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ABSTRACT 
 
Introduction. Sputum microscopy is the most frequently used tuberculosis laboratory 

test, but poorly assesses infectiousness and treatment response. The viability stain 

fluorescein diacetate (FDA) identifies metabolically active cells. 

Objective. To optimise sputum microscopy for predicting tuberculosis infectiousness and 

treatment outcome. 

Foundations. FDA sputum microscopy rapidly indicated the concentration of 

Mycobacterium tuberculosis that had not been sterilised by boiling and that was culturable.  

A cohort of 35 patients had FDA microscopy performed on their pre-treatment sputum. 

Lower FDA microscopy results predicted higher risk of tuberculosis disease in their 209 

household contacts (adjusted hazard ratio=3.9, p=0.02).  

During the first 9 days of first-line therapy, these 35 patients had FDA microscopy on 

repeated sputum samples that rapidly differentiated patients with drug-susceptible 

tuberculosis from those with multi-drug resistant tuberculosis (p<0.001).  

Refinement. To optimise sputum collection for programmatic use, a network meta-

analysis of 23 studies demonstrated that pooled sputum, as used in the foundation studies, 

had similar performance to more easily collected, instructed on-demand “spot” sputum 

collection (p=1.0). 

FDA microscopy was optimised for use in basic clinical laboratories. This replaced 

potentially biohazardous and expensive steps with more practicable alternatives. 

Evaluation. These refined protocols were used to collect pre-treatment sputum samples 

from 978 patients. Higher mycobacterial concentrations assessed by culture, PCR, 

conventional or FDA microscopy all predicted greater risk of tuberculosis disease in their 

4311 household contacts (p<0.0001), with concordance (C)-statistics between 58-62%.  

Paired samples, pre-treatment and after 14 days of tuberculosis treatment, were collected 

from 384 patients. An alert FDA microscopy result at 14 days of treatment predicted 

adverse treatment outcomes (relative risk=3.0, p<0.0001), and performed better than 

currently used prognostic markers with 42% sensitivity and 85% specificity.  

Conclusion. After methodological optimisation, FDA microscopy predicted patient 

infectiousness and treatment outcome with similar or greater reliability than currently used 

laboratory tests.  
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INTRODUCTION 
 

The World Health Organization (WHO) estimates that there were 10 million cases of 

tuberculosis (TB) disease, causing 1.4 million deaths in 2019.1 Globally, TB elimination is 

hampered by inadequate laboratory testing, and increasing rates of multi-drug resistant 

(MDR)-TB constitutes a public health crisis.1 TB laboratory tests have 4 main clinical 

objectives: (a) diagnosing TB; (b) identifying drug-resistant TB; (c) assessing treatment 

response; and (d) predicting infectiousness.  

 

TB drug-susceptibility testing, especially gold standard culture-based testing has limited 

availability globally because of inadequate laboratory infrastructure and skills. 

Furthermore, the vast majority of TB occurs in resource-constrained settings where it is 

currently difficult to afford culture-based or molecular tests. Therefore, globally the only 

test that many patients with TB have access to is sputum microscopy.2–5 This test needs 

only basic expertise, equipment and provides same-day results. At the turn of the 

millennium, the WHO “STOP TB” plan included and by 2015 met the global target of 1 

microscopy centre per 100,000 people.6 However, conventional TB sputum microscopy 

using either Ziehl-Neelsen (ZN) or auramine stains has limitations for the 4 main 

objectives of TB testing described above because it is: (a) insensitive; (b) cannot identify 

drug-resistant TB; (c) cannot reliably assess early treatment response; and (d) poorly 

predicts infectiousness.7 

 

The presence and state of Mycobacterium tuberculosis (M. tuberculosis) in sputum may 

be assessed in various ways. Conventional acid-fast microscopy with ZN or auramine 

staining are the most used techniques and detect the presence of M. tuberculosis bacteria. 

However, they have poor sensitivity and are not specific to M. tuberculosis, staining other 

mycobacteria and acid-fast organisms. Various polymerase chain reaction (PCR) based 

tests detect the presence of M. tuberculosis deoxyribonucleic acid (DNA), usually with 

higher sensitivity than microscopy. However, both conventional acid-fast microscopy and 

PCR techniques detect M. tuberculosis whether it is viable (a term used here to indicate 

that it is culturable, as demonstrated by ability to replicate under certain conditions) or is 

non-viable (e.g. has had chemical sterilisation or been killed by boiling or by antibiotics). 

Thus, neither conventional acid-fast microscopy nor DNA-based PCR methods can 

discriminate viable versus non-viable M. tuberculosis bacilli. The presence of non-viable 

M. tuberculosis in sputum causes some patients to have persistently positive sputum 

microscopy or PCR results despite adequately responding to several months of tuberculosis 

treatment. These persistently positive laboratory tests throughout adequate treatment 

may inappropriately cause patients to have their treatment modified and/or extended and 
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may also cause lengthy restrictive infection control precautions.8,9 Thus, the inability of 

these rapid tests to differentiate viable versus non-viable M. tuberculosis hampers their 

role in assessing treatment response and guiding infection control measures. 

 

Fluorescein diacetate (FDA) is a vital stain that generally causes metabolically active cells 

to fluoresce because non-specific esterase in the cytoplasm must be present to hydrolyse 

the stain to a fluorescent form.10 FDA was first demonstrated to indicate esterase activity 

in mammalian cells by Rotmann and Papermaster, followed by Medzon and Brady’s study 

demonstrating its application in numerous bacteria in 1969.11,12 Since then it has been 

used in various fields of biology to assess cell viability, especially for organisms that are 

difficult to culture. For example, FDA has been used to monitor treatment response in 

patients receiving therapy for leprosy, because M. lepra is difficult to culture.10,13  In the 

1980s, FDA was demonstrated to stain M. tuberculosis, and was subsequently shown with 

clinical specimens to predict within 1 hour the results of TB culture that would usually be 

available weeks later.14–16  

 

GLOBAL OBJECTIVE: To optimise sputum microscopy for predicting TB infectiousness 

and treatment outcome. 

HYPOTHESIS 1: FDA microscopy quantitative results can assess the concentration of 

culturable M. tuberculosis in sputum.  

 

The findings of this experiment are discussed in Research Chapter 1 and confirmed that 

FDA microscopy results predicted both quantitative TB culture results and the proportion 

of unsterilised M. tuberculosis within a sample. Consequently, hypotheses regarding the 

potential clinical utility of FDA microscopy were generated.  

 

Household contacts of a cohort of newly diagnosed patients in a foundation study were 

followed up for 6 years to detect secondary TB disease in contacts to assess: 

 

HYPOTHESIS 2: FDA sputum microscopy in pre-treatment samples can assess patient 

infectiousness. 

 

The findings of this study testing hypothesis 2 are discussed in Research Chapter 2, which 

was published in the Journal of Infectious Diseases.17  

 

In 2006, a group in Bangladesh reported that sputum microscopy with FDA could be used 

to identify culture-confirmed treatment failure in patients who had positive conventional 

sputum microscopy results after 2 months of first-line treatment.18 They then implemented 
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in 4 regional laboratories sputum FDA microscopy for patients suspected of having failed 

first-line treatment. This predicted multi-drug resistant (MDR) TB with 93% accuracy, and 

led to 23% more patients switching to appropriate second-line treatment earlier than with 

the previous use of reference laboratory culture results.19 Newly diagnosed patients 

recruited in the foundation study provided sputum at multiple time points to assess: 

 

HYPOTHESIS 3: FDA sputum microscopy can predict whether patients are responding to 

therapy early in treatment.  

 

Hypothesis 3 was assessed and described in Research Chapter 3, that was published in 

the journal Clinical Infectious Diseases.20  

 

The Wellcome Trust awarded a Clinical Research Training Fellowship to further evaluate 

FDA microscopy. Prior to starting this evaluation, the protocol for sputum collection was 

refined. During the foundation study, sputum was collected over a 12-hour period, which 

may not be feasible in the resource-constrained settings where most TB occurs.21 To make 

sputum collection for FDA microscopy more practical, a systematic review and meta-

analysis was done to assess: 

 

HYPOTHESIS 4: Sputum collection methods can be optimised to increase the positivity 

rate of microscopy. 

 

The findings of this study testing hypothesis 4 are discussed in Research Chapter 4, and 

were published in the journal Lancet Global Health.22 

 

Until recently FDA microscopy used fluorescence that required expensive mercury or 

halogen light sources, which previously limited feasibility for routine use in clinical settings. 

Furthermore, in the foundation study described in Research Chapters 2 and 3, the FDA 

staining protocol used sputum decontamination with centrifugation. Few microscopy 

centres in resource-constrained settings would be able to carry out this procedure, 

especially with the WHO-recommended high centrifugal force, hermetically sealed 

centrifuges and biosafety level-III laboratory facilities.23,24 There have been various FDA 

microscopy protocols published, which were evaluated to test: 

 

HYPOTHESIS 5: The FDA microscopy protocol can be simplified and optimised for routine 

use in microscopy centres in resource-constrained settings. 
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The results of the experiments testing hypothesis 5 are discussed in Research Chapter 5, 

and led to the publication of a standard operating procedure (SOP) for FDA microscopy in 

the journal PLOS One.25 

 

Research Chapter 6 and 7 used the optimised sputum collection technique and FDA 

protocol described above to focus on the main clinical evaluation of FDA microscopy to 

assess if: 

 

HYPOTHESIS 6: FDA microscopy performed under operational conditions can identify 

patients most likely to transmit TB; and  

 

HYPOTHESIS 7: FDA microscopy early in treatment can be used to predict adverse clinical 

outcome versus long-term cure from TB. 

 

The final Chapter concludes this body of work by integrating all the findings and 

discussing their relevance and potential areas for future research. 

