienced after starting TB treatment. In case an 

adverse reaction to treatment was reported, participants would be called back to the Hospital 

to get the necessary intervention and care outside the scheduled visit points. 

4.2.6.1  Assessment of participants’ adherence to treatment  

During treatment follow up visits, adherence to treatment instructions was based on self-

reporting approach. Participants were probed on the study Nurse to establish if they were 

adhering to the pill ingestion instructions. In addition, drug cards and pills counting were 

reviewed to reconcile with what the participants self-reported. Any discordance was further 

interrogated to ensure that participants successfully adhered to treatment. 
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4.2.6.2  Transport of participants during treatment monitoring 

Participants used the local public transport means to get t o and from the health facilities. In 

cases where participants had no transport to attend the scheduled follow up visit, the study 

courier/driver in coordination with the designated study staff arranged for a home visits to 

transport those participants to the health facility. Participants were provided with N95 masks 

to mask up while in the public transport vehicles. This was important to minimize transmissions 

of TB. 

4.2.6.3  Compensation of patients during monitoring response to treatment  

A non-coercive compensation was approved on Makerere University School of Medicine 

Research and Ethics committee [REC REF No. 2006-017] and Makerere University School of 

Biomedical Sciences Research and Ethics Committee [REC REF No: SBS 529]. Subsequently, 

each participant was re-imbursed a sum of 25,000 Uganda shillings (equivalent of to £5) to 

compensate for their transport cost and lunch per visit point. When the participant required 

additional clinical investigation (s), they were helped to draw and deliver the required samples 

to the Hospital laboratory. Results from these tests were interpreted on the study doctor who 

would prescribe the necessary treatment or refer the patient accordingly. Blood transfusion and 

rehydration (with Dextrose 5 or normal saline) were freely offered for those participants who 

required these remedies. After specimen collection, all participants were supplied with 500 mL 

of Ribena juice at no cost.  

4.2.6.4  Xpert MTB/RIF Ultra for monitoring treatment response 

One mL of the homogenized sputa was mixed with 2 mL of the sample reagent buffer (Cepheid, 

Sunnyvale, CA, USA) and then assessed according to the Manufacturer’s protocol. Results 

were automatically generated semi quantitatively on the Xpert Ultra platform. All samples were 

examined using the same Xpert Ultra machine as detailed in Chapters Two and Three. 299 
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4.2.6.5  Stained smear microscopy for monitoring treatment response 

One mL of each homogenized sputum sample was sedimented at 3000 g for 10 minutes and a 

smear (1-2cm diameter) was prepared from the sediment and stained using auramine-O-

staining technique guidelines (Merck, Darmstadt, Germany). Stained sputum smears were 

examined under ultraviolet-based fluorescent microscope at X400 magnification as detailed in 

Chapters Two and Three. 

4.2.6.6  Culture test for monitoring response to treatment 

MGIT tubes were then inoculated with 500 µL of the decontaminated sample and incubated at 

37°C for a maximum of 42 days. Solid culture on the LJ medium (LJ; Becton Dickinson) slants 

were inoculated with 1 mL of the re-suspended sediment and incubated at 37°C for a maximum 

of 56 days. TB-positive cultures were confirmed on the presence of acid-fast bacilli on Ziehl–

Neelsen staining and presence of MPT64 antigen. Absence of acid-fast bacilli cording, and 

growth on blood agar was recorded as contamination. All results were reported according to 

the International Union Against Tuberculosis and Lung Disease guidelines as described in 

Chapters Two and Three.300 

4.2.6.7  TB-MBLA for monitoring response to TB treatment  

Total Mtb rRNA was extracted using a method described elsewhere 208,301 and then tested at 

0.1 dilution. TB-MBLA was performed basing on the duplex reverse transcriptase-real time 

qPCR principle targeting both Mycobacteria tuberculosis complex and the extraction control 

on a RotorGene 5plex platform (Qiagen, Manchester, UK). Primers and TaqMan dual-labelled 

probes were manufactured on MWG Eurofins, Germany. The qPCR cycling conditions were 

as reported on Honeyborne et al., 301 Quantification cycles (Cq) readouts were converted to 

bacterial load using a standard curve that was customized for the site's qPCR platform and 

recorded as estimated colony forming units per mL (eCFU per  mL).208  



 

102 
 

4.3.0  Results  

4.3.1 Participant demographic characteristics 

The 126 participants that were enrolled into the treatment response monitoring follow up arm 

of the current study were young adults with median age of 33 years (IQR: 26-43), of whom 

80(63.5%) were male gender. Out of the 126 participants, 112(89%) reported having 

experienced evening fevers, 125 (99%) reported unexplained cough for at least two weeks 

before coming to the hospital, and 106 (84.1%) reported unexplained weight loss. However, 

body mass index of 18.8 kg/m2 was within the normal range. Thirty-four (26.%) of the 126 

participants were living with HIV with median (IQR3) CD4 cells count 222 cells/µl (63-349) 

(Table 4.1.0). 

Table 4.1.0: Demographic data at baseline of the study participants 

 

a N=126 excludes (n=3) participants whose sputum MGIT was contaminated. CD4 cell counts were measured for 

only those participants who were HIV positive. Weight loss, evening fevers and recurrent coughs were self-

reported on the participants 

 

 Quantitative data; Median (IQR) 

Qualitative data; n/N (%) 

Characteristics Participants with pTB (N= 126 )a 

Age (Years) 33(26-43) 

Male gender 80(63.5) 

Evening fevers  112 (88.9) 

Weight loss>5% 106 (84.1) 

Cough >2weeks 125 (99.2) 

Haemoptysis 35 (27.8) 

Heart rate (%) 104 (91-113) 

Respiratory rate  24 (20-28) 

Oxygen saturation  96 (94-97) 

Living with HIV/AIDS 34 (26.4) 

Antiretroviral therapy use  10 (7.9) 

CD4(cells/µL) b 222 (62.5-349) 

Body mass index (kg/m2) 18.8 (17.7-21.0) 

Body temperature (oC) 36.6 (36.4-37) 
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4.3.2 Participants follow-up 

At baseline, Xpert MTB/RIF Ultra (Xpert Ultra) test detected Mtb in samples from129 

participants and these participants were included into the treatment response monitoring arm. 

Three (2.3%) of these 129 participants had contaminated sputum MGIT culture test results and 

were excluded from the final statistical analyses. Along the treatment course, some participants 

declined to provide the sputum sample, some defaulted on treatment, some died, and some 

were transferred out of the study clinic to other TB care facilities. Therefore, 121/126 (96%) 

participants provided samples at week 2, 112/126 (88.9%) at month 2, 105/126 (84.9%) at 

month- 4, and 95/126 (75.4%) at the end of treatment month -6. During the treatment response 

monitoring course, 7/126 (5.6%) declined to give a sample at some point, 4/126 (3.2%) 

defaulted on treatment, 7 (5.6%) died, 8/126 (6.3%) opted to be transferred to other TB clinics, 

and 5/126 (4%) were lost to follow-up. (Figure 4.1.0). 

Overall, there was a noticeable reduction in the positivity rate for all the TB tests during the 

treatment follow-up relative to the baseline number of pTB positive cases, but this occurred 

remarkably slower for the Xpert Ultra test. For instance, at week- 8 into treatment, the number 

of positive cases reduced from 70 to 19 for TB-MBLA test, from 81 to 12 for MGIT, from 105 

to 83 for Xpert Ultra, and from 64 to 13 for SSM-FM test, respectively. At the end of TB 

treatment, there was no positive result for TB-MBLA, and sputum MGIT. On the contrary, 

31/126 (24.6%) and 6 (4.8%) were still positive for the Xpert Ultra and SSM-FM respectively 

(Figure 4.1.0). 
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Figure 4.1.0: Participant enrolment and sputum collection during treatment follow-up. TB-MBLA; Tuberculosis-Molecular Bacterial Load Assay, Xpert Ultra was used as the standard of care, 

and it was used as the basis for treatment initialization. Participants were treated with the first line standard TB regimen and subsequently followed up at week 2, and months 2, 4 and 6.   

Quantitative data is n/N(5).

TB-MBLA  Week 2; n=121 

Positive     n = 70 (58) 

Negative    n = 51(42) 
 

MGIT  Week 2; n=121 

Positive    n = 81(67) 

Negative   n = 40 (33) 
 

SSM-FM  Week 2; n=121 

Positive      n = 64(535) 

Negative     n = 57(47) 

 

TB-MBLA  Month 2; n=112 

Positive   n = 19 (17) 

Negative  n = 93(83) 

 

MGIT  Month 2; n=112 

Positive       n = 12 (10.7) 

Negative     n = 100(89.3) 
 

SSM-FM  Month 2, n=112 

Positive    n = 13(12) 

Negative   n = 99(88) 

 

TB-MBLA  Month 4; n=105 

Positive    n = 6 (5.7) 

Negative   n = 99 (94.3) 
 

MGIT  Month 4; n=105 

Positive     n = 00 

Negative   n = 105 (100) 
  

SSM-FM  Month 4; n=105 

Positive   n = 5 (4.8) 

Negative n = 100 (95.2) 
 

TB-MBLA  Month 6; n=95 

Positive  n = 00 

Negative n = 95 (100) 

 

MGIT  Month 2; n=95 

Positive  n = 00 

Negative n = 95 (100) 

 
 

SSM-FM  Month 6; n=95 

Positive  n = 6 (5.7) 

Negative n = 89 (94.3) 
 

Eligible n=129 

Enrolled n=126 

Xpert Ultra  Week 2 4; n=121 

Positive   n = 107(88) 

Negative n = 14(12) 
 

Xpert Ultra  Month 2; n=112 

Positive   n = 83(74) 

Negative  n = 29(26) 
 

Xpert Ultra  Month 4; n=105 

Positive      n = 49 (46.7) 

Negative    n = 56 (53.3) 
 

Xpert Ultra  Month 6; n=95 

Positive   n = 31(33) 

Negative n = 64 (67) 

 

Excluded from analysis  n=3 

• Culture indeterminate due 

to contamination 

No samples at Month 2 (n=9) 

• Defaulted n = 2 

• Dead       n = 2 

• Transferred out n = 4 

• Lost to follow-up n = 1 

 

No samples at Month 4 (n=14) 
 

• Defaulted n = 2 

• Dead n = 4 

• Transferred out  n = 7 

• Lost to follow-up n = 1 

 

No samples at Month 6 (n=31) 
 

• Declined  n = 7 

• Defaulted n = 4 

• Dead n = 7 

• Transferred out  n = 8 

• Lost to follow-up-n = 5 

 

No samples at Week 2 (n=5) 

• Transferred out    n = 4 

• Lost to follow up n = 1 

 



 

105 
 

4.3.2  Changes in bacteria load  over the treatment course 

Decrease in the positivity rates was corroborated on the reduction in the mycobacteria load. 

For example, relative to the bacteria load at baseline, the mean bacteria load measured on TB-

MBLA reduced on 1.4log10 eCFU per mL, 2.3log10 eCFU per mL, 2.6log10 eCFU per mL to 

no detection at weeks 2, months- 2,4, and 6, respectively. Similar trend was observed for the 

time-to- positivity of MGIT culture test grade. For the Xpert Ultra Cq values remained constant 

at months -2, 4 and 6, this trend was like that of the SSM-FM grades (Table 4.2.0) 

Table 4.2.0: Changes in bacteria load over the treatment course 

TB-MBLA: Tuberculosis Molecular Bacteria Load Assay, Xpert Ultra: Xpert MTB/RIF Ultra, SSM-FM: Stained 

Sputum Smear- Fluorescent Microscopy, MGIT: Mycobacteria Growth Indicator Tube, TTP: Time-to-positivity, 

Cq=Quantification cycle value. a TB-MBLA was the index test. b Sputum MGIT  culture was standard reference 

test for other tests. Quantitative data is n/N (%) 

 

 

 Categorical data is n/N(%) 

              Quantitative data are median (IQR) 

Tests  

Week 2 

 

Month 2 

 

Month 4 

 

Month 6  
 

TB-MBLAa positivity rate 

70/121 

(57·9) 

19/112 

(16·9) 

6/105 

(5·7) 

0/95 

(0) 

 

TB-MBLA quantification cycle values  

26 

(23-29) 

28 

(26-30) 

30 

(29·6-30·4) 

36.2 

(35·1-36·1) 

 

TB-MBLA, bacteria load (Log10 eCFU/mL)  

3·5 

(2·6-4·4) 

2·6 

(2·2-3·3) 

2·3 

(2-2·3) 

 

------- 

 

Xpert Ultra positivity results 

110/121 

(91·0) 

84/112 

(75·0) 

49/105 

(46·7) 

31/95 

(32·6) 

 

Xpert Ultra Cq values 

20·2 

(18·6-23) 

25 

(21-28) 

26·2 

(23-30) 

26 

(21-30) 

 

SSM-FM positivity rate 

65/121 

(53·7) 

13/112 

(11·6) 

6/105 

(5·7) 

6/95 

(6·3) 

 

SSM-FM, median grade 

2 

(1·5-3) 

2 

(2-2) 

1 

(1-2) 

1 

(1-2) 

 

MGITb culture positivity rate 

81/121 

(66·9) 

12/112 

(10·7) 

0/105 

(0) 

0/95 

(0) 

 

MGIT culture TTP (days) 

13 

(11-16) 

22.5 

(12-27) 

 

------- 

 

------ 
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 4.3.3 Concordant test results during treatment follow-up 

At week 2 of treatment samples were collected from 121 participants of whom, 70 (57·8%) 

were positive and 51 (42·2%) were negative on TB-MBLA. We also noted that 36/51 (70·6%) 

samples were negative on TB-MBLA and MGIT culture, and 66/70 (94.3%) were positive on 

both tests. The overall agreement between TB-MBLA and MGIT was 84·3% (Kappa=0·67). 