All the research presented was carried out in Callao, Perú. Since 1990, the Peruvian 

National TB Programme (NTP) has continually strengthened their healthcare service 

delivery particularly their diagnostics in the states of Lima and Callao (Figure 0.1). During 

2006-2007, the NTP adopted the Microscopic Observational Drug Susceptibility (MODS) 

assay in regional laboratories that had biosafety level 3 facilities. MODS is a liquid culture 

technique providing integrated TB diagnosis with direct isoniazid and rifampicin drug 

susceptibility testing that takes up to 21 days.26,27 Peru is the only NTP in the world that 

has adopted this technology for routine clinical care. In 2013 all research participants in 

our study setting were provided rapid PCR testing with the Cepheid GeneXpert MTB/RIF 

test, from which clinicians received clinically important results approximately 24 hours 

after sample reception. Other new diagnostics have also been adopted by the Peruvian 

NTP. However, these were generally only used in the national reference laboratory for 

positive cultures from selected patients so had little impact on the time to start treatment 

for drug resistant TB, in contrast to the universal provision of MODS and GeneXpert.28 

Thus, the diagnostic landscape for rapidly identifying MDR-TB has changed throughout the 

course of this research, as summarised in Figure 0.1.  
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RESEARCH CHAPTER 1  

Foundations – TB viability microscopy validation 
 
Background 
 
There are no appropriate-technology rapid tests for quantifying culturable M. tuberculosis 

in sputum. The most commonly used method in TB research is quantitative culture, which 

takes weeks and is labour intensive. There are 3 main culture-based approaches used to 

quantify the amount of viable M. tuberculosis in a sample, as detailed below.  

 

1. Colony counts. Counting the number of colonies visible after a defined interval, usually 

4- or 6-weeks incubation, may be considered the reference standard approach. If this is 

done only with the undiluted sample then high concentrations of colonies may coalesce, 

impairing accuracy. Thus, colony counts are often performed concurrently on undiluted 

sample and serial dilutions of the sample, to increase accuracy. However, this approach is 

labour intensive to replicate e.g. triplicate cultures of each concentration are generally 

required for accuracy, increasing expense. 

 

2. Time to positivity. This approach utilises the fact that shorter time from culture 

inoculation until culture positivity (termed time to positivity, TTP) predicts higher colony 

counts and is frequently used in liquid culture methods. TTP is generally easier and simpler 

to perform than colony counts, so is a popular approach for quantifying the amount of 

viable M. tuberculosis in a sample. First, colony count experiments are performed on 

multiple samples under standardised conditions, noting the time taken for each undiluted 

culture to become culture positive. These data are used to determine the mathematical 

association between TTP and colony counts under these experimental conditions. Then, 

the TTP of subsequent samples can be used to estimate colony counts and hence the 

amount of viable M. tuberculosis in a sample.29–31 A disadvantage of this approach is that 

either automated equipment must be used to determine the TTP, or cultures must be 

checked for positivity frequently, e.g. daily, which is also labour intensive. 

 

3. Most probable number. For this approach, serial (usually 10-fold) dilutions of the 

sample are inoculated into multiple (usually triplicate small-volume broth) cultures. 

The most probable number of bacteria in the sample is statistically estimated using the 

principle of extinction dilution from the proportion of cultures of each dilution that become 

culture-positive by a defined interval. This approach is frequently used to quantify bacteria 

in water and food and has also been reported for M. tuberculosis.32 
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All the above approaches are technically demanding using infrastructure that is 

infrequently available in low and middle income countries and they provide results several 

weeks after sample processing, which are often out of date for clinical decision making.33 

It should also be noted that all of these approaches directly or indirectly estimate the 

concentrations of colony forming units (CFU) of bacteria. M. tuberculosis usually exists in 

sputum samples in clumps or chains, so the concentration of M. tuberculosis bacteria in 

sputum is generally much greater than the concentration of CFU that is determined by the 

above techniques. 

 

Rapid molecular tests that quantify ribonucleic acid (RNA) from M. tuberculosis are 

possible but not feasible in most settings.34 Quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) tests have prohibitive costs and are technically challenging due 

to the instability of RNA, sensitivity to inhibitors, and variable interpretation of real time 

data.35 Furthermore, qRT-PCR does not directly assess the number of living cells within 

the sample but measures cellular activity. In contrast, staining cells to indicate their 

viability with the use of microscopy may allow quantification of individual living cells. As 

described in the introduction, FDA may be a suitable candidate viability stain that can be 

safely used in resource-constrained settings.  

 

The objective of this laboratory experiment was to validate the use of TB viability 

microscopy with FDA for identifying and quantifying culturable M. tuberculosis.  
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Methods 
 
Participants were adult patients newly diagnosed with pulmonary tuberculosis and who 

had not received any anti-mycobacterial treatment and who gave informed written consent 

to participate. The study had approval from ethics committees including Asociacion 

Benefica PRISMA, Peru and Imperial College London UK. 

 

Samples. A pre-treatment sputum sample was collected from patients who had recent 

acid-fast microscopy results with a range of positivity: one patient with smear grade +, 

another with sputum smear grade ++ and a third patient with sputum smear grade +++.36 

These sputum samples were processed concurrently for comparison with an aliquot of 

reference strain H37RV M. tuberculosis. This pure tuberculosis strain was diluted in 

phosphate buffered saline (PBS) at pH 6.8 to an optical density corresponding to the 

McFarland grade 1, indicating a TB concentration of approximately 300,000 CFU/µl.37  

 

Sputum processing. Sputum was decontaminated by briefly vortexing 2 ml of sputum 

with an equal volume of 4% sodium hydroxide containing 2.9% sodium citrate and 0.5% 

N-acetyl-L-cysteine, as described.37 After 20 minutes at room temperature excess PBS at 

pH 6.8 was added and the mixture was centrifuged for 15 minutes at 3,000 gravities.37 

The pellet was re-suspended in PBS at pH 6.8 to the original volume of 2 ml. The H37RV 

strain and decontaminated pellet suspensions were split into equal aliquots: one kept at 

ambient temperature and the other sterilised by immersion of the tube in boiling water for 

1 hour.38 The aliquots were mixed in a range of proportions to create TB suspensions that 

were 0%, 90%, 99% and 100% heat-sterilised. All underwent triplicate acid-fast 

microscopy, triplicate FDA microscopy, and triplicate quantitative cultures.  

 

Slide preparation. Reagents were obtained from Fisher Scientific, USA, except where 

otherwise stated. To improve adherence of sputum to slides, the decontaminated samples 

for microscopy were mixed with 10 µl of 2.0% bovine serum albumin. To standardise 

smear density, sputa were smeared over areas marked on the underside of each slide. All 

smears were then air dried at room temperature and heat fixed by passing the slide 

through a flame. For acid-fast staining, 10 µl decontaminated sputum was smeared over 

a 2 cm2 area. For FDA staining, 100 µl decontaminated sputum was smeared within a 1 

cm2 square, so the sputum density was 20-times greater than for acid-fast staining. 

 

FDA staining.  A fresh working solution of 20 µg/ml FDA was prepared daily by dissolving 

10 µl of a 5 mg/ml FDA stock solution (Sigma) in 2.5 ml of 40% acetone in PBS at pH 6.8. 

A 1 cm2 square of Whatman grade 3 filter paper was soaked in this working solution and 

placed on the dried sputum sample and incubated at 37ºC for 20 minutes.  The filter 
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paper was discarded, the slide allowed to dry in the dark for 10 minutes and microscopy 

was then performed immediately with a Nikon Eclipse E600 fluorescent source (excitation 

filter 480nm) microscope that had a mercury bulb using 100-times magnification.39  

 

Conventional acid-fast staining. Smears were flooded with 0.1% auramine for 15 

minutes, decolourised with 0.5% hydrochloric acid-ethanol (acid-alcohol) solution for 2 

minutes, rinsed with distilled water, flooded with 0.5% potassium permanganate for 30 

seconds, dried in the dark and microscopy performed within 6 hours using 100-times 

magnification. 

 

Cultures were done with the Microscopic-Observation Drug-Susceptibility (MODS) 

technique,26,27 adapted to provide quantitative results in 24-well culture plates, as 

described.33 A 1:10 dilution of 50 µl decontaminated sputum in 450 µl MODS culture broth 

(Middlebrook 7H9 liquid culture medium with enrichment and antimicrobial supplements33) 

to a final volume of 500 µl was mixed by pipetting. Then 50 µl of this was mixed into 

another well to a final volume of 500 µl making a 1:100 dilution. This was repeated again 

to make a 1: 1,000 dilution. Cultures were incubated in un-supplemented air at 37ºC. The 

sealed cultures were examined 3-times a week with an inverted light microscope using a 

40-times magnification for cording colonies to determine time to positivity.33  

 

The threshold for positivity was calculated to be the concentration of M. tuberculosis in 

the original sample corresponding to a positive result for microscopy or culture. The 

threshold of positivity for microscopy was ≥10 staining bacteria per 100 consecutive 

microscopy fields, according to policy during the time of this study in Peru.40 The threshold 

of positivity for culture was >1 colony forming unit seen.  

 

Analysis.  Staff were blinded to other data from the same sample. Concentrations of 

bacteria or CFU visualised per ml of sample were calculated from manual counts. These 

concentrations were exponentially distributed. All concentrations are summarised as 

geometric means with 95% confidence intervals (95% CI). For all analyses of 

concentrations, zero values were changed to the mid-point between zero and the detection 

threshold and then concentrations were transformed to their base-10 logarithm (log). 

Spearman’s test was used to calculate non-parametric correlation coefficients (rho). Linear 

regression used random effects to adjust for between-sample variation. All analyses were 

2-tailed, performed with STATA version 11 (StataCorp, Texas, USA). All data are reported 

to 2 significant figures. 



 19 
 

Results 
 
As shown in Figure 1.1, the proportion of the sample that had been heat-sterilised 

correlated with the concentrations of bacilli visualised in FDA microscopy and CFU in 

quantitative culture (rho=0.84, p<0.001 and rho=0.72, p<0.001, respectively). All 100% 

heat-sterilised samples were culture-negative, and 11 out of 12 slides had <10 bacilli per 

hundred fields visualised by FDA microscopy. All 100% heat-sterilised samples were 

strongly auramine microscopy positive. 