We noted that both TB-MBLA and SSM-FM were negative in  44/51(86·3%) samples, and 

positive in 13/70 (18·6%). Like for MGIT culture, the overall concordance between TB-MBLA 

and SSM-FM tests was substantial at 83·7%; kappa=0·67. We observed that 14/51 (27·5%) 

samples were negative on both TB-MBLA and Xpert Ultra., and 70/70 (100%) were positive 

on both TB-MBLA and Xpert Ultra tests. (Table 4.3.0). 

At month 2, sputum samples were collected from 112 participants of whom, TB-MBLA tested 

positive in 19 (17%), and 93(83%) were negative. TB-MBLA and MGIT culture were negative 

in 89/93 (95·7%) samples, and positive in 8/19 (42·1%) samples. On overall, concordance 

between TB-MBLA and MGIT culture was 86·6%; Kappa=0·44). We noted that both TB-

MBLA and SSM-FM were negative in 86/93 (92·5%), and positive in 6/19 (31·6%). On the 

overall, TB-MBLA and SSM-FM concurred at 82·14%; kappa=0·28. We also observed that 

14/93(15.1%) were negative on both TB-MBLA and on Xpert Ultra, and that 15/19 (78·9%) 

samples were positive on both TB-MBLA and Xpert Ultras. (Table 4.3.0). 

At month 4 into TB treatment, 105 participants provided sputum samples of which, 99 samples 

of the 105 were negative on TB-MBLA, MGIT culture and SSM-FM tests, respectively. The 

molecular assays, (TB-MBLA and Xpert Ultra) were negative for 55 out of the 105 sputum 

samples.(Table 4.3.0). At the end of treatment, samples were collected from 95 participants 

and all the 95 samples were negative on both TB-MBLA and MGT culture; 89/95 (93·7%) 

samples were negative on both TB-MBLA and SSM-FM, and 64/95 (67·4%) samples were 

negative on both TB-MBLA and Xpert Ultra. (Table 4.3.0)
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Table 4.3.0: Discordant/concordant results on the same sample during treatment monitoring 

 

TB-MBLA: Tuberculosis Molecular Bacteria Load assay, MGIT: Mycobacteria Growth Indicator Tube, Xpert Ultra: Xpert MTB/RIF ultra, SSM-FM: Stained Sputum 

Fluorescent Microscopy 

 

 

 

 

   Standard of care tests  

    MGIT Xpert Ultra SSM-FM 

 

Visit point 

 Index test 

(TB-MBLA) 

Positive 

n/N(%) 

Negative 

n/N(%) 

Positive 

n/N(%) 

Negative 

n/N(%) 

Positive 

n/N(%) 

Negative 

n/N(%) 

  
Week2 

(n=121) 

Positive (n=70) 66(94.3) 4(5·7) 70(100) ------- 57(81·4) 13(18·6) 

Negative (n=51) 36(70·6) 15(29.4) 37(72·6) 14(21·4) 7(13·7) 44(86·3)  
 

Month2 

(n=112) 

 

Positive (19) 

 

8(42·1) 

 

11(57·9) 

 

15(78·9) 

 

4(21·1) 

 

6(31·6) 

 

13(68·4) 

Negative (93) 4(4·3) 89(95·7) 69(75) 24(25) 7(7·5) 86(92·5)  
 

Month 4 

(n=105) 

 

Positive (6) 

 

------- 

 

6(100) 

 

5(83·3) 

 

1(16·3) 

 

1(16·3) 

 

5(83·3) 

Negative (99) ------- 99(100) 44(44·) 55(55·6) ------ 99(100)  
 

Month 6 

(n=95) 

 

Positive (00) 

 

------- 

 

------ 

 

------- 

 

------- 

 

------- 

 

------- 

Negative (n=95) ------- 95(100) 31(32·6) 64(67·4) 6(6·6) 93(93·4) 
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4.3.3  Positive Xpert MTB/RIF Ultra cases at the end of treatment [n=31] 

At the end of treatment, 31/95 (32·6%) participants remained positive on Xpert Ultra. Semi-

quantitative grading varied among the 31 results that were positive on Xpert Ultra varied. 

Fifteen out of the 31 (48·4%) were ‘Low’, 10 out of the 31(32%) were ‘Very low’, 5 out of the 

31 (16·1%) were ‘Trace calls’ and 1 out of the 31(3·2%) was graded ‘median. Three months 

after the end of treatment, 3 (9·7%) of the 31 Xpert Ultra positive participants remained positive 

but with no TB-like clinical symptoms, 7(22·6%) had converted to negative, and 21(67·7%) 

did not return to the clinic visit since they insisted that they were clinically well. (Table 4.3.0) 

 

TABLE 4.3.1: Comparison of ‘Trace call’ results  

Seven (70%) of these ten participants were co-infected with HIV and all were treated for tuberculosis without 

repeating the test and all had indeterminate rifampicin results. At week2, one (10%) failed to expectorate. At 

weeks 8 one participant had died while at week 26, one more participant died, one failed to expectorate; one was 

transferred out on request. Importantly, only one participant was positive on Xpert Ultra throughout the treatment. 

All other tests agreed on the negativity of the results that were otherwise trace positive with Xpert Ultra. 

 

4.3.4  Relationship between treatment outcomes at 8 and 26 weeks  

At 8 weeks into treatment course, samples were collected from 112 participants, of whom 20 

(16.9%) were positive on TB-MBLA with median Cq value 28 and mean bacteria load 2.7 ± 

0.6log10 eCFU per mL. Six (30%) out of the 20 participants who were positive on TB-MBLA 

were also positive on SSM-FM. Mean bacterial load 2.64 ± 0.8log10 eCFU for participants who 

were positive on TB-MBLA, and SSM-FM was 0.16log10 eCFU per mL which was less than 

2.8±0.6 log10 eCFU per mL for those who were TB-MBLA positive but smear negative. Eighty-

four (74.3%) of the 112 participants were positive on Xpert Ultra (with median Ct value 22.7). 

  Xpert Ultra TB-MBLA SSM-FM MGIT 

  Positive Negative Positive Negative Positive Negative Positive Negative 

Week0 10 .. 2/10 8/10 1/10 9/10 2/10 8/10 

Week2 5/9 4/9 .. 9/9 1/9 8/9 .. 9/9 

Week8 3/9 6/9 1/9 8/9 .. 9/9 .. 9/9 

Week17 2/9 7/9 .. 9/9 1/9 8/9 .. 9/9 

Week26 2/6 4/6 .. 6/6 .. 6/6 .. 6/6 
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Thirteen (15.5%) of the 84 participants who were positive with Xpert Ultra were also positive 

on SMM-FM. The 13 participants who were positive on SSM-FM at week 8 received one extra 

month of the intensive phase treatment before switching them to the continuation treatment 

phase. Despite this discordance, treatment success rate was comparable. A phone call follow-

up at three months after the end of treatment revealed that none of the participants with 

successful treatment outcome had TB-like symptoms. 

 TABLE 4.4.0: Treatment outcomes at 6 months among positive cases at 8 weeks  

 

Data are n/N (%); Success refers to a negative sputum MGIT culture result with no clinical symptoms, Failure 

refers to positive sputum MGIT culture with/out clinical TB symptoms. Others include those who declined/failed 

to give a sputum sample, and those who opted out of the study. When the participants who belonged to ‘others’ 

and those who were lost in follow-up were considered, success rate was 100% for TB-MBLA-with treatment 

extension, 92% for TB-MBLA-without treatment extension; and 92% for Xpert Ultra-with treatment extension, 

and 98% for Xpert Ultra-without treatment extension.  

 

  

 TB-MBLA Xpert Ultra 

 

 

  

 

 

Overall 

(N =20) 

 

Treated for 

extra month 

(n=6 [30%]) 

 

Not treated for 

extra month 

(n=14 [70%]) 

 

Overall 

(N = 84) 

 

Treated for 

extra month 

(n=13 [15.5%]) 

 

Not treated for 

extra month 

(n=71 [84.5%]) 

 

Successful 

 

18(90) 

 

6(100) 

 

12(85·7) 

 

70(83·3) 

 

9(69·2) 

 

61(86) 

Failure None None None 1(1·2) 1(7·7) None 

Mortality 1(5) None 1(7·1) 2(2·4) 1(7·7) 1(1·4) 

Lost to follow-up None None None 4(4·8) 1(1·7) 3(4·2) 

Others 1(5) None 1(7·1) 7(8·3) 1(1·7) 6(8·4) 
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4.3.5 Measures of diagnostic accuracy during treatment monitoring 

Tests’ diagnostic performance was measured against sputum MGIT culture test as a standard 

reference test. At week 2, samples were obtained from 121 participants. TB-MBLA had a 

sensitivity (95%CI) of 87% (77-93). Although sensitivity at 99% (93-100) was higher for Xpert 

Ultra, its specificity at 33% (19-50) was lower when compared to 92% (79-98) for TB-MBLA 

and SSM-FM tests. Positive predictive value 96% (87-99) for TB-MBLA was comparable to 

95% (87-99) for SSM-FM and were both higher than 76% (67-84) for Xpert Ultra. (Table 4.5.0) 

Compared with diagnostic accuracy estimates at week 2, sensitivity dropped from 87% (77-

93) to 67% (35-90) at month 2 for TB-MBLA, from 74% (64-83) to 50%(21-79) for SSM-FM, 

and from 98.8% (93-100) to 92% (62-100) for Xpert Ultra test. Similarly, positive predictive 

value dropped from 96% (87-99) to 40% (19-64) for TB-MBLA, from 95% (87-99) to 42% 

(19-75) for SSM-FM, and from 76% (67-84) to 13% (7-22) for Xpert Ultra test.(Table 4.5.0) 

At months 4, it was impractical to calculate the sensitivity since the standard reference test 

(sputum MGIT culture) tested negative for all the samples much as TB-MBLA, Xpert Ultra 

and SSM-FM were positive in 6/105 (5·7%), 48/105 (45·7%) and 7/105 (6·7%) samples, 

respectively. However, specificity (95%CI) could be calculated, and it was 94·4% (90-99) for 

TB-MBLA, 55% (20-64) for Xpert Ultra, and 97·5% (89-99) for SSM-FM.(Table 4.5.0) 

At month 6, the standard reference test (MGIT culture) was negative for all the 95 samples 

which made it impossible to calculate the sensitivity estimate of the index test and the standard 

of care tests. Specificity (95%CI) could only be calculated for Xpert Ultra and SSM-FM and 

these were 67·4% and 95%, respectively. (Table 4.5.0) 
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TABLE 4.5.0: Measures of diagnostic accuracy during treatment 

  

TB-MBLA: Tuberculosis Molecular Bacteria Load Assay, Xpert Ultra: Xpert MTB/RIF Ultra, SSM-FM: Stained sputum Smear-Fluorescent microscopy, TP: True positive 

cases, TN: True negative cases, FP: False positive cases, FN: False negative results. Sn: sensitivity, Sp: Specificity, PPV: Positive Predictive values, NPV: Negative predictive 

value. a TB-MBLA was the Index test which was tested against sputum MGIT culture 

 

  TB-MBLAa Xpert Ultra SSM-FM 

 

 

Week2 

(n=121)  

TP=66 TN=36 FP=4 FN=15 TP=80 TN=13 FP=27 FN=1 TP=61 TN=37 FP=3 FN=20 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI 

PPV(%) 

(95% CI) 

NPV(%) 

(95%CI) 

87 

(77-93) 

92 

(79-98) 

96 

(87-99) 

77 

(62-88) 

98·8 

(93-100) 

33 

(19-50) 

76 

(67-84) 

93 

(66-100) 

74 

(64-83) 

92 

(79-98) 

95 

(87-99) 

63 

(49-76)  

 

 

Month 2 

(n=112) 

 

 

TP=8 

 

TN=89 

 

FP=11 

 

FN=4 

 

TP=11 

 

TN=28 

 

FP=72 

 

FN=1 

 

TP=6 

 

TN=93 

 

FP=7 

 

FN=6 

Sn(% 

(95%CI) 

Sp(%) 

(95%CI) 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI 

PPV% 

(95%CI) 

NPV% 

(95%CI) 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

67 

(35-90) 

88 

(80-94) 

40 

(19-64) 

96 

(89-99) 

92 

(62-100) 

26 

(18-36) 

13 

(7-22) 

96 

(81-100) 

50 

(21-79) 

93 

(86-97) 

46 

(19-75) 

94 

(87-98)  
 

 

Month 4 

(n=105) 

 

 

TP=0 

 

TN=101 

 

FP=4 

 

FN=0 

 

TP=0 

 

TN=57 

 

FP=48 

 

FN=0 

 

TP=0 

 

TN=100 

 

FP=5 

 

FN=0 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI) 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI 

PPV% 

(95%CI) 

NPV% 

(95%CI) 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI 

PPV%) 

(95%CI) 

NPV%) 

(95%CI) 

 

-------- 

 

 

96.2 

 

 

------- 

     

------- 

 

------ 

 

54.3 

 

 

-------- 

 

 

-------- 

 

------- 

 

95.2 

 

 

-------- 

 

------- 

 

 

Month 6 

(n=95) 

 

 

TP=0 

 

TN=95 

 

FP=0 

 

FN=0 

 

TP=0 

 

TN=64 

 

FP=31 

 

FN=0 

 

TP=0 

 

TN=89 

 

FP=6 

 

FN=0 

Sn(% 

(95%CI) 

Sp(%) 

(95%CI) 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI) 

PPV% 

(95%CI) 

NPV% 

(95%CI) 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI 

PPV%) 

(95%CI) 

NPV%) 

(95%CI) 

 

-------- 

 

 

100 

 

-------- 

 

------- 

 

------- 

 

67.4 

 

-------- 

 

-------- 

 

------- 

 

95 

 

 

------- 

 

------ 
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4.4.0 Model-Based description of Xpert Ultra and TB-MBLA results 

during TB treatment monitoring 

It was observed in Chapter 4.1.0 that the positivity rate for the Xpert Ultra dropped slowly at 

74% and 31/95 (33%) on 2 and 6 months of TB treatment, respectively. For that reason, a 

Model-Based approach to explain the delayed conversion to negative on the Xpert Ultra assay 

was sought. 

4.4.1  Description of the model 

To obtain a quantitative measure of DNA and 16S rRNA elimination rate during treatment with 

standard TB regimen, time variation of the quantification cycles (Cq) measured on Xpert Ultra 

test and TB-MBLA was modelled on an exponential saturation function.302 When the 

concentration of the target nucleic acid molecules was immeasurable, a Cq value of 40 was 

used in the analysis. Consequently, the Cq values traced an increasing trajectory over the time 

between the pre-treatment bacterial load and the vanishing concentration of the target nucleic 

acid molecule. This time dependence phenomenon was modelled on the function below: 

 

 Cq(𝑡) = (40 − Cq
0

)(1 − exp(−Rt)) + Cq
0
………………...equation  (1.1.1) 

Cq0; is the quantification cycle value that corresponds to a pre-treatment bacterial load. Cq40; is the quantification 

cycle value that corresponds to the immeasurable bacterial load during TB treatment. 

 

The rate of increase of the quantification cycle (Cq) is described on a single exponential rate 

constant, R, which has a dimension of 1/time. Other functions exhibiting similar saturation 

behaviour may have been chosen, but their precise forms, however, are of little importance for 

the purpose of this analysis. To find a model that describes the time dependence of the Cq 

values more accurately, significantly more time-points would be required with more frequent 

sampling at the initial period of the treatment. Furthermore, it is expected to be determined on 

multiple parameters, because not only the rate of bacterial killing but also the degradation of 
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the free bacterial DNA or 16S rRNA would need to be considered. The former may depend 

upon the combination and dosage of drugs, and it is likely to change during treatment with the 

metabolic state of the bacteria. 

The function in equation 1.1.1 was chosen primarily because it is simple, and that only one 

parameter, R, needs to be fitted in the experimental data. As the Cq value is directly 

proportional to the negative logarithm of the bacterial load, log c, the exponential increase of 

Cq corresponds to an exponential decrease of log c, i.e., the order of magnitude of the number 

of bacteria. This implies that log c decreases at a constant specific rate, that is, on a constant 

percentage of the instantaneous value of log c. over a unit time. Instead of the exponential rate 

constant, R, the Cq(t) function in equation 1.1.1 may be expressed in terms of a more intuitive 

time parameter, T99%, corresponding to the time required to reach 99% of the total increase of 

Cq, as below: 

 Cq(t) = (40 − Cq
0

) (1 − 𝑒𝑥𝑝 (
𝑙𝑛(0.01)

T99%
𝑡)) + Cq

0
…………………………equation(1.1.2) 

 

It is easy to show that after the T99% elimination time, log( c(T99%)) = log( c0)/100 or 

equivalently, 𝑐(T99%) = (c0)1/100. In other words, T99% corresponds to the timepoint when the 

order of magnitude of the initial mycobacterial load is decreased on a factor of 100. For 

instance, if the pre-treatment mycobacterial load were 108 eCFU per mL, it would decrease to 

100.08eCFU per mL ≃ 1.2eCFU per mL on the T99% timepoint. 

 4.4.2  Findings of the model-based analysis 

On fitting the exponential saturation curve given in equation 1.1.2 to each set of the 

measurements for each patient, separately, the T99% elimination time constants can be 

determined. The obtained T99% parameters are shown in Figure 4.2.1 for 94 patients 

corresponding to measurements of CT values via TB-MBLA and 5 different genes used in 

Xpert Ultra.  
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Sorting T99% values in increasing order within each set of measurements illustrated patient-to-

patient variability more clearly and the differences between the two methods and between 

genes in Xpert Ultra. Figure 4.2.1 shows that lower T99% elimination time constants were 

obtained for most patients from TB-MBLA measurements when compared to Xpert Ultra. As 

the ratio of live to dead bacteria in the sample is independent of the measurement technique, 

these results indicate that free bacterial 16S rRNA degrades more rapidly than free bacterial 

DNA. Moreover, when the 5 different genes used in Xpert Ultra are compared we noted that 

the T99% elimination time constants for the IS1081gene were higher than those corresponding 

to rpoB1-4. This might be explained on preferential cleavage of the free bacterial DNA within 

the rpoB1-4 genes. (Figure 4.5.0). The reason behind these unexpected findings warrants 

further investigation in the future.  

 
Figure 4.2.1: Elimination time constants of the nucleic acid molecules (DNA and 16S rRNA) in each individual 

sputum sample over the period of treatment monitoring.  

4.4.3  Nucleic acid elimination rates from TB-MBLA and the 5 genes in Xpert Ultra 

To compare the elimination rates obtained from TB-MBLA and those of the 5 genes in Xpert 

Ultra, the median T99% values of the patients were calculated in each case. When the Cq values 

did not follow the expected increasing trend over time, the curve described on equation (1.1.2) 

did not fit the experimental data well, and low correlation coefficients were obtained.  
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When the R2 value of a fit was lower than 0.5, the corresponding T99% values were disregarded 

for the calculation of the medians, owing to their large uncertainty. The median T99% 

elimination time constants are summarised in Table 4.2.1. To calculate the overall central value 

for Xpert Ultra, the median was calculated from all the retained T99% parameters including all 

five genes.  

 Table 4.5.1: Elimination rates for 16S rRNA and DNA 

            

 

4.4.4  Expected time dependence of the CT values 

To illustrate the expected time dependence of the CT values, the T99% elimination time 

constants given in Table 1 may be substituted into equation (1.1.2) to plot CT as a function of 

time. This is shown in figure 4.2.2, where CT0 was taken to be 19, which is close to the median 

of the measured CT0 values in each case. In Figure 4.2.2(B), vertical dashed lines indicate the 

respective T99% elimination times.  

Method T99% (weeks) 

TB-MBLA 15.7 

Xpert Ultra – gene IS1081 63.2 

Xpert Ultra – gene rpoB1 48.4 

Xpert Ultra – gene rpoB2 49.3 

Xpert Ultra – gene rpoB3 46.0 

Xpert Ultra – gene rpoB4 42.1 

Xpert Ultra (overall) 51.6 
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It is clear from the values in Table 4.2.1 and Figure 4.2.2 that the Ct values of the 16S rRNA-

based TB-MBLA increased 3.3 times more rapidly than those of the DNA based Xpert Ultra. 

That is, a DNA-based PCR measurement yields a positive result for 3.3 times longer i.e., in the 

case of the Xpert Ultra- than TB-MBLA for the same sample, regardless of the cut-off value 

considered as limit of detection.  

 
 

Figure 4.1.2: Changes of Cq vlues over time. In figure A, curvves show changes in the Cq values as a results of 

changes in 16SrRNA, and  the individual five genes that are amplified on the Xpert Ultra. In figure B, a blue curve 

shows changes in Cq values as levels of 16srRNA changes during treatment. Red line indicates chsnges in median 

Cq value of the five genes that were amplified The Cq values of the 16S rRNA (TB-MBLA) increase 

approximately 3.3 times more rapidly than those of the mycobacterial DNA (Xpert Ultra). In figure 4.4.4 (B), 

vertical dashed lines show the respective T99% elimination times. 
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4.5.0  Discussion 

The present findings show that TB-MBLA mirrors sputum MGIT culture during treatment 

response monitoring. These results indicate the suitability of TB-MBLA as an additional or 

alternative tool for monitoring response to TB treatment. Our findings further reveal that 2 

months sputum smear microscopy (SSM-FM) test is insufficient to inform decision to extend 

the intensive treatment phase as already indicated elsewehere.303  

Our results confirm the unsuitability of the Xpert Ultra test as a tool for monitoring response 

to TB drugs and support the use of TB-MBLA for monitoring TB treatment response. From 

this study, it can be concluded that Xpert Ultra is a highly sensitive assay for the first line 

diagnosis of tuberculosis but less sensitive test for monitoring treatment response.303  The high 

specificity of TB-MBLA during treatment  indicates that the test would rarely yield a positive 

result for persons who have successfully responded to TB treatment. This attribute gives TB-

MBLA a comparative advantage over the Xpert  Ultra test as a tool for monitoring response to 

TB treatment. When Xpert Ultra was used for monitoring response to treatment, specificity 

significantly reduced indicating the possibility of yielding a positive results for persons who 

could have successfully responded to TB drugs.  

Technically, specificity for Xpert Ultra in our study could have been underestimated on sputum 

MGIT culture which was used as the reference test. However, using sputum MGIT culture has 

an advantage because, it is the most stringent definition of a true positive TB disease especially 

in a setting where TB is highly prevalent.114 Using a less stringent reference test/algorithm 

could have yielded a higher specificity for Xpert Ultra. 304 but the definition of a composite 

reference test has never been standardised for adult patients that are presumed to have pTB. In 

this study,  we used MGIT culture because of the following reasons:  i) our study population 

was selected from patients that were already confirmed to have TB-like symptoms, ii) the study 

was conducted in a country where TB is highly prevalent,  iii) we used sputum which is the 
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accepted superior TB sample, yet we had observed that our study participants had a high 

average mycobacteria load (4.8log estimated colony forming units per mL of sputum sample).  

Sputum smear microscopy is widely used for pre-treatment diagnosis of TB and as the standard 

for monitoring response to treatment. The wide use of smear is perhaps due to its affordability 

and ease of use, but its utility as a treatment response marker is compromised on low sensitivity 

and inability to distinguish the viable from dead bacilli making it unsuitable for monitoring 

response to TB drugs and to inform clinical decisions during treatment monitoing.305  

Our study further shows that the Xpert Ultra quantification cycles change slowly, reflecting 

slow degradation of DNA from bacilli that may have been killed on therapy. This renders the 

Xpert Ultra less specific as patients progress on treatment. Before treatment is initiated, Xpert 

Ultra appears to reflect the DNA from viable bacilli. This is demonstrated in baseline Xpert 

Ultra and TB-MBLA quantification cycles which were similar and strongly correlated with 

time-to positivity of the sputum MGIT culture.  

While all the 95 participants at 6 months of treatment were negative with TB-MBLA and 

sputum MGIT culture, 31/95 (33%) of them were still positive with Xpert Ultra. We noted that 

the rate of change of the quantification cycles per week for the Xpert Ultra test during TB 

treatment increased 3.3 times less than that of the TB-MBLA. This finding indicated  a delayed 

clearance of the Mtb-DNA compared to Mtb-16SrRNA. This observation may explain why 

33% of the 95 patients at month 6 of treatment remained positive for Xpert Ultra but negative 

for TB-MBLA and MGIT culture. These findings corroborate the findings of  Friedrich et al. 

(2013), which showed that 27% of the study patients were still Xpert MTB/RIF positive at 6 

months, and concluded that Xpert MTB/RIF was unsuitable tool for monitoring response to 

TB treatment.306  
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Friedrich et al. (2013) study further demonstrated that positivity rate of Xpert MTB/RIF assay 

declined in a linear fashion as opposed to the non-linear (biphasic) form of resolution which 

was shown on smear, and culturea.307 But compared to the 2013 Friedrich et al. study, a slightly 

higher positivity rate of the Xpert Ultra test was noted in the current study at the end of TB 

treatment. This difference may be attributed to the enhanced sensitivity of the Xpert Ultra 

cartridge compared to the older version of Xpert MTB/RIF assay. Indeed, 5 of the 31 Xpert 

Ultra positive results at the end of treatment were ‘trace calls’ positive results. 

Accurate early markers of poor TB prognosis are still needed to minimize potential over 

treatment. Overtime, a 2-month sputum smear result has had a positive impact on informing 

TB treatment outcome but with several challenges, which limit its impact on treatment success 

rate.308 The present finding that at two months, SSM-FM missed 14 participants who were 

otherwise positive with T B-MBLA further points to its low sensitivity and inadequacy to 

inform extension of the intensive phase treatment. 

In the year 2018, the World Health Organisation cited TB-MBLA as a potential replacement 

of the stained smear test as a tool for monitoring TB treatment response.275 The current study 

findings confirm this early promise. TB-MBLA is a fully quantitative test that measures viable 

Mtb in clinical samples in a shorter time. Whether the use of 2-month TB-MBLA to monitor 

treatment response would reveal the actual mycobacterial load present in the patient’s sample 

needs to be investigated. Results from TB-MBLA could provide further useful information for 

prognosis and inform treatment clinical decisions at the end of the intensive phase treatment. 

The strength of the current study is that it was nested in a bigger parent longitudinal study with 

experienced research team who guided on collection of high-quality data coupled with high 

retention rate of the participants into TB care. Moreover, there was no data lost due to 

invalid/indeterminate Xpert Ultra test.  
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Moreover, sputum MGIT culture contamination rate of 2.9% was lower than the average 

laboratory contamination rate, which is 8%. The low contamination rate was attributed to good 

sputum collection and processing practices including training patients to expectorate properly, 

and careful decontamination protocol.  

4.6.0 Study limitations 

The main limitation of this study is the dependence on MGIT culture as the standard reference 

test for the molecular based assays. MGIT culture is an imperfect surrogate that might have 

underestimated the specificity and sensitivity  of the molecular tests. Using sensitivity and 

specificity correction method such as the described on Staquet et al.,309 or  Brenner et al.,310 

could have improved the measures of diagnostic accuracy. However, getting a logical corrected 

sensitivity and specificity depends on selecting a good known sensitivity and specificity of the 

reference standard. At the present, the sensitivity and specificity of the sputum MGIT culture 

vary according to study population, and sample used. Corrected sensitivity and specificity is 

also affected on ‘conditional dependency effect’ of the tests. 311  

The Second limitation of the current study is that we used a  small sample size (n=206) from 

only one site in Uganda. This could have limited our statistical powers to have strong and 

conclusive inference message. Nevertheless, our findings reveal that TB-MBLA has the 

potential to be used as a treatment monitoring tool. On the contrary, these findings show that 

Xpert Ultra, in its current state, is unsuitable for monitoring treatment response and requires 

further technical improvements to prevent the assay from detecting DNA from dead bacteria. 