 

As shown in Table 1.1, linear regression demonstrated that with each 90% increase in the 

proportion of heat-sterilised sputum, mean FDA positive bacilli/ml reduced by 84% (95% 

CI=71-91%, p<0.001) and mean CFU/ml in culture reduced by 92% (95% CI=72-98%, 

p<0.001). In contrast, heat sterilisation only had a small effect on auramine microscopy 

results. Specifically, for every 90% increase in the proportion of heat-sterilised sputum, 

auramine positive bacilli/ml reduced by 12% (95% CI=4.1-19%, p=0.04), which was less 

than was demonstrated in both FDA microscopy and quantitative culture (both p<0.001, 

Figure 1.1).  
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Discussion 
 
This experiment confirmed that the concentration of FDA microscopy-positive bacilli 

correlated with the concentration of culturable M. tuberculosis in samples, and both 

indicated the proportion of the sputum that had been heat-sterilised. FDA microscopy took 

less than 1 hour and was less resource-intensive, whereas quantitative culture took weeks 

to provide results and required more laboratory equipment and expertise. Quantitative 

conventional acid-fast microscopy results with auramine staining were only slightly 

affected by proportion of heat-sterilisation. 

 

Boiling for more than 30 minutes has been shown to kill M. tuberculosis by lysis, which is 

in keeping with the negative culture results shown in this study for the 100% sterilised 

samples.41 Clinical samples that were 100% sterilised had 1-3 bacilli visualised with FDA 

microscopy. This may be explained by artefacts rather than mycobacteria being visualised, 

incomplete sterilisation caused by poor penetration of heat in large volume samples or 

large clumps of mycobacteria.42,43 Alternatively, these low concentrations of FDA-positive 

cells seen on FDA microscopy of boiled samples may indicate false-positive FDA microscopy 

results for sterilised cells, possibly because of residual non-specific esterase activity 

persisting in cells that had been killed by boiling. Even though M. tuberculosis was killed 

by boiling, its structure was retained as demonstrated by bacilli in conventional acid-fast 

microscopy having similar morphology and concentrations for unsterilised versus boiled 

samples. M. tuberculosis can also be killed by chemical and mechanical lysis, which have 

also been shown to impact both quantitative culture and FDA results.41,44  

 

Mycobacterial growth is complex and dependent on its physiological state, which may 

permit culture in some conditions and not in others.45 Differential growth or “viable but not 

culturable” dormant M. tuberculosis has been observed, and is thought to be an important 

population regarding TB latency and treatment relapse.46 The experiment described here 

is not a model for studying populations of M. tuberculosis that are on the spectrum between 

fully metabolically active and sterilised, and cannot determine the ability of FDA microscopy 

to identify viable but not culturable M. tuberculosis. However, we can conclude that FDA 

microscopy does not generally visualise killed M. tuberculosis with retained morphology 

and can within 1 hour of sample processing provide results that accurately predict 

quantitative culture results that become available weeks later.  
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RESEARCH CHAPTER 2 

Foundations – Pre-treatment TB viability microscopy assessing 
infectiousness 

 
Background 
 
Patients with pulmonary TB expectorate sputum that contains heterogeneous 

subpopulations of M. tuberculosis,47 which has unknown implications for assessing patient 

infectiousness.48 Currently, predictions of TB infectiousness are largely based on 

conventional acid-fast sputum microscopy that are used to guide decisions about infection 

control measures and to prioritise which patients’ contacts should receive screening, 

preventative therapy, and surveillance.49,50 As demonstrated in Research Chapter 1, 

conventional acid-fast microscopy stains M. tuberculosis bacilli whether they are culturable 

or sterilised. Furthermore, in vivo and in vitro experiments have suggested that M. 

tuberculosis bacteria have a slowly metabolizing phenotype produced by growth under 

stress-inducing conditions that may in fact be most infectious, and are difficult to detect.51–

54  

 

The hypothesis of this study is that FDA microscopy of pre-treatment sputum would identify 

the most infectious patients. To test this hypothesis, newly diagnosed patient’s pre-

treatment sputum was assessed with FDA microscopy, and their household contacts were 

followed-up and screened for TB disease. 
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Methods 
 
Ethics. All participants gave informed written consent. The internationally accredited 

ethics committee of the Universidad Peruana Cayetano Heredia approved the study. TB-

related care for patients and their close contacts including diagnostic testing, treatment 

and preventative therapy is provided free of direct charge in Peru and was not delayed or 

modified by study participation. 

 

Background TB notification rates. Recruitment took place in shantytowns in Callao, 

Peru, where the average TB notification rate in these participating clinics during the study 

period was 194 cases/100,000 people/year. According to local practice, we estimated that 

the background case notification rate in these communities was 20% higher i.e. 233 cases 

per 100,000 people/year because some cases were treated by other providers.55–57 

 

Patients and Samples. Patients were interviewed at recruitment from 2006 to 2007. 

Sputum was collected over 12 hours in patients’ homes at room temperature, transported 

at 4°C and decontaminated within 24 hours by mixing 2 ml sputum with 2 ml of combined 

4% sodium hydroxide, 2.9% sodium citrate, 0.5% N-acetyl-L-cysteine.37 Reagents were 

obtained from Sigma, USA. After 20 minutes, excess PBS (pH 6.8) was added, centrifuged 

(15 minutes, 3,000 gravities), the pellet re-suspended in 2 ml PBS, immediately smeared 

onto microscope slides with 10 µl bovine serum albumin for adhesion and dried at room 

temperature. Samples then underwent FDA microscopy (see below), quantitative culture 

and acid-fast microscopy, each in triplicate. This standardised decontamination protocol 

was used and the exact smear area marked on slides with a hydrophobic pen to reduce 

processing variability between the triplicate smears. 

 

FDA microscopy. 100 µl decontaminated sputum was smeared over 1 cm2. Note that this 

was 20-times greater density on the microscopy slide than for acid-fast microscopy. FDA 

staining used a stock solution of 5 mg FDA that had been dissolved in 1 ml of a solution of 

40% acetone in PBS. This stock solution was diluted daily to 20 µg/ml in the same solution 

of 40% acetone in PBS and soaked onto a 1 cm2 square of Whatman grade 3 filter paper 

that was incubated on the smear at 37ºC for 20 minutes.39  The paper was discarded, the 

slide allowed to dry in the dark for 10 minutes and microscopy performed immediately. 

Concurrent non-viable counter-staining was not used.  

 

Conventional acid-fast microscopy. 10 µl decontaminated sputum was smeared over 2 

cm2, air-dried at room temperature, heat-fixed by passing through a flame and auramine 

stained by flooding with 0.1% auramine (for 15 minutes); 0.5% acid-alcohol decolorizing 
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solution (for 2 minutes); rinsing; flooding with 0.5% potassium permanganate (for 2 

minutes); rinsing; drying; storing in the dark and performing microscopy within 6 hours.37 

 

Microscopy. Visible bacteria were counted in 100-consecutive microscopy fields at 1,000-

times magnification (constituting an area of approximately 2 mm2).58 Concentrations of 

stained bacteria per ml of sample were calculated and are termed ‘FDA microscopy’ and 

‘auramine microscopy’.  

 

Cultures used the microscopic-observation drug-susceptibility (MODS) technique26,27 

adapted to be quantitative, as described.33 A 1:10 dilution of 50 µl decontaminated sputum 

in 450 µl culture broth26 was mixed by pipetting, 50 µl was mixed into a 1:100 dilution 

well, and then into a 1:1,000 dilution well. Cultures were sealed in un-supplemented room 

air, incubated at 37ºC and examined with an inverted microscope for cording colonies to 

determine time to positivity. This is labour intensive so was performed 3-times weekly,33 

thus TTP data was poorly discriminatory compared with if it had been performed 

continuously, as in the Mycobacteria growth indicator tube (MGIT) commercial technique, 

or by manual observation more frequently. Consequently the primary quantification of M. 

tuberculosis growth was CFU as described,33 divided by the sample volume (ml) inoculated 

into that culture, i.e. CFU/ml, termed ‘quantitative culture’. Positive cultures were 

confirmed to be M. tuberculosis with the Capilia assay (Tauns, Tokyo, Japan). 

 

Drug-susceptibility testing. Isoniazid and rifampicin susceptibility of pre-treatment 

samples were analysed with the standard non-quantitative MODS technique26,27 and the 

tetrazolium microplate assay (TEMA).59  

 

Patients’ contacts were invited to participate if they spent ≥6 hours/week in the patient’s 

household in the 2 weeks prior to the patient’s diagnosis.60 Patients and contacts were 

interviewed to record symptom and demographic data, they were weighed, had their height 

measured and for adults (≥18 years old), body mass index (BMI) was calculated. 

Socioeconomic status was assessed by a composite household index in arbitrary units 

derived by principal component analysis from 13 variables characterising education, 

housing conditions, basic services and assets, as described.60,61 Radiographs were not 

routinely performed so data were not available.40 The study flow diagram is shown in Figure 

2.1. 
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Figure 2. 1 Study flow chart 

 

Contact TB preventative therapy. Isoniazid preventative therapy was provided for 6 

months free of charge by the Peruvian national TB program (NTP) to contacts aged <15 

years old, once the NTP had excluded active TB disease, regardless of any tuberculin skin-

test results.40 Older contacts, especially those aged 15-19 years old, were also eligible to 

receive preventative therapy at the discretion of the NTP clinician.40 

 

Contact tuberculin skin testing. When the patient with newly diagnosed TB was 

commencing therapy, contacts aged ≥15 years in their household were asked at the time 

of patient recruitment to undergo screening for asymptomatic latent TB infection with 

tuberculin skin-testing, as described.62,63 However, to encourage participation our study 

did not require tuberculin skin-testing. 

 

Contact TB prevalence surveys. At the time of recruitment during 2006-2007, and again 

during follow-up visits approximately 3 and 6 years later until 2013, participants were 

asked whether they had been diagnosed with TB, as illustrated in Figure 2.1. Self-reported 

TB episodes were confirmed by checking NTP records. At these recruitment and follow-up 

visits, contacts were also asked whether they had symptoms suggestive of TB disease. 