However, in its current state, the lengthy processing protocol requires further technical 

modification(s) such as automation, which will make it more rapid which will support its wider 

applicability in areas of limited trained workforce. Larger studies with longer and multiple 

follow-ups are needed to clarify the prognostic relevance of TB-MBLA assay results for the 

prediction of treatment failure or relapse.  
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5.0  Chapter Five  
Detection and quantification of Mycobacterium tuberculosis on Tuberculosis-Molecular 

Bacterial Load Assay in patient stool 

 

Note: Findings of this Chapter can also be accessed on line: doi.10.1128/spectrum.02100-21 

for OM-S processed stool, and doi.org/10.1128/spectrum.00274-22 for saline processed stool 

 

5.1.0  Introduction 

Sputum is the standard sample for TB diagnosis and treatment monitoring, but production of a  

good sputum sample is impeded on patient age, health status and other conditions, as well as 

time of collection.312,313 Sputum quality and volume mostly depend on patient effort and 

attitude during expectoration, severity of lung disease, and time of collection. For example, 

weak patients such as those who are terminally ill or neurologically damaged usually provide 

sputum which is of low quality and small volume.314  Low quality samples limit the accuracy 

of TB tests. Small sample volumes cannot support parallel investigations which are necessary 

to understand comparative advantages of different tests. Besides, sputum is highly 

heterogenous in that samples from TB cavitation are more likely to carry with them a higher 

mycobacterial load than the sample from outside the cavitation hence necessitating alternative 

or additional samples.315,316  Alternative samples include bronchial alveolar lavage, gastric 

aspirates, nasal pharyngeal aspirate, and others317–320  as described in previous Chapters. 

However, wider applicability of the alternative samples is usually limited on sophisticated 

collection and processing methods, leaving sputum the most recommended sample. 317,318,320  

Often, persons swallow sputum, which ends up in the gut, and hence, stool has been suggested 

as an alternative or additional sample type for bacteriological confirmation of pulmonary 

TB.321–323  However, sensitivity and specificity of the Xpert MTB/RIF evaluation of stool 

varied depending on the population and laboratory processing methods. 324  

https://doi.org/10.1128%2Fspectrum.02100-21
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A study in Pakistan showed that stool Xpert TB had a sensitivity of 88.9% (95% CI 50.7-99.4) 

and a specificity of 95% (95% CI 81.8-99.1), with  positive predictive value and negative 

predictive values at100% and 82.1%, respectively.325 A study among adult persons in the South 

east Asia showed that stool culture detected TB in 50% of the persons living with HIV.326 In 

Burkina Faso, which is an endemic TB country, sensitivity of the stained stool smear 

microscopy and liquid culture were 60% and 33%, respectively.327 In a study that was 

conducted at  Nolungile Clinic, Khayelitsha, South Africa and at a tertiary paediatric hospital, 

Red Cross Children's Hospital, in South Africa showed that sensitivity of stool Xpert Ultra was 

47.1% (95%CI: 26.2–69.0) , and that specificity was 99.0% (95%CI: 94.4–99.8). 328  

In a study that was conducted on Banada et el., to investigate a novel sample processing method 

for rapid detection of TB in the stool of paediatric patients using the Xpert MTB/RIF it was 

found out that the assay sensitivity was 85% (95% CI 0.6–0.9), and 84% (95% CI 0.6–0.96) 

for 0.6g and 1.2g stool samples, respectively, and a specificity of 100% (95% CI 0.77–1) and 

94% (95% CI 0.7–0.99), respectively.329 

In 2019, the Guideline Development group of the WHO recommended Xpert MTB/RIF Ultra 

to improve TB diagnosis and rifampicin resistance using stool samples but the results, so far, 

show low diagnostic yield 313,330–334 The low performance may be attributed to the low 

mycobacteria load in stool 311, possible inhibition of the PCR assays, as well as clogging of the 

Xpert pipettes on the artefacts in stool. With these observations, it is evident that novel tools 

for stool TB diagnosis are needed. 313,335–338 The TB-MBLA has potential to replace smear and 

culture tests. 339–342 

Tuberculosis Molecular Bacterial Load Assay targets 16S rRNA which is highly abundant in 

Mtb cell compared with DNA and this may increase the probability of detecting Mtb 16S rRNA 

in a sample with low bacterial load.  
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This novel assay has potential to detect and quantify Mtb in non-sputum samples, but its utility 

in stool is not yet known.343,344 The overall objective of this chapter was to investigate the value 

of stool as a sample type for diagnosis of tuberculosis was highlighted. While other studies 

have used DNA-based assays like the Xpert MTB/ RIF and culture to detect Mycobacterium 

tuberculosis in stool, this was the first study that has applied TB-MBLA, an RNA-based assay, 

to quantify TB bacteria in stool.  

5.1.0  Specific Aims 

The specific aims of the Chapter included: 

1) To explore the ability of TB-MBLA to detect and quantify viable Mtb in stool samples and 

correlate the bacterial loads with MGIT culture time-time to positivity to confirm that TB-

MBLA detects viable Mtb. 

2) To evaluate the diagnostic accuracy of TB-BLA on stool and compare its performance with 

the routine standard sputum smear microscopy, Xpert Ultra, and culture tests. 

3) To compare performance TB tests on stool processed using OM-S and PBS to assess the 

wider applicability of stool for TB diagnosis.  
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5.1.0  Schematic presentation of stool-based study  
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Figure 5.1.0: Schematic of study design OPD: Outpatient Department, TB: Tuberculosis, CBC: Complete Blood 

Count, OM-S: OMNIgene. SPUTUM, SSM: stained smear microscopy, PBS: Phosphate Buffered Saline. Results 

of CBC, HIV and TB (sputum DFM and Xpert MTB/RIF Ultra) were issued on the same day for clinical patient 

management. To note, TB-MBLA test was done on frozen stool but not on sputum samples. 

  

Identified patients with signs of 

TB from OPD clinic 

Screened patients for eligibility through history and physical 

examination: (i) >18 years of age; (ii) persistent unexplained 

cough with/without weight loss, (iii) fevers, (iv) chest pain, 

(iv) night sweats 

Obtained informed consent from patients 

Filled the initial patient questionnaire and 

collect samples 

Collected venous blood (4ml) for CBC, LFTs, 

RFTs HIV testing, CD4+ andCD8+   

Collected spot stool samples (6 g). Equally split into 

two: Added PBS to the 1st portion. Added OM-S to 

the 2nd portion. Then tested for Mtb on SSM, Xpert 

MTB/RIF Ultra, Culture and TB-MBLA 

 
 CBC, HIV testing CD4+/CD8 counts, Viral loads 

Collected spot sputa for testing on FM, culture, and 

Xpert MTB/RIF Ultra.  

 

Excluded if already on TB drugs 

 Excluded if unable to consent 

 Excluded if unable to provide samples 
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5.2.0  Methods 

5.2.1  Research ethics 

Both the parent and the current studies were approved on the Makerere University School of 

Medicine Research and Ethics committee [REC REF No. 2006-017] and Makerere University 

School of Biomedical Sciences Research and Ethics Committee [REC REF No: SBS 529] 

respectively. All participants provided an informed consent as described in Chapters Three and 

Four. All other Good Clinical and Laboratory Practice guidelines were observed. 345 

 

5.2.2  Study site 

The research work was a retrospective laboratory-based study that utilized stool specimens. 

The study was nested on a longitudinal cohort of persons with pneumonia at Naguru Referral 

Hospital, Kampala (Uganda). The index test (TB-MBLA) investigation was done in the 

Medical and Molecular Laboratories, Limited (MML) which are in the Department of Medical 

Microbiology, Makerere University College of Health Sciences, Kampala Uganda. 

5.2.3  The Parent study  

Mulago Inpatient non-invasive diagnostic study (MIND-IHOP-IAM GOLD) is a longitudinal 

medical research group that is sponsored on Makerere University and the University of 

California, San Francisco, and is funded on the National Institute of Health (NIH). The main 

objective of the MIND-IHOP study is to investigate the frequency, quantity and diversity of 

bacterial, mycobacterial, fungal and viral bugs in the respiratory and non-respiratory specimens 

on using microbiologic, serologic and nucleic-acid amplification techniques to determine the 

relationship between the presence of these organisms and the clinical outcomes. 346,347 
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5.2.4  Recruitment for stool study cohort on the parent study 

The parent study identified, through the Triage and Chest clinic of Naguru Referral Hospital, 

Kampala, the study participants. Participants were male and female adults (≥18 years) in their 

sound mind state to be able to give an informed consent. Before enrolment, participants had to 

have at least one or a combination of TB-like-signs symptoms including, persistent unexplained 

cough, unexplained loss of weight, unexplained night fevers with profuse sweating, history of 

contact with patients who had been confirmed to have TB disease. Persons who were found to 

have TB disease were started on treatment. 

 5.2.5  Data and specimen collection 

The parent study collected clinical data (HIV status, HIV treatment status, CD4 counts, 

respiratory rate, heart rate, body mass index, prior TB treatment, prior exposure to TB persons, 

and chest X-ray. Laboratory data included stool and sputum smear, sputum and stool Xpert 

MTB/RIF Ultra, sputum, and stool culture; HIV status and CD4 cell counts. Both clinical and 

laboratory data were collected and maintained in compliance with the International Conference 

on Harmonization and Good clinical laboratory practice. At enrolment, participants were 

identified and consented as described in previous Chapters. Sputum, blood, and stool samples 

were collected and processed as described in Chapter Two. 

5.2.6  The current study 

The current study utilised stored stool to assess the performance of standard of care tests and 

the novel RNA-based tool (TB-MBLA) to diagnose TB. Utilised samples were collected from 

patients who had been bacteriologically confirmed TB positive and TB negative against sputum 

MGIT culture as the reference and gold standard test.  
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  5.2.7 The following inclusion criteria was considered for the current study 

i. Availability of sufficient stool sample volume  

ii. Unmistakably labelled samples that could easily be linked to the clinical and 

laboratory data 

iii. Availability of matching patient history and clinical data 

iv. Availability of matching baseline TB results from smear, Xpert Ultra and culture tests 

v. Sample(s) being stored at the right temperature (-20oC) 

 

 

5.2.7  Data required for the current study 

i. Demographic data: Age and gender 

ii. Clinical data: HIV status, HIV treatment status, CD4 counts, respiratory rate, heart rate, 

body mass index, Chest X-ray, body temperature 

iii. Laboratory data: standard of care and reference TB investigations which included, 

smear microscopy, Xpert Ultra, and TB culture 

5.2.8  Stool samples in the biorepository 

In this exploratory study to investigate the potential use of stool to diagnose TB, a convenient 

sample size of 100- paired archived stool was randomly selected and used. A sample size of 

100 -paired archived stool samples were  used because that what my Ph.D. budget could 

support. On the time of this study, there were 600 stored stool samples. Systematic random 

sampling  selection method was conducted to obtain 100 samples which were processed using 

OMNIgene.SPUTUM (OM-S). OMNIgene.SPUTUM reagent decontaminates TB samples 

while preserving Mtb viability (DNA Genotek, Ottawa, ON, Canada) reagent. Corresponding 

stool sample aliquots which were processed using phosphate buffered saline were also selected 

and matched with OM-S processed stool. Therefore, a total of 200 samples were selected and 

examined. 
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5.2.8.1 Systematic random sampling for stool samples 

Although a convenient sample size of 100-paired (100 processed using OMS and 100 processed 

using PBS) from presumptive TB patients was targeted to be used for the current study, a 

systematic random sampling technique was used to randomly obtain the required samples from 

the biobank. Consequently, a fixed sampling interval was calculated as a ratio of total banked 

stool samples to the target sample size (K=N/n). That is, (600/100 = 6). A start sampling point 

was selected between 1 and the fixed sampling interval, i.e., start sampling point on subtracting 

one form the fixed sampling interval  i.e., K-1: 6-1=5. Therefore, in each cryovial box 

containing 81 stool samples, the start sampling point was the 5th sample and, thereafter, every 

6th sample was selected until we obtained 100 random samples. Samples that were processed 

using PBS were stored in a separate cryovial box. Therefore, a sample in PBS with similar 

identification number as the selected OM-S processed stool were selected and paired.348 

5.2.9.1  Laboratory investigations for OM-S and saline processed stool 

Xpert MTB/RIF Ultra (Xpert Ultra), stained smear microscopy-Fluorescent Microscopy (SSM-

FM), MGIT ,and LJ culture tests were performed on the same day of specimen collection. 

Contrastingly, TB-MBLA test was performed using archived stool samples which had been 

stored at -20oC for 18 months. Specimen collection and processing procedures were performed 

as detailed in Chapter Two. 

5.2.9.2  Xpert MTB/RIF Ultra for stool processed in OM-S  

Briefly, 1 mL of the homogenized sample was mixed with 2 mL of the reagent buffer and tested 

per the Cepheid protocol (Cepheid, Sunnyvale, CA, USA). The same Xpert Ultra platform was 

used for all the samples. Results were automatically generated and categorized as ‘negative’, 

‘trace’, ‘scanty’, ‘very low’, ‘low’, ‘medium’, or ‘high’ Participants with positive results were 

initiated TB treatment. Patients with negative results were referred for further investigations.  
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5.2.9.3  Smear microscopy for stool processed with OM-S and PBS 

Sputum and all stool smears were processed and examined. Briefly, 1 mL of the homogenized 

stool was sedimented and a smear (1-2 cm) was prepared, air dried as described in Chapter 

Two. Briefly, the dried smear was stained for 15 min using a 0.5% solution of auramine-O 

(Merck, Darmstadt, Germany), decolorized for 2 min in 3% acid alcohol, and counter stained 

for 1 min using 0.5% potassium permanganate solution as described in Chapter Two. Smears 

were examined within 1 h under a fluorescent microscope at x400 magnification and results 

were interpreted as described in Chapter Two. Results were shared with the team in TB Clinic 

before recording them onto the designated data capture forms and laboratory results log sheets 

(Appendices xxxx and xxxx) and into the electronic database. Samples were processed and 

decontaminated as described in Chapter Two.  

5.2.9.4  Fresh stool culture 

Stool MGIT culture was done using freshly collected stool samples. MGIT culture tubes were 

inoculated with 1 mL of the decontaminated sample and incubated at 37°C for a maximum of 

42 days. TB-positive cultures were confirmed on the presence of acid-fast bacilli on Ziehl–

Nielsen staining and presence of antigen MPT64 as prepared as descried in Chapter Two. 

Presence of contaminants was assessed using blood agar culture as described in the 

Methodology. Results were shared with the team in the TB Clinic on a phone call before 

recording them onto the designated data capture forms and laboratory results log sheets 

(Appendix II page 231) and into the electronic database. Lowenstein-Jensen slants were 

inoculated with 1 mL of the decontaminated sample and incubated at 37°C for a maximum of 

56 days. Results were reported according to the International Union against Tuberculosis and 

Lung Disease guidelines.  
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5.2.9.5  TB-MBLA for stool processed in OM-S and PBS  

The same protocol described in Chapter Two for sputum TB-MBLA was adopted. Thawed 

stool samples were spiked with 100 μL of the extraction control and homogenised on pipetting 

up and down. RNA was isolated using the Fast Prep RNA pro blue kit (MP Biomedicals, Santa 

Ana, CA, USA). Duplex reverse transcriptase qPCR targeting both Mtb and the extraction 

control was performed on a RotorGene 5plex platform (Qiagen, Manchester, UK). Primers and 

TaqMan dual-labelled probes used were manufactured on MWG Eurofins, Germany. The 

qPCR cycling conditions were as described in Chapter Two. Stool TB-MBLA quantification 

cycles (Cq) values were converted into bacterial load using a standard curve and reported as 

estimated colony forming units per mL (eCFU per mL).  

5.3.0  Statistical analyses of data generated from stool  

Differences in baseline clinical characteristics were compared using Fisher’s exact test and 

Mann-Whitney U-test for categorical and continuous variables, respectively. Bacterial load 

results (eCFU per mL) were log transformed before statistical analyses. Negative, positive, and 

overall (Kappa -scores) percent concordance between stool tests and Sputum MGIT culture 

were calculated using STATA version.15.1 (StataCorp, College Station, Texas, United States). 

Sensitivity analysis method was used in calculation of specificity and sensitivity to minimize 

the interpretation bias due to contamination349. STATA version.15.1 against Sputum MGIT 

culture as the reference test was used to calculate the sensitivity and specificity at 95% 

confidence interval. Statistical significance was considered at probability value less than 0.05. 

Contaminated stool culture results could not be interpreted as either positive or negative. Status 

of these results was assessed for positivity or negativity using stool TB-MBLA, stool Xpert 

Ultra and stool smear, and thereafter referred to them as “resolved”. To ascertain whether the 

status of the “resolved” result was valid, their agreement with the corresponding Sputum MGIT 

culture using Kappa-statistics was established.  
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5.4.0  Results 

5.4.1  Characteristics of participants who provided stool samples 

Majority of the participants were young adults aged 34 years (IQR: 25-342). Most of the  

participants, 53/100 (53%) were females. Among the participants who were bacteriologically 

confirmed positive for pTB, 20 (33%) were living with HIV-infection with median CD4 cells 

count 71 cells per µl, including 5 (8%) who were on HIV treatment. All participants reported 

at least one of the following symptoms: unexplained persistent fever, weight loss, and cough 

prior to enrolment (Table 5.1.0). 

 Table 5.1.0: Participant demographic and clinical characteristics  
 

 

a HIV: Human immunodeficiency virus, ART: Antiretroviral Therapy, BMI: Body Mass Index, HR: Heart Rate, 

RR: Respiratory Rate. b Bacteriologically confirmed positive or negative TB cases., c CD4 cell counts were 

measured for HIV-infected adults only (n = 36). 

 

 

 

 

  Participants with indicated pulmonary TB status b 

Characteristics a Overall (n=100) Positive (n = 61 [61%]) Negative (n = 39 

[39%]) 

Age (years.) 34(25-42) 33(25-41) 36(26-45) 

Female Gender 53(53) 32(52.5) 21(53.9) 

Living with HIV 36(35) 20(33) 16(41) 

ART use 20(38) 10(16.4) 10(26) 

CD4 (cells/µL)c 110(44-228) 71(26-171) 170(66-254) 

BMI (Kg/m2) 20(18-22) 19.7(18-23) 19(17-21) 

Alcohol use 66(66) 42(69) 24(61) 

Smoking 21(21) 12(20) 9(23) 

Fever 79(79) 48(78.7) 31(79) 

Weight loss >5% 87(87) 54(88.5) 33(84) 

Cough >2weeks 100(100) 61(100) 39(100) 

HR (%) 100(84-111) 100(84-111) 101(81-111) 

RR (%) 22(20-26) 22(20-26) 24(20-27) 
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5.4.2  Mtb bacillary load measured on TB-MBLA  in stool processed using OM-S 

Bacteria load was measured using TB-MBLA test. TB-MBLA PCR output  is quantification 

cycles (Cq) values. These quantification cycle values are then converted to bacterial load on 

extrapolating on a standard curve and expressed as the estimated Colony Forming Units per 

millilitre of a sample. In this objective, the overall mean (± SD) bacterial load  in stool (n=100) 

was 5.1±1.59 log10 eCFU per mL. We noted that stool  samples from participants living with 

HIV had mean (± SD) bacterial load of 5.67±1.7 log10 eCFU per mL which was higher than 

4.83±1.59 log10 eCFU per mL in stool samples of the participants who were living without HIV 

negative, (p=0.04). As expected, Cq values and the bacterial load measured on stool TB-MBLA 

showed a strong negative correlation (r = -0.99). (Figure 5.1.1).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.1: Correlation between the Cq values and bacteria load in OM-S processed stool. Correlation of the 

bacterial load and the quantification cycles was determined using the spearman rank sum test. The graph was 

constructed using GraphPad Prism software. The molecular bacterial load (log10 eCFU per mL) and the Cq values 

showed a strong negative correlation (r = -0·99). This result confirms that the bacterial loads are direct inverse 

derivative of the quantification cycles. 
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5.4.3  Concordance between sputum MGIT culture and stool processed in OM-S 

Stool TB-MBLA detected and quantified Mtb in 49/61(80.3%) sputum MGIT culture positive 

participants and in 8/39 (20.5%) sputum MGIT culture negative participants. Stool Xpert Ultra 

identified Mtb in 51/61(83.6%) sputum MGIT culture positive participants and in 4/38(10.5%) 

sputum MGIT culture negative participants. Stool-stained smear (SSM-FM) detected Mtb in 

48/61(78.7%) sputum MGIT culture and in 8/39 20.5%)( sputum MGIT culture negative 

participants. Stool MGIT culture detected Mtb in 39/61(63.9%) sputum MGIT culture positive 

participants. Stool LJ culture detected the lowest, 27/61(44.3%) sputum MGIT positive 

cultures (Figure 5.1.2). 

The overall percent stool- positivity and negativity concordance to Sputum MGIT culture was 

higher in molecular assays compared with non-molecular assays. Using Kappa analysis, the 

two molecular assays strongly agreed with sputum MGIT culture at 81% (κ=0.6) for TB-

MBLA, and 87% (κ= 0.72) for Xpert Ultra. Among the non-molecular assays, stool smear had 

the highest concordance with the Sputum MGIT culture at 63% (κ=0.34) followed on MGIT 

stool at 46% (κ=0.2) and stool LJ  at 42% (κ=0.2) respectively (Table 5.1.2). 

Table 5.1.2: Concordance of stool assays and sputum MGIT culture 
 

 

aTB-MBLA: Mycobacteria Tuberculosis Molecular Bacterial Load Assay, Xpert Ultra: Xpert  MTB/RIF Ultra, 

MGIT: Mycobacterial Growth Indicator Tube, LJ: Löwenstein-Jensen, SSM-FM: Stained Stool Smear-

Fluorescence Microscopy. b TB-MBLA test was done using stool frozen at −20°C for 18 months. 
 

 

Testa Percent agreement Kappa(κ) 

 

Strength 

 Positive Negative  Overall    

TB-MBLAb 82 89 84 0.67 Substantial 

Xpert MTB/RIF Ultra 85 90 87 0.72 Substantial 

MGIT culture 62 60 61 0.2 Poor 

LJ culture 43 80 56 0.19 Poor 

SSM-FM 42 97 61 0.31 Fair 
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Figure 5.1.2: Flow chart showing the numbers of patients and samples and test results. Stool TB-MBLA: Tuberculosis Mycobacteria Load Assay, Xpert Ultra: Xpert MTB/RIF 

Ultra, SSM-FM: Stained Stool  Smear- Fluorescent Microscopy, stool LJ: Lowenstein–Jensen culture, stool MGIT: Mycobacteria Growth Indicator Tube. 

 

Sputum MGIT positive  (n=61) 

 

Selected  samples OM-S (n=100) 

Sputum MGIT negative (n=39) 

 

Stool TB-MBLA 

• Positive    n=49 

• Negative   n=12 

• Invalid      n=00 

 

Stool Xpert Ultra 

• Positive     n=51 

• Negative   n=7 

• Invalid      n=3 

 

Stool SSM-FM 

• Positive    n=48 

• Negative  n=14 

• Invalid     n=00 

 

Stool MGIT 

• Positive   n=39 

• Negative  n=11 

• Invalid     n=11 

 

Stool LJ 

• Positive    n=27 

• Negative  n=21 

• Invalid     n=13  

 

Stool TB-MBLA 

• Positive     n=8 

• Negative   n=31 

• Invalid      n=00 

 

Stool Xpert Ultra 

• Positive    n=4 

• Negative  n=34 

• Invalid     n=1  

 

Stool SSM-FM 

• Positive    n=8 

• Negative  n=31 

• Invalid     n=00 

 

Stool MGIT 

• Positive    n=00 

• Negative  n=24 

• Invalid     n=15  

 

Stool LJ 

• Positive    n=00 

• Negative  n=31 

• Invalid     n=8 
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5.4.4  Concordance within TB positive stool assays for stool processed in OM-S 

Out of the 100 stool samples, 14 (14%) were consistently positive with all the 5 tests i.e., stool 

TB-MBLA, tool Xpert Ultra, stool SSM-FM, stool MGIT and tool LJ. Concordance was 

highest between the two molecular tests, stool-TB-MBLA and stool-Xpert Ultra, 45/100 

(45%). Combined  between stool TB-MBLA and combined stool MGIT and stool-LJ cultures 

showed a concordance of 21/100 (21%). We noted that concordance was least at 14/100 (14%) 

in comparison to other tests. 

5.4.5 Indeterminate culture results for stool processed in OM-S 

Twenty six percent 26/100 (26%) and 21/100 (21%) of the stool MGIT and stool LJ culture 

were respectively indeterminate due to contamination. Twelve samples 12/26(46%) of the 

indeterminate stool MGIT culture were positive on stool TB-MBLA and stool Xpert Ultra. 

Considering LJ culture, 14/21 (67%) of the indeterminate samples were positive on stool TB-

MBLA whilst 12/21 (57%) were positive on stool Xpert Ultra. Overall, indeterminate results 

that were resolved on stool TB-MBLA and stool Xpert Ultra were concordant with sputum 

MGIT culture at 81% (κ=0·54) and 85% (κ=0·73) respectively, suggesting that they were true 

positives. In contrast, a weak positivity and negativity concordance of the results was observed 

and, these were resolved on stool SSM-FM and sputum MGIT culture at 43% (κ=0·2) and 62% 

(κ=0·2) respectively. (Table 5.1.3)  

Table 5.1.3: Indeterminate results that were resolved on TB-MBLA and Xpert Ultra 

 No. (%) Indicated result in: 
 

  Stool TB-MBLA Stool Xpert Ultra Stool SSM-FM 

 
No. (%) of 

indeterminate culture  
Positive 

 

Negative 

 

 

Positive 

 

 

Negative 

 

 

Positive 

 

Negative 

MGIT  26(26) 12(46) 14(54) 12(46) 14(54) 2(8) 24(92) 

LJ  21(21) 14(67) 7(33) 12(57) 9(43) 5(24) 16(76) 
 

aMGIT: Mycobacterial growth indicator tube; LJ: Lowenstein-Jensen. b Contaminated culture results that were neither positive nor 

negative. cTB-MBLA: Tuberculosis Molecular Bacterial Load Assay, Xpert Ultra: Xpert MTB/RIF Ultra, SSM-FM: Stained Sputum 

Smear-Fluorescent Microscopy 
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5.4.6  TB-MBLA and Xpert Ultra quantification cycles for stool processed in OM-S 

To compare the quantification between stool TB-MBLA and stool Xpert Ultra, samples that 

were positive on both assays were considered. Mean Cq values of all the TB specific probes of 

the Xpert Ultra were calculated and compared with the Cq values of the stool TB-MBLA. A 

Mann Whitney test showed the median (IQR) Cq value of the stool TB-MBLA, 20·3 (15·4-

24·8) which was significantly lower than that of stool Xpert Ultra at 25.1 (22-28 ) (p<0·00001; 

n = 45). To minimize bias, the same volume that was used for Xpert Ultra was used for TB-

MBLA. A Spearman’s correlation analysis showed non-significant positive correlation 

between the stool TB-MBLA- and stool Xpert Ultra- Cq values (r = 0·17, p = 0·25). 