Contacts who reported currently having cough, fever, night sweats or weight loss were 

requested to provide a sputum sample that we tested with conventional acid-fast 

microscopy37 and the MODS liquid culture technique.26,27 

Follow-up
after 3 and 6 years

Recruitment

Patient recruitment
and

pre-treatment sputum 
(n=35)

Household contact 
recruitment and 

questionnaire
(n=209)

Patient
questionnaire

(n=32)

Prevalence survey for 
tuberculosis disease

(n=209)

3 lost

Optional 
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tuberculin skin test
(n=84)
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Statistical analysis. Concentrations of bacilli and CFU per ml of sputum were 

exponentially distributed and transformed to their base-10 log value. Tests were 2-tailed 

and were performed with a 95% CI. Time-to-event Cox Proportional Hazards regression 

analysis was used to analyse the hazard ratio (HR) of TB diagnosis in contacts with 

estimates adjusted for household clustering, censused at the time of last follow-up. For 

this time-to-event regression analysis, secondary TB was a rare outcome and independent 

variables did not have Gaussian distributions, so all data were analysed as dichotomous 

variables above or below the median value for contacts, labelled ‘high’ or ‘low’ respectively. 

All univariable analyses, including univariable time-to-event regression analyses were 

performed with non-imputed data. To prevent missing data in more than one variable from 

reducing the statistical power of multivariable analysis, the primary multivariable analyses 

were performed with imputed data.  Data was imputed by extrapolating results from 

corresponding laboratory results, or by using the median response from the participants’ 

questionnaire data. Two multivariable sensitivity analyses were also done: 1. excluding 

imputed data; and 2. censoring follow-up after 5 years.  
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Results 
 
Laboratory characterisation. In pre-treatment samples, quantitative culture CFU results 

were associated with the results of both FDA microscopy (coefficient=0.66 R2=0.46 

p<0.001) and auramine microscopy (coefficient=1.1 R2=0.47 p<0.001, Table 2.1). TTP in 

days was significantly associated with quantitative culture results and with FDA microscopy 

results (both p≤0.01, Table 2.1). 

 

FDA microscopy results in pre-treatment sputum. The median concentration of FDA 

microscopy-positive bacilli/ml was 119,140 (interquartile range (IQR)=46,781-386,158, 

Figure 2.2). This FDA microscopy-positive bacilli concentration was median 5.1% 

(IQR=2.4%-11%) of the concentration of auramine microscopy-positive bacilli/ml 

(2,069,160 IQR=1,358,430-3,734,268 Figure 2.2). The concentration of CFU/ml was 

median 40,000 (IQR=9,381-80,000, Figure 2.2). This CFU concentration was median 1.8% 

(IQR=0.42%-2.2%) of the concentration/ml of auramine microscopy-positive bacilli. The 

between-patient variability of concentrations of FDA-stained bacilli and CFU were both 

more than double the between-patient variability of concentrations of auramine stained 

bacilli (IQR of the log-concentrations 0.92 and 0.93 versus 0.44, respectively, Figure 2.2).  

 

Figure 2. 2 Distribution of patients’ pre-treatment sputum results  
Box plots showing the distribution of concentrations per ml in sputum of: bacilli positive 
with auramine microscopy; bacilli positive with fluorescein diacetate (FDA) microscopy; 
and colony forming units (CFU) in quantitative culture.   
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Patient characteristics. The patient characteristics and their associations with the results 

of sputum laboratory testing are shown in Table 2.1. Constitutional symptoms (night 

sweats and/or fevers) were associated with higher quantitative results of: auramine 

microscopy; FDA microscopy; and culture CFU (all p≤0.04, Table 2.1). No patients had 

evidence of extra-pulmonary or disseminated TB. 

 

TB infection in contacts. At the time of patient recruitment, 209 of the patients’ contacts 

were also recruited (Figure 2.1). These contacts were 50% (105/209) male, with a median 

age of 20 years (IQR=10-32), and mean BMI of 25 kg/m2 (SD 5.2) in adults. None of the 

contacts reported a history of human immunodeficiency virus (HIV) or diabetes. Only 40% 

(84/209) of the contacts underwent tuberculin skin-testing. This was because 38% 

(80/209) of the contacts were ineligible because they were aged less than 15 years old 

and 35% (45/129) of the remaining contacts declined. 70% (59/84) of tuberculin skin-test 

results were positive. Positivity was not associated with any laboratory or clinical 

characteristics (data not shown), but confidence intervals were wide because so few 

participants had a tuberculin skin-test.  

 

TB disease in contacts; univariable analysis. TB disease was diagnosed in 6.2% 

(13/209) contacts during follow-up that lasted median 6.3 years (IQR=6.2–6.5). This was 

significantly higher than the background community rate (HR=4.0 95% CI=1.9–8.4, 

p<0.001, Figure 2.3a). All the patient variables in Table 2.1, and the contact characteristics 

were tested for associations with secondary TB disease in contacts using univariable Cox 

regression analysis. FDA microscopy-positive concentrations of bacilli/ml were analysed 

around the median value as high (median=386,158, IQR=163,343-600,796) or low 

(median=21,741, IQR=9,312-52,862). All variables with biologically plausible or statistical 

evidence (p<0.1) of associations with secondary TB in contacts are shown in Table 2.2. 

Contacts of patients with low FDA microscopy results were 4-times more likely to have TB 

disease (unadjusted HR=3.8, 95% CI=1.1-13, p=0.03, Table 2.3 and Figure 2.3b). 

Specifically, 2.7% (95% CI=0.57%-7.8%, 3/110) of contacts exposed to patients with 

high FDA microscopy results developed TB disease during follow-up, which was not 

significantly different from the background community rate (p=0.4, Figure 2.3a). In 

contrast, 10% (95% CI=5.0%-18%, 10/99) of contacts exposed to patients with the low 

FDA microscopy results developed TB disease during follow-up (Figure 2.3b). 

 

TB disease was more likely in contacts of patients who reported having a productive cough 

and in households with poorer than median socioeconomic score (both p≤0.03, Table 2.2). 

Preventative therapy was taken by 9.1% (19/209) of contacts, all aged <15 years, none 

of whom developed TB disease. Constitutional symptoms (fever and/or night sweats) in 
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patients was associated with FDA microscopy results, and also known to impact diagnostic 

delay which may influence TB transmission,64,65 but including either or both variables in all 

multivariable regression analyses did not affect the significant association between lower 

than median FDA microscopy results and increased secondary TB. TB disease in contacts 

was not associated with high versus low auramine microscopy results (p=0.7, Table 2.2), 

but all patient samples were strongly auramine microscopy positive. Although in univariate 

analysis, quantitative culture CFU did not predict TB disease (p=0.2, Table 2.2), the 

association of FDA microscopy and secondary TB disease in contacts was modified by the 

patient’s corresponding quantitative culture CFU results, (p<0.001, Figure 2.4). 

Specifically, contacts of patients with high CFU concentrations and low FDA microscopy 

results had the highest risk of developing TB disease (unadjusted HR=7.4, 95% CI=2.7-

20, p<0.0001, Figure 2.4).   

 

TB disease in contacts; adjusted multivariable regression analyses. For the primary 

multivariable Cox regression analysis shown in Table 2.3, five missing data points were 

imputed.  Two patients had missing CFU data because of fungal overgrowth, and high/low 

CFU categorization was imputed from TTP data and auramine microscopy results. Three 

patients did not report whether they had productive cough, so this was imputed as the 

median response.  

 

The association between low FDA microscopy results predicting increased risk of TB disease 

in patients’ contacts maintained statistical significance after adjusting for quantitative 

culture CFU results (HR=8.1, 95% CI=3.1-21, p<0.001), disease severity indicated by 

productive cough (HR=4.5, 95% CI=1.4-15, p=0.01), socioeconomic score (HR=4.2, 95% 

CI=1.4-13, p=0.01), preventative therapy (HR=3.8, 95% CI=1.0-14, p=0.04), and also 

after adjusting for all these variables (HR=5.5, 95% CI=1.8-17, p=0.03), see Table 2.3. 

 

Sensitivity analyses that excluded all imputed data or had follow-up censused after 5 

years (that excluded the last episode of secondary TB in contacts that occurred 5.7 years 

after index case diagnosis and could have been unrelated to that exposure) had almost 

identical results to the analyses above (Table 2.3). 

 

Post hoc exploratory analysis of TTP data considered patient cultures as faster or slower 

than the median value of 7 days. Faster TTP predicted a significantly increased risk of 

secondary TB in contacts (HR=4.5, 95% CI=1.1-19, p=0.04). Lower than median FDA 

microscopy-positive concentrations predicted an increased risk of secondary TB disease in 

contacts independently of TTP (HR=3.9, 95% CI=1.1-13, p=0.03).
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Discussion 
 
In strongly microscopy-positive sputum samples collected before TB treatment, the 

proportions of FDA-stained and culturable M. tuberculosis bacteria varied considerably 

between patients. These findings are clinically significant because patients with low FDA 

microscopy results were most infectious, as demonstrated by the finding that their 

household contacts were considerably more likely to develop TB disease, including when 

adjusted for confounding variables and in sensitivity analyses.  

 

Sputum from patients with pulmonary TB is known to contain heterogeneous 

subpopulations of M. tuberculosis bacteria.30,47,66 Culture techniques used for diagnosing 

TB do not generally identify individual subpopulations because results are determined by 

the overall quantity of bacteria as well as the fastest growing subpopulation. A 

subpopulation of particular interest are persister cells, a term used in the context of 

chemotherapy to describe M. tuberculosis that persists in sputum in a slowly-metabolizing, 

non-replicating state.46 In pre-treatment sputum, most M. tuberculosis bacteria are 

believed to be in a persister-like state, as they cannot be cultured using conventional 

techniques and contain lipid bodies, both features of this phenotypic variant.30,47,67 

Furthermore M. tuberculosis in persister-like states has been demonstrated not to 

fluoresce with FDA, unless resuscitation-promoting factors are added.68 Non-fluorescence 

with FDA could be explained by loss of cell membrane integrity, changes in the cell wall 

effecting FDA penetration, or low esterase activity when in a slow metabolizing state.11,46 

  

We found that household contacts of patients who had low concentrations of FDA 

microscopy-positive M. tuberculosis in their sputum were approximately 4-times more 

likely to develop TB disease. M. tuberculosis persister-like states develop in response to 

stressful environments such as nutrient deficiency or hypoxia,69 and persister-like 

phenotypes of M. tuberculosis are thought to be better adapted to surviving harsh 

environments such as during airborne transmission.47 This increased infectiousness of M. 

tuberculosis in persister-like states has been demonstrated by growing M. tuberculosis 

under hypoxic or nutrient stress. Compared with M. tuberculosis grown under conventional 

aerobic conditions, in vivo this caused 10-times greater airborne infectiousness to guinea 

pigs and an altered immune response that increased pathogenicity to mice; and in vitro 

this increased invasion of epithelial cells and alveolar macrophages.51–54 We hypothesize 

that in our study, which only included strongly sputum microscopy-positive TB, patients 

with low concentrations of FDA stained M. tuberculosis in their sputum had high 

concentrations of persister-like mycobacteria that were better adapted to airborne 

transmission, so were more infectious. This hypothesis warrants specific research, in 
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addition to confirmation of the association with infectiousness in larger studies and with 

other patient groups, as will be described in Research Chapter 6. 