5.4.7  Sensitivity and specificity for stool processed in OM-S 

Using Sputum MGIT culture as the reference test, sensitivity (95% CI) of stool assays was 80% 

(68-89) for TB-MBLA, 90% (79-98) for Xpert Ultra and both were higher compared with 44% 

(32-58) for smear; 64% (51-76) for MGIT and 62 (45-77) for LJ stool cultures. Specificity  at 

95% confidence interval was highest for smear at 97% (87-100) followed on 91% (76-98) for 

Xpert Ultra; 79% (63-90) for TB-MBLA; 80% (64-91) for LJ and 62% (45-77) for MGIT 

(Table 5.1.1).  

Table 5.1.4: Results for analysis of diagnostic accuracy of stool assays 

 

TB-MBLA: Tuberculosis Molecular Bacteria Load Assay, Xpert Ultra: Xpert MTB/RIF Ultra, SSM-FM: Stained 

Sputum Smear-Fluorescent Microscopy, MGIT: Mycobacteria Growth Indicator Tube, LJ: Lowenstein Jensen 

media, Sn: Sensitivity, Sp: Specificity, PPV: Positive Predictive Value, NPV: Negative Predictive Value. TP: 

True Positive result, FP: False Positive result, TN: true negative result, FN: False Negative result 

 

 Mean value (95% CI) fora: 

 

Test  

 

TP 

 

FP 

 

TN 

 

FN 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI) 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

TB-MBLAb 49 8 31 12 80(68-89) 79(63-90) 86(74-93) 72(56-85) 

Xpert Ultra 51 4 34 7 90(79-98) 91(76-98) 86(70-95) 86(70-95) 

SSM-FM 48 8 31 13 44(32-58) 97(87-100) 96(82-100) 53(41-65) 

MGIT culture 39 - 24 11 64(51-76) 62(45-77) 52(37-67) 52(37-67) 

LJ culture 27 - 31 21 44(32-58) 80(64-91) 48(35-61) 48(35-61) 



 

137 
 

5.4.8  TB-MBLA positive but sputum MGIT negative for stool processed in OM-S 

Eight stool samples were positive on TB-MBLA, but their corresponding Sputum MGIT 

cultures were negative. Further analysis revealed that 6 of these 8 stool samples had at least 

one positive corresponding sputum test: 4 of them were positive on both sputum smear and 

sputum Xpert Ultra and 2 were positive on only sputum smear, but negative on sputum Xpert 

Ultra. The remaining 2 stool samples were negative on all the test methods. 

 

5.4.9  TB-MBLA negative but sputum MGIT positive for stool processed in OM-S 

Twelve stool samples tested negative on TB-MBLA, but their corresponding Sputum MGIT 

cultures were positive. Compared with the corresponding stool Xpert Ultra, 6 samples were 

negative, 5 were positive and detected as ‘low’ (n = 4), and ‘trace’ (n = 1)); and 1 was invalid. 

The mean MGIT time-to-positivity (TTP) of the sputa that correspond to negative stool samples 

on both stool TB-MBLA, and stool Xpert Ultra was 11 days, indicating a moderately high 

bacillary load in sputa. Means (Mean ± SD) of Cq values of the extraction control in stool 

samples that were positive on stool TB-MBLA at 24·1 ± 1·9, and for the negative stool samples 

at 24·1±2·3 did not differ significantly (p=0·48), thus indicating absence of inhibition. 

Additionally, the average Cq value of 7/12 (58·3) stool samples was 0, indicating the absence 

of any amplification on TB-MBLA, but 5 out of the samples showed late amplification with 

average Cq value 32·76 and mean bacteria load 0·9 log10 eCFU per mL.  
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5.4.10  Time to positivity and quantification cycle values for stool processed in OM-S 

Overall, mean ± SD MGIT TTP at 12·3 ± 6·4 days was higher for stool MGIT culture than 7·1 

± 3·1 days for sputum MGIT culture. The relationship between the quantification cycle (Cq) 

values for both stool TB-MBLA and stool Xpert Ultra did not significantly correlate with either 

stool MGIT TTP or sputum MGIT TTP (Figure 5.4.0).  

 

Figure 5.1.3: Correlation of TTP for stool culture with quantification cycles. (A) Relationship between 

the Cq values of stool TB-MBLA or the Cq values of stool Xpert ultra and the Sputum MGIT culture time to 

positivity (TTP) (days). The Spearman regression R2 values were 0·000 and 0·13 for stool TB-MBLA and stool 

Xpert ultra, respectively. (B) Relationship between the Cq values of stool TB-MBLA or the Cq values of stool 

Xpert ultra and the MGIT stool culture TTP (days). The Spearman regression R2 values were 0·02 and 0·04 for 

stool TB-MBLA and stool Xpert Ultra, respectively. Overall, we did not find a significant correlation 

between Cq values and MGIT TTP. 
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5.5.0  Results for stool samples processed using phosphate buffered saline 

5.5.1 Bacillary load in stool processed with saline 

The overall mean bacterial load (Mean ± SD) measured on stool TB-MBLA was 4.28 ± 0.95 

log10 eCFU per mL. Stool of participants living with HIV had mean bacterial load of 4.25 ± 

1.09 log10 eCFU per mL and, this did not significantly differ from that of the participants who 

were not co-infected with HIV (4.30 ± 0.86 log10 eCFU per mL; p>0.05). 

  

5.5.2  Sensitivity and specificity of stool processed with saline  

Using Sputum MGIT culture as the reference test, sensitivity (95%CI) for stool TB-MBLA 

was 77% (65-87) and was higher than 48% (37-63) stool-SSM-FM, 35% (23-47) stool MGIT 

culture, and 18% (10-30) for stool LJ culture. Specificity (95%CI) for stool TB-MBLA at 90% 

(73-96) was consistent with that of stool SSM-FM at 98% (86-100) but were both higher than 

5% (1-43) for stool MGIT culture at and  49% (29-63) for stool LJ culture at (Table 5.2.0) 

 

Table 5.15: Diagnostic accuracy of assays for PBS-processed stool 

 

TB-MBLA: Tuberculosis Molecular Bacteria Load Assay, Xpert Ultra: Xpert MTB/RIF Ultra, SSM-FM: Stained 

Sputum Smear-Fluorescent Microscopy, MGIT: Mycobacteria Growth Indicator Tube, LJ: Lowenstein Jensen 

media, Sn: Sensitivity, Sp: Specificity, PPV: Positive Predictive Value, NPV: Negative Predictive Value. TP: 

True Positive result, FP: False Positive result, TN: true negative result, FN: False Negative result 

 

Testa Mean value (95%CI) forb 

  

TP 

 

FP 

 

TN 

 

FN 

Sn(%) 

(95%CI) 

Sp(%) 

(95%CI) 

PPV(%) 

(95%CI) 

NPV(%) 

(95%CI) 

 

TB-MBLAc 

 

47 

 

4 

 

35 

 

14 

 

77(65-87) 

 

90(73-96) 

 

92(79-97) 

 

71(79-97) 

 

SSM-FM 

 

29 

 

29 

 

37 

 

01 

 

48(37-63) 

 

98(86-100) 

 

50(83-100) 

 

95(43-68) 

 

MGIT culture 

 

18 

 

9 

 

2 

 

6 

 

35(23-47) 

 

5(13-43) 

 

67(31-61) 

 

25(8-30) 

 

LJ culture 

 

11 

 

2 

 

19 

 

13 

 

18(10-30) 

 

49(29-63) 

 

85(22-58) 

 

61(14-35) 
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5.5.3  Indeterminate samples in saline processed stool 

Sixty-five out of the 100 samples were contaminated (69%) with MGIT and 55/100 (55%) 

were contaminated with stool LJ culture. We noted that 36(55%) of the 65 contaminated stool 

MGIT results were negative on stool TB-MBLA, and that 29/65(44.6%) were negative with 

stool TB-MBLA. Considering stool LJ culture, 29/55 (53%) of the contaminated samples were 

negative with stool TB-MBLA whilst 26/55 (47%) were positive with stool TB-MBLA. For 

We also observed that 49/65 (75%) of the contaminated stool MGIT results were negative with 

SSM-FM, and that 16/65(25%) were positive with stool SSM-FM. For stool LJ, 35/55(64%) 

were negative with stool SSM-FM, and that 20/55(36%) were positive with stool SSM-FM. 

Overall, indeterminate results that were resolved on stool TB-MBLA and stool SSM-FM were 

concordant with sputum MGIT culture at 76% (κ=0·54) and 61% (κ=0·31) respectively, 

suggesting that they were true positives.(Table 5.6.0) 

Table 5.1.6: Indeterminate results that were resolved on TB-MBLA and Xpert Ultra 

 

5.5.4  Stool TB-MBLA positive but sputum MGIT negative samples 

Four (4%) of the 100 stool samples were positive on stool TB-MBLA, but the corresponding 

sputum MGIT cultures were negative. The average Cq of these samples was 28·8 and 

mycobacteria load was 4·3 ± 0·9log10 eCFU per mL which was ~0·02logs higher than the 

average (4·28 ± 0·95 log10 eCFU per mL) mycobacterial for  the study population. 

 
 

  

No. (%) of resolved results c: 

  Stool TB-MBLA Stool SSM-FM 

 

 No. (%)  of indeterminate  

culture result 

Positive Negative 

 

Positive 

 

Negative 

MGIT culture 65(65) 29(45) 36(55) 16(25) 49(75) 

LJ culture 55(55) 29(53) 26(47) 20(36) 35(64) 
 

a MGIT: Mycobacterial Growth Indicator Tube, LJ: Lowenstein-Jensen., b Contaminated:  culture results that were 

neither positive nor negative. c TB-MBLA: Tuberculosis Molecular Bacterial Load Assay, Xpert Ultra: Xpert 

MTB/RIF Ultra. SSM-FM: Stained Stool Smear-Fluorescent Microscopy  
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Three (75%) of the 4 stool samples were also positive on the corresponding sputum Xpert Ultra, 

of which, 2 were categorized as ‘high’ and 1 as ‘very low’ which suggests that these three 

samples were likely true Mtb positive. The remaining sample was also negative on the 

corresponding sputum Xpert Ultra. 

5.5.5  Stool TB-MBLA negative but sputum MGIT positive samples 

Fourteen (14%) of the stool TB-MBLA results were negative but the corresponding sputum 

MGIT cultures were positive. The MGIT TTP of the sputa that correspond to the stool samples 

that were negative on stool TB-MBLA was 8·3 days. The overall mean (± SD) Cq value of the 

extraction control in samples that were positive with stool TB-MBLA was 25·2 ± 2·2, and 

24·9± 1·9 for the samples that were negative. A Mann-Whitney U test showed that Cq values 

did not differ significantly (p=0·48) potentially indicating absence of inhibition of the PCR 

amplification in both stool B-MBLA and stool Xpert Ultra tests. Importantly, all the 14 samples 

that were negative on stool TB-MBLA but negative on the corresponding sputum MGIT culture 

had a Cq value of zero, indicating an absolute absence of amplification. 

5.5.6 Time to positivity and cycle quantification values for PBS-stool 

Samples that were processed with PBS were not tested on Xpert Ultra due to lack of cartridges. 

Overall, the mean ± SD MGIT TTP at 10·4 ± 7·4 days was higher in stool samples than in 

sputum samples at 5.7 ± 2.7 days. The relationship between Cq values and the MGIT TTP 

values in PBS-processed stool was investigated. The mean Cq values for stool TB-MBLA 

correlated weakly with stool MGIT TTP (r = 0·26; p = 0·3), perhaps indicating the effect of 

long storage of stool samples at -20°C before testing with TB-MBLA. 
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5.5.7  Comparison of results for PBS- and OM-S processed stool  

The TB-MBLA positivity rate in PBS processed stool was 53/100 (53%), 4% less than OM-S 

processed stool in presumptive cases. Positivity rate was 47/61 (77%) if cases that were 

confirmed for TB on MGIT culture were considered. Mean bacillary load was 4·28 ± 0·95log10 

eCFU per mL in PBS processed stools, on average 0·8 log10 eCFU/mL less than the load that 

was detected in OM-S processed stool, Mann Whitney p=0·003. TB-MBLA sensitivity and 

specificity (95% CI) were 77% (65-87) and 87% (73-96), respectively and were consistent with 

OM-S processed stool. TB-MBLA positive predictive value in saline processed stool was 92%, 

6% higher than OM-S processed stool. MGIT culture contamination rate at 35% in PBS 

processed stool was 23% higher than in OM-S proceed stool. (Table 5.7.0)  

 

Table 5.1.7: Comparison of PBS versus OM-S processed stools 

 

 Data for:   
 

OM-S 

processed 

stool (n=100) 

PBS  

processed 

stool (n=100) 

 

P-Value 

 

Confirmed pTB on Sputum MGIT (no. [%] 61(61) 61(61) - 

Positive on stool TB-MBLA only (no. [%]) 8 (8) 4 (4)a  - 

Positive on both Sputum MGIT culture and 

stool TB-MBLA* (no. [%])b 
49(49) 47(47)a  

- 

Bacterial load (log10 eCFU per mL)c 5·1±1·59 4·28±0·95 0·003 

Median quantification cycle (Q1-Q3)  20(15-25) 22 (2 -25) 0·002 

Stool MGIT contaminated (no. [%]) 26(26) 69(69) - 

MGIT contaminated but TB-MBLA positive 

(no. [%]) 
12(46) 35(51) 

- 

Sensitivity (%[95%CI]) 80(68–89) 77(65-87) - 

Specificity (%[95%CI]) 79(63–90) 90(76-97) - 

PPV (%[95%CI]) 86(74–93) 92(81-98) - 

NPV (%[95%CI]) 72(56–85) 71(57-83) - 

 

a Forty-seven samples were sputum MGIT culture-stool TB-MBLA positive, while 4 samples were stool TB-

MBLA positive only. Overall stool TB-MBLA positivity was 51% (51/100 samples) or 77% (47/61 samples) 

considering sputum MGIT culture as the gold standard . b Sputum MGIT was used as the gold standard and 

reference test for TB-MBLA. c Bacterial load values were log transformed before the mean was calculated 
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5.6.0  Discussion 

Stool is an easy to obtain sample and could enhance TB diagnosis in persons who cannot 

provide adequate sputum, yet MGIT culture which is the current confirmatory test for TB has 

low sensitivity for stool. In this study, the ability of molecular-based fully quantitative assay, 

TB-MBLA to detect and quantify viable Mtb in frozen stool samples was assessed. For stool 

that was processed with OM-S, TB-MBLA did not achieve the minimum optimal sensitivity 

(79% versus 90%) WHO TTP for a triage test. For stool that was processed with PBS, TB-

MBLA surpassed the minimum optimal specificity (90% versus 80%) WHO TTP for a triage 

test. It is likely that using fresh stool sample can improve the sensitive and specificity to the 

WHO recommended estimates levels. The results provided evidence of high bacillary load in 

the stool samples in persons living with HIV and those without, indicating that the assay has 

broad applicability in multiple settings. It is not clear whether the higher bacillary load 

observed in the stool of HIV positive patients was due to dissemination of bacilli from 

respiratory tract to the gut or not. A larger scale study is needed to establish the cause of this 

difference and its underlying mechanisms. 

Although TB-MBLA had significantly lower Cq (higher bacterial load), Xpert Ultra had higher 

sensitivity and specificity than TB-MBLA. The lower TB-MBLA Cq could be explained on 

the fact that TB-MBLA detects the more abundant rRNA compared to DNA which is detected 

on Xpert MTB/RIF. Mycobacterium tuberculosis has been shown to contain 700 ribosomes per 

cubic micrometre of cytoplasm, implying that higher amount of rRNA is available for 

detection350. Ideally, this would mean higher sensitivity on TB-MBLA compared to Xpert 

Ultra, but in the present study, the reverse was true. One reason to explain this inconsistency 

could be that Xpert Ultra targets multi-copy Mtb gene targets, enabling it to detect fewer bacilli 

in a sample with a lower bacillary load.351  
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Furthermore, unlike Xpert Ultra, the specimen processing for TB-MBLA (particularly the 

initial centrifugation step to harvest Mtb cells from sputum) has been shown to cause 

substantial loss of the viable Mtb bacilli that do not easily sediment. Consequently, this could 

reduce assay sensitivity352. Thirdly, the loss of Mtb cell viability due to prolonged sample 

storage at -20oC may have compromised the sensitivity of TB-MBLA. Using sputum MGIT 

culture as the reference test could have underestimated the sensitivity and specificity of the 

stool assays. Whether using correction methods as that described elsewhere 353–355 can improve 

the sensitivity and specificity of stool TB-MBLA need to be investigated in future. 

In principle, there should be a correlation between rRNA, and DNA detected in the same cell. 

However, data analysis showed non-significant correlation between stool- TB-MBLA and 

Xpert Ultra Cq values. This may require further analysis in a large-scale study, to ensure that 

all analyses are done on freshly collected stool samples to eliminate the confounding loss of 

viability caused on storage conditions. Overall, the current results concur with the findings 

from other studies where molecular assays for stool were shown to have higher diagnostic 

accuracy than the stool culture assays, when sputum MGIT culture was used as the reference 

test.356,357 The low diagnostic accuracy of stool culture may partly be attributed to the higher 

contamination rates and possible Mtb growth inhibition and/or reduction of viable bacillary 

load due to the killing effect of the decontamination methods. These factors further highlight 

the importance of sample processing methods.214  

 

In this study, stools were processed using OM-S reagent. OM-S suppresses contaminants but 

delays Sputum MGIT time to culture positivity (TTP).358,359 It is possible that the same effect 

occurred in our stool samples, hence the absence of correlation between MGIT TTP and the 

Cq values of the molecular tests. Other studies have shown inverse correlation of MGIT TTP 

and Cq values.207,301,360  
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We observed that MGIT TTP for saline processed stool was less on 2 days compared with the 

OM-S processed samples. However, there was a ~1log eCFU/mL drop in quantifiable bacterial 

load in saline processed stool compared to OM-S processed stool. This could be explained on 

the fact that TB-MBLA was performed on stool samples that had been stored at -20oC for over 

a year, the conditions under which Mtb RNA preserving ability may have been lower than OM-

S. This means that PBS processed stools might achieve similar sensitivity as OM-S if TB-

MBLA is performed on the freshly prepared stools.  

In this study, 12 samples from the pTB confirmed cases on sputum MGIT culture were not 

amplified on stool TB-MBLA. Whether this was due to inhibition could not be ascertained 

because the spiked extraction control was efficiently recovered as demonstrated on qPCR 

amplification. It can, however, be hypothesized that the loss of Mtb viability during stool 

storage at -20oC compounded on some loss of RNA during extraction may have led to non-

detection on TB-MBLA.352  Also noted was that in 5 of the 12 TB-MBLA-negative samples, 

Xpert Ultra positivity was low/trace, implying fewer bacilli in the samples prior to storage at -

20oC.  Some stool samples showed late amplification, and these were reported as negative 

basing on the cut off value of 30. Whether the Cq cut off value of 30 wrongly placed these 

samples under “TB negative” category could not be explained. Future studies need to 

investigate the Cq cut off value for stool. 

Using Molecular based assays for stool has potential to increase TB case detection in both 

adults and children because they use Mtb specific primers and probes which are not affected 

on non-Mtb flora present in stool. In this study, it is shown that 26% of the tested stool samples 

were contaminated (grew non-TB flora) on MGIT stool culture and 21% on LJ stool culture. 

But all contaminated culture samples had a definitive (positive or negative) result on TB-

MBLA.  
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To confirm validity of these results, percent agreement to the reference standard test was 

calculated and found to range between 81- 85%, implying that over 80% of the resolved results 

were valid and could be used to inform clinical decision making.  Unlike Xpert Ultra which 

detects non-viable Mtb bacilli due to persistent DNA after cell death, TB-MBLA has been 

shown to be sensitive to agents that reduce cell viability. 361,362 

In its present form, however, TB-MBLA assay is labour intensive, requiring a lot of “hands-

on” and samples must be run in batches which prevents its use in "real time". Nonetheless, 

even in its current form, TB-MBLA is more rapid than culture. If the protocol is shortened, 

TB-MBLA could provide a result quick enough for the Clinicians to make suitable decisions 

early. Diagnosis in children and immune compromised persons is difficult, usually depending 

on the unreliable clinical symptoms. Using stool TB-MBLA could improve confidence of 

Clinicians to initiate or withhold treatment. Placing patients on appropriate treatment early 

enough minimizes the risk of TB transmission and associated mortality. 

Smear microscopy is the fastest and the most accessible test making it the commonest TB 

diagnostic in resource-constrained settings.363 However, like in sputum 364, its sensitivity in 

stool is lower than that of molecular tests and may not give reliable yields in samples that have 

less than 10000 bacilli/mL as reported elsewhere. 365,366  Detection of substantial amount of 

bacillary load in both HIV negative and positive stool is a testament of sensitivity of stool as a 

sample type worth considering among samples of primary diagnosis of TB. Further studies 

should investigate the mechanism underlying the higher bacillary load in HIV positive 

compared to HIV negative patients. Using stool might provide an easier way to enhance 

diagnosis of the gastrointestinal TB. Gastrointestinal TB is a life-threatening form of TB that 

Control programs have not accorded due attention, perhaps because it is less transmissible yet 

challenging to diagnose.367 TB-MBLA detected and quantified Mtb in 8 stool samples among 

the Sputum MGIT negative participants, 2 of which did not have any corresponding positive 
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sputum test. Whether these cases represented gastrointestinal TB or not could not be 

ascertained in this study because we lacked data about the relevant descriptors such as colitis 

symptoms and Bristol Stool Chart scales. Future evaluations to unveil the use of stool 

specimens to diagnose gastrointestinal TB are urgently necessary. 

5.7.0  Limitations of stool-based investigations  

The sample size and use of stored samples for TB-MBLA could have limited the statistical 

power and performance of the assay. A sample size that is too small increases the likelihood 

of a Type II error which skews the results, decrease the statistical power of the study, and 

underestimate the specificity and sensitivity of the assays. Storing samples at -20oC for 18 

months could have degraded some rRNA hence lowering the sensitivity of TB-MBLA. 

Nevertheless, in this Chapter, usability of the TB-MBLA to detect and quantify Mtb in stool 

with a high level of accuracy is demonstrated. These findings indicate the potential role of stool 

TB-MBLA in facilitating clinical decision making. Besides, TB-MBLA is a rapid test and 

might enable rapid detection and quantification of Mtb in clinical specimens. Molecular testing 

of stool may facilitate TB diagnosis in patients who fail to produce sputum and in screening of 

high-risk groups.  

5.8.0  Recommendations for the follow up on stool-based investigations 

Future studies will explore the diagnostic accuracy and treatment response monitoring utility 

of TB-MBLA in a larger sample size utilizing fresh stool among patients who are unable to 

provide sputum samples. Design of these investigations will modify the current stool 

processing methods and TB-MBLA protocol to make it shorter and to minimize the loss of Mtb 

bacilli during the centrifugation steps. Additionally, future studies will explore the role of stool 

TB-MBLA to study the mycobactericidal effect of the novel TB regimens in patient 

populations where sputum production is often problematic, including children. 
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6.0  Chapter six 

6.1  General discussion 

The primary objective of TB treatment is to eliminate all the Mtb bacilli to achieve a permanent 

TB cure.368 Therefore, rapid and accurate tests that can be used to diagnose and monitor 

treatment response quickly are urgently needed. Current standard of care-stained sputum smear 

microscopy and assessment of culture negativity at the end of two months of treatment are 

inefficient for monitoring response to treatment.369 Stained smear microscopy (SSM-FM) has 

low sensitivity and may not distinguish live bacilli from those that are dead following initiation 

of treatment. Sputum culture takes long to yield results making it less useful for prompt 

treatment decision making. Besides, the current practice of the TB programmes involves 

diagnosing TB using a more sensitive Xpert Ultra and subsequently monitoring response to 

treatment using a less sensitive SSM-FM. 

The TB-MBLA has the potential to improve monitoring of TB treatment response on allowing 

diagnosis and monitoring to use the same test. However, the performance of TB-MBLA in 

clinical settings and the benefits of the standard of care tests throughout the course of TB 

regimen remain less documented. Therefore, this Ph.D. thesis evaluated TB-MBLA as a 

potential and accurate alternative for the diagnosis and TB treatment response monitoring, with 

ability to give results in the shortest time possible. 

 In Chapter Three, the diagnostic accuracy of TB-MBLA was evaluated among the presumptive 

TB patients in Uganda - a high TB burden setting according to the WHO report 2021. Sputum 

TB-MBLA had a sensitivity of  99% which is higher than 90%- the recommended WHO 

optimal minimum sensitivity for a triage test. Sputum TB-MBLA specificity of 90% was higher 

than 80%- the WHO recommended optimal minimum specificity for a triage test. These 

findings indicate that sputum TB-MBLA is suitable for diagnosing TB.  
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In a high TB prevalence setting. Overall, TB-MBLA and Xpert Ultra demonstrated similar 

diagnostic performance which was higher than that of SSM-FM and reaffirmed the advantage 

of molecular based assays. According to the WHO, TB screening should be offered to all 

persons living with HIV at enrolment stage, diagnosis and during all follow-up visits. The 

lower bacillary load among the HIV positive participants might indicate that this group was 

identified before TB disease got severe. Such observation may be a direct benefit of the strategy 

to intensify active TB case finding among the persons living with HIV. Similarly, the fact that 

majority of bacteriologically pTB confirmed participants were not living with HIV might point 

to the benefits of TB preventive treatment in reducing the risk of developing active TB.370 

Similar strategies might benefit the persons who are not living with HIV, yet at risk of acquiring 

TB disease, but cost-benefit analysis must be considered. 

Diagnosis of TB in HIV co-infected persons is difficult due to a high frequency of smear-

negative disease. However, Xpert MTB/RIF technology narrowed this gap due to its 

sensitivity.371 The findings indicate that TB-MBLA is useful in this subpopulation of patients, 

since it has same sensitivity like that of the Xpert Ultra, besides higher positive predictive value 

and specificity. The same trend of results was reflected in the participants who were smear 

negative, regardless of their HIV status. The low specificity of Xpert Ultra could be due to 

‘trace call results’, which were coded negative on the less sensitive liquid culture that was used 

as the reference test. 

Although a study on Rimal et al. shows that the diagnostic performance of Xpert assay is almost 

at par with the liquid culture test in smear-negative sputum samples372, a molecular based 

reference may be more suitable in assessing the diagnostic performance of the nucleic acid 

amplification tests. However, in the WHO-recommended algorithm, Xpert assay was found to 

offer only a slight sensitivity gain and was projected to have major resource implications.373  
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In Chapter Four, the accuracy of TB-MBLA in monitoring treatment response to anti-

tuberculosis therapy was determined and compared with the standard of care tests SSM-FM, 

Xpert Ultra and culture. This study has revealed that Xpert Ultra is more persistently positive 

with 33% of the cases still positive at completion of treatment compared to 27% reported for 

the older version of Xpert assay. It can be hypothesized that this difference in the positivity 

rate at the end of treatment might be caused on the trace call results, which are usually detected 

on the insertion gene probes.374 This proposition is supported, at least in part, on the fact that 

majority of the positive Xpert Ultra results at the end of treatment were graded as ‘trace call’. 