 

We found that the risk of secondary TB disease was higher for contacts of patients with 

high quantitative culture results, whether indicated by high CFU (in adjusted analysis) or 

culture TTP (in univariable analysis), both indicators of mycobacterial load. Generally, 

smear positivity is also associated with greater infectiousness, but a meta-analysis of risk 

factors for TB transmission required thousands of participants to demonstrate that patients 

with concentrations of M. tuberculosis in their sputum sufficient for positive acid-fast 

microscopy had a 1.4-times (95% CI=1.2-1.6) increased risk of causing TB disease in 

their contacts compared with acid-fast microscopy-negative patients.70 This finding does 

not contradict the results of our study, which included only strongly microscopy-positive 

patients. In contrast to the 1.4-times greater TB infectiousness in acid-fast microscopy-

positive versus microscopy-negative patients in this meta-analysis, our results suggest 

that FDA microscopy results had a considerably larger effect than the results of 

conventional microscopy, CFU, TTP or other potentially contributory variables. In fact, our 

study demonstrates that contacts of patients who were conventional microscopy-positive 

but had high concentrations of fluorescing bacteria in FDA microscopy had no higher risk 

then the background rate in their community.  

 

Contacts of patients with pulmonary TB disease are at high risk of developing TB disease 

and are often provided with preventative therapy. This policy is consistent with the 

apparent protective effect of preventative therapy in our study. However in most high TB-

prevalence settings, resources are insufficient for comprehensive contact tracing within 

and outside of the home.71 Provision of preventative therapy to all household contacts may 

be appropriate in some settings. However, a low-cost tool, such as FDA microscopy, may 

identify the most infectious individuals and allow better prioritised contact tracing for TB 

disease screening and prevention than the current use of conventional sputum microscopy 

results.  

 

In addition to studying infectiousness to cause TB disease in contacts, we also aimed to 

assess infectiousness to cause asymptomatic latent TB infection in contacts. However, 

most of the contacts in our study were too young to be eligible for or declined tuberculin 

skin-testing. This low uptake of tuberculin skin-testing reduced the statistical power so 

much that we were unable to meaningfully test for associations with asymptomatic latent 

TB infection. Furthermore, concurrently we discovered that the majority of healthy adults 

in these communities were already tuberculin skin-test positive, even without living with 

a known TB patient.61,72 Thus, living with a patient newly diagnosed with pulmonary TB 
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increased the risk of tuberculin skin-test positivity by less than 50%.61,72 Therefore, to 

adequately test the hypothesis that FDA-negative M. tuberculosis in sputum also predicts 

infectiousness for causing asymptomatic latent TB infection would require much larger 

future studies, ideally using the more specific interferon-gamma release assays in a setting 

with a low background rate of tuberculosis infection.72–74  

 

To reduce the risk of contamination in culture and false-positive FDA microscopy results 

due to bacteria other than M tuberculosis within the sample, we decontaminated all 

sputum samples, which is known to kill some M. tuberculosis.44 Whether decontamination 

selectively kills subpopulations with specific FDA-staining, culturability or infectiousness is 

unknown and warrants future research. However, this would be expected to affect all 

samples because the same protocol was followed for all the specimens processed and 

should also similarly affect the quantitative culture results. Therefore, decontamination 

could not explain the contrasting results demonstrated between FDA microscopy and 

quantitative culture predicting infectiousness. Another limitation is that the M. tuberculosis 

TB strains were not available to use molecular fingerprinting to confirm whether any of 

the secondary TB cases in contacts were caused by TB patients other than the index case 

recruited to our study.75,76 However, our conclusions were supported by a sensitivity 

analysis excluding the last episode of secondary TB in case that late case was unrelated 

to the index patient. 

 

In conclusion, the inexpensive, rapid, low-technology technique of FDA microscopy 

revealed that only a small and variable sub-population of M. tuberculosis in sputum was 

FDA microscopy-positive. This study provides evidence that amongst strongly sputum 

microscopy-positive patients, those with low concentrations of FDA microscopy-positive 

M. tuberculosis were most infectious to cause TB disease in their contacts. This supports 

the hypothesis that a subpopulation of M. tuberculosis that do not stain with FDA, such as 

slowly metabolising persister-like state, are most infectious to transmit TB disease. Thus, 

FDA microscopy may identify a high-risk group of TB patients whose contacts particularly 

need interventions to prevent and screen for secondary TB disease 
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RESEARCH CHAPTER 3 

Foundations – TB viability microscopy assessing treatment response 

 
Background 
 
Quantitative culture has demonstrated that concentrations of culturable M. tuberculosis in 

patients’ sputum decline rapidly during the first days of adequate TB treatment.77 

Furthermore, quantifying early treatment response may allow the early identification of 

patients whose treatment is later discovered to have been inadequate,77–79 potentially 

allowing drug-susceptibility testing to be provided sooner to patients most likely to benefit. 

This is important because although providing universal drug-susceptibility testing is a 

policy priority, globally most patients with TB are treated without testing to assess whether 

their M. tuberculosis is resistant or susceptible to the drugs they are administered.80 

Assessing early treatment response may help detect not only drug-resistance, but also 

other causes of incipient treatment failure including malabsorption and poor adherence, 

which can be difficult to detect. Currently the detection of failing TB treatment is often 

delayed, risking morbidity, mortality, and contagion.81   

 

FDA microscopy of sputum has been used to predict TB culture positivity15,39 and FDA with 

flow cytometry to determine drug-susceptibility.82–84 We hypothesised that sputum FDA 

microscopy would be associated with the concentration of culturable M. tuberculosis, 

indicating whether patients are responding to TB treatment. To test this hypothesis, in this 

foundation study we compared FDA microscopy results with culture and conventional acid-

fast microscopy during early treatment.  
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Methods 
 

Ethics. All participants gave informed written consent. The internationally accredited 

ethics committee of the Universidad Peruana Cayetano Heredia approved the study. All 

clinically relevant results were provided to participants and their physicians in collaboration 

with the Peruvian Ministry of Health. This research had no role in patient care, which was 

free of direct charges for all patients with suspected TB and was not delayed or modified 

by participation in this research. Patients received empiric first-line TB therapy with clinic-

based direct observation of every dose from the TB program, according to Peruvian 

policy.40,56 

 

Inclusion criteria were unselected adults diagnosed with sputum microscopy-positive TB 

disease in shantytowns in Callao, Peru.60 All sputa were collected over 12 hours in order 

to reduce random variation between samples and patients had to be available to collect 

their first baseline sputum prior to commencing treatment. 

 

Specimens. Single sputum samples were collected pre-treatment (‘day 0’), and on 

treatment days 3, 6, and 9. Drug-susceptibility results became available and could 

influence treatment only after these samples were collected.  

 

Patients were recruited from 2006 to 2007 as part of the study described in Research 

Chapter 2. Radiography was not a routine part of TB management and was not studied.56 

We made follow-up visits every 3 years until 2013 to ask whether TB had recurred, screen 

ex-patients for respiratory symptoms and offer TB testing with sputum culture to 

symptomatic ex-patients. We categorised treatment outcome as ‘good’ (cured or 

completed treatment without treatment failure as assessed by the TB program, and with 

no recurrence) or ‘adverse’ (treatment failure, suspension, death during treatment or 

recurrence).85,86  

 

Specimen collection and processing has been described in Research Chapter 2. 

 

Analysis. Recruitment took place over 12 months, so recruitment and follow-up samples 

from different patients were analysed concurrently. Staff were blinded to all other clinical 

and laboratory data. According to Peruvian policy for conventional acid-fast microscopy at 

that time, all microscopy was considered positive if ≥10 objects with the appearance of M. 

tuberculosis were seen.40 The international MODS protocol determined that >1 colonies 

indicated a positive MODS result, because single colonies often result from cross-

contamination.87 Concentration per ml of sputum were calculated from the bacterial and 
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colony counts, which were then transformed to their base-10 log value (after zero values 

were transformed to the mid-point between zero and the detection threshold) and are 

reported as geometric means with 95% CI. Parametric data were summarised as means 

with standard deviation (SD). Non-parametric data were summarised as median with IQR.  

Linear regression used random effects to adjust for between-patient variations. The study 

sample size was resource-limited and treatment response power calculations were not 

done. All analyses were 2-tailed, done with STATA version 11 (StataCorp, Texas, USA).   
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Results 
 
Pre-treatment sputum was available from 35 patients whose characteristics are shown 

in Table 3.1. All participants had culture-confirmed TB with positive auramine microscopy 

results. All pre-treatment sputum had FDA-positive bacteria visualised; and 94% (33/35) 

had FDA-positive bacilli above the threshold for positivity.  

 
Table 3. 1 Baseline patient and laboratory data 
Patient and laboratory data are shown at the time of recruitment (‘day 0’) and on days 3, 
6 and 9 of treatment. Note: SD=standard deviation; n=number of participants with that 
characteristic; N=number of participants with available data; IQR=interquartile range; 
TEMA=tetrazolium microplate assay; denominators vary because of 11% missing samples 
and 10% contaminated quantitative cultures. 

* 12 quantitative culture results were unavailable because of contamination of the cultures. 
+ All pre-treatment (day 0) samples were culture-positive in conventional non-quantitative MODS. 
 