 

On the other hand, SSM-FM sensitivity was low and turned negative faster than the positivity 

of the other bacteriological measures following the initiation of treatment. Analysis of the 

month two smear microscopy positive- versus SSM-FM negative- cases but positive with TB-

MBLA revealed that SSM-FM was insufficient to inform an extra month of intensive treatment. 

In contrast, TB-MBLA positivity resolved this in a manner that is consistent to MGIT culture. 

This performance makes TB-MBLA with laboratory turn-around time of 4h, a more suitable 

biomarker for monitoring response to anti-tuberculosis therapy than the currently used stained 

smear microscopy and liquid culture. However, more performance data is needed from multi-

site study designs with bigger sample size and improved the statistical power. Nevertheless, 

this study has an added value in that it is the first study that has compared ribosomal RNA-

based assay (TB-MBLA) against DNA-based assay (Xpert Ultra) for pre-treatment diagnosis 

of TB and monitoring treatment with a six-month standard TB regimen. As a result, the utility 

of TB-MBLA for accurate diagnosis of TB has been demonstrated and the limitation of Xpert 

Ultra and SSM for monitoring TB treatment response was further confirmed. 
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In Chapter Five, the use of stool as an additional/alternative sample for the diagnosis of active 

tuberculosis was considered. While previous studies employed DNA-based assays like the 

Xpert MTB/RIF, and bacteriological tests such as culture to detect Mtb in stool,375,376 TB-

MBLA, an RNA-based assay, was, for the first time, applied to detect and quantify TB bacteria 

in stool. TB-MBLA detected and quantified viable Mtb bacilli in the stool, thus raising its 

utility as an alternative/additional to sputum sample type for TB diagnosis and monitoring 

response to treatment. Furthermore, evidence is provided to the fact that TB-MBLA for stool 

is sensitive and specific, suggesting its probable usefulness in clinical decision making. DNA 

based assays are capable detecting DNA from already dead Mtb in stool hence having an RNA 

based assay is an added advantage. The present results provide additional evidence that high 

bacillary loads are present in the stool of persons living with HIV and those without, indicating 

a possible broader application of TB-MBLA in multiple settings. Stool is an easy-to-obtain 

sample that could enhance TB diagnosis in persons who cannot provide adequate sputum, and 

yet, MGIT culture, which is the current confirmatory test for TB has low yields for stool.376  

However, high microbial density and diversity in stool compromises the specificity and 

sensitivity of culture-based tests due to overgrowth of non-Mtb flora. Because of this, TB-

MBLA becomes not only the most sensitive and specific test, but also suitable tool for the 

detection and quantification of viable TB bacteria in stool. Most importantly, this Chapter 

raises the possibility of using a non-sputum alternative/additional sample type for diagnosis of 

TB among persons who have difficulty in producing sputum. Furthermore, this Chapter 

highlights the effective use of PBS as a cheap working solution in the preparation of stool for 

TB-MBLA and other molecular applications in both resource- rich and limited settings.  
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6.3.0  Implications of the Findings  

Overall, the results of this thesis show the striking potential of TB-MBLA for diagnosis of 

pulmonary TB and monitoring response to TB treatment. Since  this study has shown that TB-

MBLA is more sensitive than SSM-FM and MGIT culture, it can provide rapid, accurate and 

informative results needed for the clinical management of patients at TB Clinics. SSM-FM and 

MGIT culture tests take too long to yield results and are associated with a substantial data loss 

through contaminations. The present results show that TB-MBLA quantifies TB bacillary load 

directly from both sputum and stool samples. Being able to quantify TB in stool could provide 

easier means of diagnosing and monitoring response to TB treatment in the young children, 

terminally ill and neurologically damaged patients, who are unable to provide sputum samples. 

Because TB-MBLA provides accurate and reliable results on the viable Mtb remaining during 

anti-TB treatment, Clinicians can make correct and timely decisions that are not based on the 

less sensitive stained smear microscopy and culture tests. However, further studies are urgently 

needed to investigate the applicability of stool TB-MBLA for diagnosis and monitoring 

response to TB treatment and its potential role in childhood TB clinical trials for new drug 

regimens.  
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7.0 Future studies building on doctoral research 

1. Host Gene signature-based tool for early diagnosis of TB infection 

The current diagnostic tests for active TB diagnosis focus on the detection of Mtb bacilli within 

sputum samples and are, thus not useful for diagnosing latent TB infection. Similarly, 

immunological tests, although approved on the USA Food and Drug Administration as 

diagnostic tests for latent TB infection, they are not suitable for active TB, since they fail to 

differentiate latent TB from active TB disease. The symptomatic detection of TB disease is too 

late to stop its transmission. On the time of detection, the patient will have transmitted TB 

infection to many others. Therefore, early detection before persons develop symptoms is 

crucial to prevent severe TB disease and transmission to others. 

  

Host blood RNA-based PCR tests were developed to achieve the following: i) Detection of the 

latently infected persons before they progress to active disease, and ii) Detection of the active 

TB in sub-populations who cannot produce sputum. TB infection elicits specific gene 

expression in the human host to suppress or eliminate the infection. These genes can be detected 

in blood with relatively good specificity and sensitivity. However, none of the gene signatures 

has been adopted as a simple, accurate, and affordable near point-of-care diagnostic test. 

Prospectively, a customised quantitative PCR assay will be evaluated based on TB-specific 

human genes as a near point-of-care diagnostic and treatment monitoring tool for TB. 

Undertaking an in-depth, rapid, and accurate screening of latent TB infection is critical to 

prevent and control TB transmission. Therefore, innovations that rapidly and accurately 

identify TB patients who would benefit from Isoniazid Preventive Therapy intervention must 

be prioritised. 
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A blood-based TB-specific qPCR test should be able to assist the Clinician to easily identify 

persons who would benefit from the Isoniazid Preventive Therapy intervention. Generally, the 

current tests for TB are validated for testing TB disease using expectorate sputum, yet some 

persons like the young children and immune-compromised patients usually find it difficult to 

produce adequate sputa samples, leading to low case detection, risk of infection and high 

mortality rates. Consequently, confirmation of tuberculosis in such groups of persons may be 

based on proposed blood-based assay. Lastly, a blood-based assay may be more accurate for 

child TB because of its paucity bacillary nature in this subgroup. 

 

As part of this study, each participant provided a blood sample which was used to evaluate 

selected host TB-specific biomarkers. A biobank was created to store all the blood specimen. 

A database of the associated clinical data was also created in a format which allows easy 

retrieval and linkage of the two datasets. A Reverse Transcriptase-Real Time Polymerase Chain 

Reaction (RT-qPCR) was developed targeting three panels of host genes that are differentially 

expressed in the presence of TB. The established biobank will provide the required samples to 

evaluate the performance of the developed host RNA-based quantitative real time PCR as a 

diagnostic and treatment monitoring tool. We believe that blood-based markers have the 

potential to increase asymptomatic and symptomatic TB case detection on using a more 

accessible sample in persons living with HIV and paediatric patients who struggle to produce 

sputum sample. 

 

This potential was visible during the preliminary work in which 8 genes were investigated 

using human lung cell line. It was observed that 4 of these genes could distinguish TB infection 

from no TB infection [Mann-Whitney U test, p=0.0012, 0.0042, 0.0009 and 0.022 for genes 1, 

2, 7, & 8, respectively after 72h of incubation at 37oC.  
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The genes were evaluated on a training set of blood RNA samples from 35 Ugandan adults, 21 

(60%) of whom had been confirmed to have pulmonary TB using Xpert Ultra and MGIT 

culture. Different genes singly and in combination with either of the other genes distinguished 

TB positive from TB negative cases with specificity of 90-100%, Mann-Whitney U test, p = 

0.004. 

From these preliminary findings, future studies may be conducted to explore the following: 

1) Description of the quantitative read-out of a customised quantitative real time PCR of a 

host gene signature assay amongst presumptive TB patients with Xpert Ultra-confirmed 

pTB, presumptive TB patients without Xpert Ultra-confirmed pTB, patients with other 

respiratory infections, latent TB infection patients (also defined as asymptomatic study 

participants with positive QuantiFERON test), healthy persons defined as asymptomatic 

study participants with negative QuantiFERON test. 

2) Systematic evaluation of the accuracy (sensitivity, specificity, positive- and negative- 

predictive values) of the gene panels and select the most suitable one 

3) Identification of most accurate gene signature in Objective 2 and development of a kit to 

be evaluated in a large sample size of participants from different demographic and 

geographic backgrounds.  

2. Utility of TB-MBLA for the diagnosis of childhood tuberculosis and 

monitoring response to anti-tuberculosis drugs 

 

Childhood tuberculosis is a leading cause of morbidity and mortality worldwide. It is known 

that timely diagnosis and initiation of treatment reduce childhood mortality from TB to near 

zero. The under-diagnosis of tuberculosis in children in Uganda and globally poses a challenge 

for the End TB strategy and requires thorough evaluation of new methods and samples. The 

use of an alternate samples such as stool in TB diagnosis would ease sample collection and 
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ensure timely accurate diagnosis, prompt treatment and, therefore, improved treatment 

outcomes. Collection of alternative samples such as secretions from the stomach and nose 

might be invasive and harmful. Unfortunately, the current stool processing methods are 

complex and are associated with high Xpert Ultra errors and higher culture contamination 

rates. While culture remains the gold standard test for diagnosis of TB, obtaining results takes 

longer, which delays initiation of treatment.  

Based on the findings in Chapter Five, a cross-sectional and subsequently longitudinal study 

will be to evaluate the usability of TB-MBLA for childhood TB in comparison to SSM, Xpert 

Ultra and culture. The use of stool samples to diagnose pulmonary tuberculosis in children has 

the potential to significantly increase the proportion of child patients. This will serve to inform 

policy and improve the control strategies for tuberculosis in Uganda. Furthermore, it will 

decrease the time to diagnosis on decreasing the difficulty in sample collection from child 

patients, therefore improve outcomes of children with pulmonary tuberculosis. The Molecular 

Bacterial Load Assay has revolutionised TB diagnosis. Moreover, the TB-MBLA has multiple 

benefits compared to conventional diagnostic tests. The TB-MBLA is unaffected on other 

organisms usually present in samples. It has a turnaround time of less than 24 hours and, can 

be used as a biomarker of monitoring treatment response as it responds rapidly to changes in 

Mycobacterium tuberculosis. 

Potential impact on policy and/or programs 

The current policy on childhood TB treatment outcome and diagnosis is performance of Xpert 

MTB/RIF and microscopy. However, existing data shows that Xpert MTB/RIF misses a 

substantial number of children that have TB while smear microscopy is highly subjective and 

cannot differentiate between dead and viable Mtb. Besides, Mtb culture assay as the current 

gold standard is associated with high turnaround time and high contamination rates. TB-MBLA 

has a short turnaround time, it is not reader dependent, and it is free from contaminations, 
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meaning that it can be a better replacement or alternative test to the conventional tests. 

However, there is not enough evidence to support its clinical application. Providing data on the 

diagnostic accuracy of the TB-MBLA in children will contribute to the performance evidence 

of this tool. Such evidence is needed on the World Health Organization before it endorses this 

assay. 

4. Effect of TB drug regimens on the abundancy and diversity of sputum microbiome 

Background: Respiratory tract microbiota acts as the gate keeper for respiratory health. Using 

new drug combinations, attempts have been made to shorten treatment of tuberculosis (TB), 

but the impact of such drug combinations on the respiratory microbiome have not been studied. 

With funding from the European and Developing Countries Clinical Trials Partnership and 

German Ministry of Education and Research, we used total RNA and V3-V4 16S rRNA gene 

sequencing, sputum microbiome of participants under the HIGHRIF2 and Multi-Arm-Multi-

Stage clinical trials were analysed across a 3-month treatment period. Participants were treated 

with standard TB regimen Isoniazid(H)-Rifampicin-(R600mgor10mg/kg)-Pyrazinamide(Z)- 

Ethambutol(E) in comparison to investigational regimens containing fixed dose, R900mg and 

R1200mg under HIGHRIF2 and/or differing doses of rifampicin (10mg/kg, 20mg/kg, 35mg/kg 

including novel combinations replacing ethambutol with SQ109(Q) or moxifloxacin(M) in 

the Multi-Arm-Multi-Stage study.  

Findings: We found out that different anti-TB regimens and dosages have different effects on 

the sputum microbiome. The standard first-line regimen, HRZE appeared soft on microbiome, 

causing increase in taxa evenness and no significant reduction of diversity. Within the 

backbone of the standard regimen, increasing the dose of rifampicin alone required up to 

35mg/kg to achieve significant reduction of microbiome, which did not recover to pre-

treatment level on month-3 of treatment follow-up. A less rifampicin dose of 20mg/kg 

supplemented with 400mg moxifloxacin achieved significant reduction of microbiome 
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diversity but recovered to pre-treatment level on month-3 of treatment. The drug SQ109 

appeared to have added no significant value added to the performance of anti-TB regimen as 

well as effect on microbiome. Most importantly, Mtb did not show recovery across regimens, 

indicating potential selective elimination of Mtb, and the promise that novel optimal anti-TB 

regimens to shorten treatment course are achievable without universally damaging the 

beneficial respiratory microbiome. Further large-scale longitudinal studies will be needed to 

ascertain whether it is only Mtb that is eliminated and what implications this has on the 

recovering microbiome and treatment outcome A manuscript detailing these fundings can be 

accessed online (Under review; http://dx.doi.org/10.2139/ssrn.4172089) 

From these preliminary findings, future studies may be conducted to explore the following: 

1. Does the recovery of microbiome while still under antibiotic pressure mean replenishment 

from dietary sources or acquisition of antibiotic resistant genes? 

2. What are the implications of anti-TB therapy induced microbiome dysbiosis on patient 

long-term physiology, post-TB lung disease and other health outcomes? 

3. Can the understanding of the antibiotic-microbiome-physiology/immunity interaction shift 

the paradigm of drug safety analysis from host-focused to an integrated approach including 

the host and their microbiome? 
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