 

  Day 0 Day 3 Day 6 Day 9 
Laboratory results 
Samples collected, N 35 34 30 25 

FDA microscopy positive, % (n/N) 94% 76% 53% 24% 
(33/35) (26/34) (16/30) (6/25) 

Culture positive, % (n/N) 100% 94% 81% 64% 
(33/33)*+ (29/31)* (21/26)* (14/22)* 

Auramine microscopy positive, % (n/N) 100% 97% 97% 88% 
(35/35) (33/34) (29/30) (22/25) 

Multi-drug resistant, % (n/N) 12%    
(4/35) 

Isoniazid mono-resistant % (n/N) 5.60%    
(2/35) 

Rifampicin mono-resistant % (n/N) 0.0%    
(0/35) 

Ethambutol resistant in TEMA % (n/N) 37%    
(13/35) 

Streptomycin resistant in TEMA % (n/N) 34%    
(12/35) 

Ciprofloxacin resistant in TEMA % (n/N) 0.0%    
(0/35) 

Capreomycin resistant in TEMA % (n/N) 2.9%    
(1/35) 

Patient Characteristics 

Age, median years (IQR) 26    
(22-35) 

Sex, % males (n/N) 57%    
(20/35) 

Body mass index, mean (SD) 21    
(2.7) 

Poverty indicator: median food spending 
US$/week (IQR) 

6.3    
(4.0-8.7) 

Bacillus Calmette–Guérin, % with scar (n/N) 94%    
(30/35) 

Past tuberculosis diagnosis, % (n/N) 6.30%    
(2/35) 

HIV, % (n/N) 0.0%    
(0/35) 
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All sputum samples had interpretable microscopy results. Sputa were available for 89% 

(124/140) of the intended samples on days 0, 3, 6 and 9. Quantitative cultures provided 

interpretable results for 90% (112/124) of samples (Table 3.1). FDA microscopy bacilli 

counts had moderate agreement with CFU in quantitative culture (Figure 3.1a) such that 

76% of results were within ±1 log, 96% within ±2 log and there was good correlation 

(rho=0.85, p<0.001). Similarly, 78% of the changes in FDA microscopy during each 

interval of 3 days treatment (baseline 0 days to 3 days, 3 to 6 days, and 6 to 9 days 

follow-up) were within ±1 log of the changes in quantitative culture (Figure 3.1b). TTP 

correlated with both CFU in quantitative culture (rho=-0.58 p<0.0001) and FDA 

microscopy (rho=-0.50 p<0.0001). Drug-susceptibility results were 100% concordant 

between the MODS and TEMA assays. 

 

Non-MDR TB (Figure 3.2). 89% (31/35) patients had non-MDR TB, including 2 patients 

with isoniazid mono-resistance. Compared with pre-treatment, mean FDA microscopy 

results for patients with non-MDR TB after 3, 6 and 9 days of treatment reduced 11-fold, 

43-fold and 250-fold, respectively (all p<0.001). By treatment day 9, FDA microscopy 

counts reduced >10-fold in all patients with non-MDR TB and became negative for 79% 

(19/24). Quantitative culture mean CFU results for patients with non-MDR TB after 3, 6 

and 9 days of treatment reduced 15-fold, 46-fold and 190-fold, respectively compared 

with pre-treatment (all p<0.001). By treatment day 9, quantitative culture had reduced 

CFU on average >10-fold in 95% (19/20) patients with non-MDR TB and became negative 

for 38% (8/21). Auramine microscopy mean results fell on average <5-fold throughout 

early treatment, so by treatment day 9, auramine microscopy had reduced >10-fold in 

only 25% (6/24) patients with non-MDR TB and became negative in only 13% (3/24). 

Regression analysis (Table 3.2) demonstrated that in patients with non-MDR TB, FDA 

microscopy counts approximately halved daily (p<0.001), as did quantitative culture 

(p<0.001). Auramine microscopy changed little, reducing only by 1.2-fold daily (p=0.04).  

 

MDR TB (Figure 3.3). In the 11% (4/35) patients with MDR TB there were no significant 

changes in FDA microscopy (p=0.4) or quantitative culture (p=0.6) during treatment 

(Table 3.2), but only 12 samples were available.  

 

Non-MDR TB versus MDR TB (Table 3.2). Changes in FDA microscopy and quantitative 

culture during treatment differed significantly for patients with non-MDR TB versus MDR 

TB (both p<0.001). FDA microscopy changes were significantly greater for non-MDR TB 

than MDR TB after 3-, 6- and 9-days treatment (all p<0.001). Quantitative culture changes 

were significantly greater for non-MDR TB versus MDR TB after 6- and 9-days treatment 

(p=0.001 and p=0.04, respectively). Auramine microscopy was similar comparing patients 
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with non-MDR TB versus MDR TB overall and after 3-, 6- and 9-days treatment (p=0.6, 

p=0.2, p=0.08, p=0.3 respectively).  

 
Proportion FDA stained and culturable. For every decontaminated sputum sample, 

per ml concentrations were greater for acid-fast microscopy than FDA microscopy and 

quantitative culture (both p<0.001). Proportion FDA stained was calculated by dividing 

concentrations/ml sputum of FDA microscopy-positive bacteria by concentrations/ ml 

sputum of acid-fast microscopy-positive bacteria. Similarly, proportion-culturable was 

calculated by dividing the quantitative culture CFU/ml sputum by concentrations of acid-

fast microscopy-positive bacteria/ml sputum. For patients with non-MDR TB (Figure 3.2), 

proportion FDA stained and proportion-culturable fell during treatment (both p<0.001). 

Consequently, for patients with non-MDR TB by treatment day 9 there had been >10-fold 

fall in proportion FDA stained for 96% (23/24) patients; and proportion-culturable for 80% 

(16/20) patients. In contrast, for the few patients with MDR TB (Figure 3.3), there was no 

significant change in proportion FDA stained or proportion-culturable during treatment 

(both p>0.4). 

 

Microscopy reproducibility (Figure 3.4). Linear regression demonstrated that variation 

between triplicate slides accounted for no more than 5% of the variation between 

microscopy results (rho=0.95). Consequently, 100% of first slides predicted geometric 

mean results of triplicate (i.e. first, second and third) slides within ±1 log for FDA 

microscopy (Figure 3.4a) and 99% for acid-fast microscopy (Figure 3.4b). The results of 

all the above analyses were little changed by using only first slide results (Table 3.4 and 

Figure 3.5 – 3.7). 

 

Clinical. All patients had outcome assessed at the time of treatment completion. All 31 

patients with non-MDR TB were cured and all but one of them were followed-up for ≥3 

years with no recurrence of disease. All 4 patients with MDR TB had adverse outcomes: 1 

patient had treatment suspended and the 3 other patients died. These deaths occurred 22 

days, 10 and 11 months after initially commencing therapy. 
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Discussion 
 

Over the first 9 days of TB treatment, FDA microscopy predicted changes in culturable M. 

tuberculosis concentrations. FDA microscopy and quantitative culture changes appeared to 

separate into 2 distinct patterns during early treatment depending on whether patients had 

MDR TB. For patients with non-MDR TB, after 3 days treatment mean FDA microscopy and 

quantitative culture results fell by more than 90% and by day 9 by 99.6%. This concurs 

with early-bactericidal activity and serial sputum colony count studies of TB treatment 

response which reported exponential isoniazid-mediated decline in culturable M. 

tuberculosis during the first days of treatment, followed by slower rifampicin-mediated 

killing.77,79,88,89 Acid-fast microscopy with auramine staining changed little during early 

treatment so diverged from FDA microscopy and quantitative culture as treatment 

continued.78 In contrast to these results for patients with non-MDR TB, FDA microscopy 

and quantitative culture for the few patients with MDR TB differed significantly because 

they did not decrease during early treatment.  

 

Studies in Bangladesh and Thailand reported that “positive-versus-negative” FDA 

microscopy after 2 months treatment identified patients needing drug-susceptibility testing 

for probable MDR TB.18,90,91 Here we demonstrate the value of a quantitative FDA 

microscopy technique to screen patients with TB for poor treatment response and MDR TB 

within 9 days of starting treatment. Patients with MDR TB have worse outcomes and FDA 

microscopy during early treatment may allow the limited capacity for drug-susceptibility 

testing to be provided to the patients most likely to have MDR TB until resources may 

become sufficient for universal drug-susceptibility testing. This has the potential to improve 

patient outcomes and reduce MDR TB dissemination.50  

 

FDA microscopy was analysed not only as positive concentrations, but also as the 

proportion of FDA-stained bacilli, calculated as the FDA microscopy result divided by the 

acid-fast microscopy results. We included this approach in case low-quality sputum 

specimens (or saliva submitted instead of sputum) caused misleading results, but this did 

not occur in this study that used sputum samples collected at home over 12-hour periods. 

These results suggest that the simpler assessment of the concentration of FDA microscopy-

positive M. tuberculosis was as reliable, more consistent between samples and easier to 

analyse than proportion FDA-stained. To reduce the potential effect of random variation 

between microscopy slides, all microscopy tests were done in triplicate from each 

specimen. However, this increased workload and demonstrated that results from only the 

first microscopy slide gave similar results, perhaps because sputum homogenization and 

processing were carefully standardised to reduce slide-to-slide variations and the risk of 

bias comparing results between different techniques. Therefore, in future studies, only a 

single slide would be required for each microscopy technique from each sample. 



 55 

 

Study limitations include that microscopy was only used in patients with initially acid-fast 

microscopy-positive TB. Filters or centrifugation can concentrate M. tuberculosis from 

sputum and may reduce this limitation.92 Furthermore in this study, quantitative culture 

analysis used only crude colony counts. However, for samples with abundant growth, crude 

colony counts are likely to underestimate true mycobacterial concentrations because 

colonies coalesce, so are hard to count. In the future, high CFU counts can be replaced 

with estimations from the culture time to positive (TTP) result, using an equation calculated 

from experiments determining their relationship. The research protocol requirement for 

patients to collect sputum for 12 hours before commencing treatment slowed recruitment 

because TB treatment was usually started immediately following diagnosis.  This logistical 

limitation was unrelated to patient characteristics, so participants were locally 

representative.  Other limitations included missing samples when patients could not be 

located; the lack of pyrazinamide susceptibility testing; and some uninterpretable 

contaminated cultures. The culture contamination rate was within the range of previous 

studies using MODS but was higher than average,93 perhaps because samples were 

collected over a longer than typical interval (12 hours). Despite these limitations, the study 

size was sufficient to demonstrate statistically significant differences between patients with 

non-MDR TB versus MDR TB.  

 

Building on the results of this foundation study, the main study described in Research 

Chapter 7 is considerably larger, extending the results to assess long-term cure and the 

potential programmatic value of these findings. Importantly, it includes more patients with 

MDR TB and with HIV co-infection whilst assessing single-slide FDA microscopy of “spot” 

sputum samples both prior to and again 14 days after treatment initiation.  
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RESEARCH CHAPTER 4  

Refinement – Sputum collection optimisation for TB testing 
 
Background 
 
One of the key challenges to global TB control is correctly diagnosing TB disease, and the 

WHO prioritises improving TB diagnostic guidelines and tests.80 However, the sensitivity of 

a diagnostic test depends on the quality of the sputum samples obtained,94,95 which has 

been the subject of much less attention than new diagnostic products.  

 

Microscopy is inexpensive and is the most used TB laboratory test globally, but is only likely 

to be positive if the concentration of acid-fast M. tuberculosis bacilli exceeds 10,000 per ml 

of sputum.78 TB culture techniques generally have greater sensitivity than microscopy, and 

PCR generally has intermediate sensitivity between that of culture and microscopy. 

However, these more expensive tests can only diagnose TB in samples containing sufficient 

concentrations of M. tuberculosis. Thus, poor quality sputum samples can lead to missed 

TB diagnoses for all tests. Inevitably, diagnostic sputum samples contain mixtures of 

respiratory secretions from diseased lung, that may contain M. tuberculosis, and healthy 

airway tract together with variable amounts of saliva. Consequently, the positivity of 

laboratory tests often vary between samples from the same patient,58 so more than one 

sputum sample are usually tested from each person with suspected TB.96,97 To mitigate 

within-patient variability between single sputum samples during the foundation study, sputa 

were collected over 12-hour periods (see Results Chapters 2 and 3, Methods section). 

However, the challenging logistics of collecting these samples contributed to attrition of 

participants during the follow-up sample collection at 3, 6 and 9 days after starting 

treatment.  

 

Recommended sputum collection methods vary globally36,98 and their relative merits for TB 

diagnosis are poorly characterised. Reviews have been carried out to guide the number of 

sputum samples required, and how many days they should be collected over.2,96 However, 

no published reviews or meta-analyses assessing how best to collect sputum samples to 

improve TB diagnosis in community settings could be found.  

 

A recent systematic review evaluated the effect of two pre-collection interventions 

(instructions and mouth washing) on indirect indicators of sputum quality, such as sputum 

viscosity.99 The heterogeneity and paucity of data provided no definitive conclusion, and 

questioned the validity of using these indirect sputum quality indicators to predict diagnostic 

yield.99 Other studies have assessed the utility of techniques such as sputum induction and 

bronchoscopy which are considered as ‘invasive’, with limited applicability in the resource-
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constrained settings where most TB occurs because of biosafety, equipment availability and 

human capacity.100 Therefore, the aim of this study was to systematically review and 

complete a meta-analysis of non-invasive sputum collection method effects on TB diagnostic 

yield for persons at least 12 years old suspected of having pulmonary TB. Participants aged 

less than 12 years were not included because both spontaneous expectoration of sputum 

and laboratory confirmation of TB are uncommon in children.101   
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Methods 
 
Search strategy. The systematic review and meta-analysis were carried out according to 

a protocol based on international standards that was developed before data collection 

commenced.102–104 The following databases were searched until 14/04/2017: PubMed, 

Google Scholar, ProQuest, Web of Science, CINAHL and EMBASE. The search terms used 

were “tuberculosis/TB”, “sputum”, “collection or clearance or submission or acquisition”, 

“technique or guide or method” and “diagnosis”. Additionally, references cited by these 

publications and relevant articles identified by the authors were searched by hand. 

 

Inclusion criteria. Full text, peer-reviewed articles in English were selected that described 

experimental, case control or cohort studies comparing the effects of any two non-invasive 

sputum collection methods on the diagnostic yield of laboratory tests for pulmonary TB in 

humans who were at least 12 years old. Studies were included that also evaluated invasive 

collection methods, but only the comparison of non-invasive sputum collection methods was 

considered. Studies were included regardless of publication date and whether participants 

had co-infection with HIV. These inclusion criteria did not include studies that only assessed 

sputum quality or culture contamination rates, without assessing diagnostic yield.99 

 

Exclusion criteria. In order to ensure that previous systematic review findings were not 

repeated, studies were excluded if they investigated only: the effects of sputum storage; 

collecting samples on the same versus different days; or the incremental yield of second 

and third sputum samples.2,96  

 

Definitions. ‘Spot’ sputum collection referred to rapid, on-demand sputum collection 

during a single consultation, regardless of the time of day, usually at a health centre. For 

this research, ‘pooled’ sputum collection referred to sputum that was pooled from each 

spontaneous expectoration into the same sputum container over a period of several hours.  

‘Early-morning’ sputum collection referred to sputum expectorated in the morning after 

waking. The current WHO guideline is to collect two spot sputum collections during the same 

day,105 and is widely practised because this approach reduces the risk that patients may be 

lost to follow-up during testing.21 In contrast, pooled and early-morning sputum collection 

require additional clinic visits: first to provide a sputum container and request the collection, 

then another for the sputum to be received for testing. 

 

Reference standard. There is no gold standard sputum collection method, so the reference 

standard used in each study was considered to be the local standard (or ‘control’) sputum 

collection method for TB diagnosis in the reference group. In most studies, the reference 

group collected spot sputum samples. 
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Study selection. The inclusion/exclusion criteria were applied, and studies were grouped 

into those comparing the following aspects of sputum collection: (A) sputum collection time 

and duration; and (B) sputum collection instructions and techniques. 

 

Data extraction. Data was extracted in duplicate using a standardised form. Some studies 

compared more than two sputum collection methods, concurrently providing data for 

different research questions. Discrepancies were resolved by discussion between the 

authors. 

 

Data analysis. All analyses were carried out using STATA version 13 (STATA Corporation, 

College Station, TX, USA). All diagnostic yield data were calculated at the sputum-sample 

level, except where indicated otherwise (because the authors only reported the data at 

individual-case level). Positivity for each test was defined by the authors of each study. 

Diagnostic yields of sputum collection methods were analysed to calculate the odds ratio 

(OR) of the likelihood of a positive laboratory result, with 95% CI, displayed in forest plots. 

The threshold for statistical significance was p<0.05. All analyses were carried out 

separately for each of the laboratory tests used to diagnose TB (microscopy, culture, and 

PCR). 

 

Pairwise meta-analyses were done with a random-effects model when there were 2 or 

more studies that investigated the same pre-defined research question with the same 

laboratory test using the DerSimonian and Laird method, because significant heterogeneity 

was expected.106 Heterogeneity was assessed visually by forest plots, and analytically by I2 

and Cochrane Q test.  

 

Meta-regression analysis using a logistic regression model of the study effect sizes was 

performed if there was statistically significant heterogeneity in the pairwise meta-analysis. 

Furthermore, to evaluate other factors that contributed to the likelihood of a positive TB 

diagnostic test, another meta-regression was performed to evaluate the study or sputum 

collection characteristics, including components of the instructions given that affected the 

odds of a positive TB diagnostic test in the study reference groups. Missing data for the 

meta-regression were imputed using the average result of the other studies, as shown in 

Table 4.1. When national TB incidence or HIV co-infection rates were not reported by a 

study, the published WHO or Centres for Disease Control (USA) data from the closest 

available year for the country where the study took place were used.107–109   

 

Network meta-analysis data analysis. When pairwise meta-analyses revealed more 

than one method with significantly different diagnostic yield to the reference group, a 



60 

Bayesian network meta-analysis was used to identify the method with the best overall 

diagnostic yield110 using the ‘mvmeta’ and ‘network’ STATA commands.111 

 

Publication bias was assessed with funnel plots and rank Egger’s test.112 

 

Methodological quality of studies was assessed with the QUADAS-2 checklist because 

analysing diagnostic yield is comparable to diagnostic accuracy studies.113  
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R
 

1336 
N

R
 

19 
0%

 

K
estle, 

1967 
U

S
A
 

w
ithin 

patient 
N

ot done 
N

ot done 
S
olid 

S
uspected 

TB
 

183 
N

R
 

366 
N

R
 

23 
0%

 

S
sengooba, 

2012 
U

ganda 
w

ithin 
patient 

Z
N

 
N

S
 

Liquid 
S
uspected 

TB
 

1862 
43%

 
3724 

N
R
 

170 
50%

 

Pande, 
1974 

India 
w

ithin 
patient 

Z
N

 
N

one 
S
olid 

C
onfirm

ed 
TB

 
160 

38%
 

320 
38%

 
465 

0%
 

G
eldenhuys,

2014 
S
outh 

A
frica 

w
ithin 

patient 
Fluorescent 

D
eco and 
cent 

Liquid 
S
uspected 

TB
 

600 
50%

 
1068 

N
R
 

696 
22%

* 

S
choch, 

2007 
S
w

itzerla
nd 

w
ithin 

patient 
Z
N

 
C
ent only 

S
olid 

and 
liquid 

S
uspected 

TB
 

101 
25%

 
167 

0%
 

206 
5%

 

K
han, 

2007
a 

Pakistan 
w

ithin 
patient 

Z
N

 
N

S
 

N
ot 

done 
S
uspected 

TB
 

1520 
N

R
 

2819 
0%

 
384 

0.40%
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K
han, 

2007
a 

Pakistan 
R
C
T 

Z
N

 
N

S
 

N
ot 

done 
S
uspected 

TB
 

3055 
49%

 
5632 

0%
 

384 
0.40%

 

A
lisjahbana, 

2005 
Indonesia 

R
C
T 

Z
N

 
N

S
 

N
ot 

done 
S
uspected 

TB
 

174 
45%

 
505 

0%
 

775 
2.70%

 

S
akundarno, 

2009 
Indonesia 

pre-post  
N

S
 

N
S
 

N
ot 

done 
S
uspected 

TB
 

508 
N

R
 

1168 
N

R
 

715 
4.60%

 

M
oham

ed, 
2014 

S
udan 

R
C
T 

Z
N

 
N

S
 

N
ot 

done 
S
uspected 

TB
 

328 
N

R
 

656 
N

R
 

151 
3.40%

 

M
aciel, 

2009 
B
razil 

case 
control 

N
ot done 

N
ot done 

S
olid 

and 
liquid 

S
tarted TB

 
treatm

ent 
119 

45%
 

119 
100%

 
58 

20%
 

B
ell, 

2009 
M

alaw
i 

w
ithin 

patient 
Z
N

 
D

eco and 
cent 

S
olid 

S
uspected 

TB
 sm

ear-
neg 

111 
N

R
 

220 
0%

 
368 

68%
* 

S
ouza, 

2007 
B
razil 

w
ithin 

patient 
Z
N

 
D

eco and 
cent 

S
olid 

S
uspected 

TB
 

132 
N

R
 

264 
12%

 
58 

100%
* 

Lee, 
2013 

S
outh 

K
orea 

R
C
T 

N
S
 

N
S
 

N
S
 

S
uspected 

TB
 

77 
N

R
 

228 
0%

 
106 

0.40%
 

M
halu, 

2015 
Tanzania 

R
C
T 

Fluorescent 
N

S
 

N
ot 

done 
S
uspected 

TB
 

200 
47%

 
200 

N
R
 

528 
25%

 

K
alem

a, 
2012 

U
ganda 

R
C
T 

Z
N

 
N

one 
S
olid 

S
uspected 

TB
 

220 
52%

 
440 

0%
 

170 
80%

* 

Peres, 
2011 

B
razil 

R
C
T 

N
ot done 

N
ot done 

S
olid 

and 
liquid 

S
uspected 

TB
 

120 
N

R
 

240 
N

R
 

57 
17%

 

D
avis, 

2009 
U

ganda 
w

ithin 
patient 

PC
R
 

N
ot done 

N
ot 

done 
S
uspected 

TB
 

127 
N

R
 

254 
0%

 
108 

46%
* 

FO
O

TN
O

TE. In addition to the variables show
n, the follow

ing data w
ere extracted from

 each study: research question, num
ber of sputum

 sam
ples, sputum

 collection characteristics, 
exact instructions given and m

ethod, sam
ple transport details, sputum

 processing, laboratory m
ethods, sam

ple volum
e. Laboratory test results w

ere extracted as: diagnostic yield 
(positive results as a proportion of all positive and negative results); and for m

icroscopy also the concentration of acid
-fast bacilli visualised.  

a=
This study assessed instructed spot vs uninstructed spot sputum

 collection, but also carried out a sub-analysis com
paring instructed early m

orning vs. instructed spot sputum
 

collection.  
b=

N
ational data w

as used in this variable, unless indicated by an asterisk.  
*=

D
ata reported w

ithin the study 
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Results 
 
Study characteristics are shown in Table 4.1. Eligibility criteria were fulfilled by 23 studies 

published from 1959 to 2017 that involved 8,967 participants who provided 19,252 sputum 

samples (Figure 4.1). A within-patient design in which participants each provided sputum 

for both the intervention and reference groups was used by 57% (13/23) studies; and 83% 

(19/23) took place in low or middle-income countries.  

 
Figure 4.1 Study flow chart  

FOOTNOTE.  
 * = Findings from one study contributed to both (A) and (B).  
**= One study compared Pool Vs Spot Vs Early morning and therefore contributed to all meta-analyses in (A).         
 

Diagnostic testing by sputum microscopy was assessed in 18 studies, 67% (12/18) of 

which used ZN staining with light microscopy, 22% (4/18) fluorescent microscopy and 11% 

Citations identified from 
6 electronic databases:

N=385

Full papers reviewed 
N=44 

Papers included in 
review:
N=23 

Studies comparing:
A) Sputum collection time and 

duration
N=12*

Excluded 1st screen:
N=341

Duplicate data or not relevant based on title 
and abstract

Excluded 2nd screen:
N=21

Not English N=3
Invasive collection method N=9

No reference standard  N=2
Diagnostic yield not an outcome N=4

Abstract only N=1
Comparing number of samples N=1

Editorial N=1

Studies comparing:
B) Sputum collection instructions and 

techniques
N=12*

Pool 
vs 

Early morning
N=4**

Pool 
vs 

Spot
N=4**

Early morning
vs 

Spot
N=6**

Instructed spot
vs 

Standard spot
N=3

Verbal with 
diagrams

vs 
Verbal instruction

N=1

Disinfectant
vs 

No disinfectant
N=2

Observed spot
vs 

Standard spot
N=2

Physiotherapy
vs 

Standard spot
N=2

Oral wash
vs 

sputum
N=1

Video instruction
vs 

Verbal instruction
N=1
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(2/18) did not provide this information. TB culture was assessed in 14 studies: 64% (9/14) 

used solid culture, 14% (2/14) used liquid culture, and 21% (3/14) used both. PCR was 

assessed in one study.  

 

Main findings. A summary of all the main findings are shown in Table 4.2, and these 

results are described in detail below. 

 

Table 4.2 Summary of the main findings of pairwise and network meta-analyses 
Note: statistically significant findings are in bold font, N=number and * indicates comparison 
versus uninstructed spot. 

MICROSCOPY 

Pool  
vs.  

Spot 

Instructed spot 
 vs  

Uninstructed spot 

Early morning  
vs  

Spot 

Pool 
 vs 

Early morning 

Pairwise  
N of samples 
OR (95% CI) 
p value 

3 studies 
1764  

1.6 (1.3 - 1.9)  
p<0.001 

6 studies 
8445 

1.6 (1.3 - 2.0) 
p<0.001 

6 studies 
8248 

1.5 (0.9 - 2.6) 
 p=0.2 

2 studies 
510 

2.1 (0.9 - 4.2) 
p=0.07 

Heterogeneity I2, 
p value 0.0%, p=0.5 25%, p=0.3 84%, p<0.001 45%, p-0.2 
Pairwise excl. 
outlier  
N of samples 
OR (95% CI) 
p value   

5 studies 
7928  

1.1 (0.95 - 1.3) 
p=0.2 

 
Heterogeneity I2, 
p value   0.0%, p=0.7  

Network  
OR (95% CI) 
p value 

 
1.8 (1.1 -3.0)* 

 p=0.03 
1.8 (1.1 - 2.8) 

p=0.01 

 
1.4 (0.9 - 2.1) * 

p=0.2 
1.3 (0.7 - 2.4) 

p=0.4 

     
CULTURE     

Pairwise  
N of samples 
OR (95% CI) 
p value 

2 studies 
1614 

1.7 (1.2 - 2.4) 
p=0.01 

3 studies 
603  

1.1 (0.1 - 1.7) 
p=0.6 

4 studies 
5279  

1.4 (0.9 - 2.4) 
p=0.2 

2 studies 
1702  

1.2 (0.6 - 2.2) 
p=0.6 

Heterogeneity I2, 
p value 0.0%, p=1.0 0.0%, p=0.6 50%, p=0.1 81%, p=0.02 

 

(A) Sputum collection time and duration were assessed by studies that compared: 

pooled versus spot sputum collection (n=4); pooled versus early morning sputum collection 

(n=4), and early morning versus spot sputum collection (n=6). Findings from one study 

were included in all three comparisons. Pooled sputum was collected: overnight; for 24 

hours; or for 72 hours (Table 4.3).  

 
 
 
 
 
 
 
 



65 

Table 4.3 Sputum collection instructions 
Full description of the instructions provided to participants in each arm of the studies 
included in this review. Note. n=number of samples collected, NS=not specified, 
ml=millilitre and physio=physiotherapy 

 
Comparison group Reference group 

First 
author, 
year 

Sample 
type n Instructions  

given 
Sample 

type n Instructions 
given 

Mpagama
, 2012114 

Pool 
(Overnight) 1 "Collect in a wide 

mouth container" 

Spot or 
Early 

morning 
1 "Collect in a wide 

mouth container" 

Andrews, 
1959115 

Pool 
(Overnight 
/24 hour) 

2 
"Asked to fill half of the 
container with sputa or 
all saliva if scanty" 

Spot 2 

"Produced either 
sputum or saliva 
on demand within 
a minute or 2 
between 07:30 - 
13:00" 

Majumdar
, 1962116 

Pool 
(24 hour) 

1 
or 
2 

"Aided by health care 
worker" Spot 1 or 

2 
"Asked to produce 
sputum" 

Warren, 
2000117 

Pool 
(5 ml) NS 

"Accepted samples 
with more than 5ml of 
sputum. If less than 5 
ml, sample kept for 
48 hours and when 
another sample 
arrived pooled them 
to 5 ml" 

Spot NS NS 

Abdel-
Aziz, 
1985118 

Pool 
(24 hour) 1 

"Collect in a wide 
mouth container. 
Advised to collect true 
sputum from the 
depth of their chest" 

Early 
morning 3 

"Collect in a wide 
mouth container. 
Advised to collect 
true sputum from 
the depth of their 
chest" 

Krasnow, 
1969119 

Pool 
(24 hour) 

2 
or 
3 

Not specified Early 
morning 

2 or 
3 Not specified 

Kestle, 
1967120 

Pool 
(24-

72hour) 
1 "Collect sample not 

exceeding 40-50 ml" 
Early 

morning 1 

"Collect any 
sputum raised 
after waking not 
exceeding 10 ml" 

Ssengoob
a, 
2012121 

Early 
morning 1 Not specified Spot 1 Not specified 

Pande, 
1974122 

Early 
morning 1 

"Produce sample in 
the early hours within 
a matter of few 
minutes before 
cleaning mouth" 

Spot 1 
"Collect sputum or 
saliva in a wide 
mouth container" 

Geldenhu
ys, 
2014123 

Early 
morning 1 

"Asked to take deep 
breath in and hold for 
1 second then cough 
deeply and vigorously 
when breathing out.  
Advised to collect 
thick mucoid sputum, 
not saliva or nasal 
secretions" 

Spot 1 

"Asked to take 
deep breath in and 
hold for 1 second 
then cough deeply 
and vigorously 
when breathing 
out. Advised to 
collect thick 
mucoid sputum, 
not saliva or nasal 
secretions" 
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Schoch, 
2007124 

Early 
morning 1 

"One hour was 
allowed for 
spontaneous 
expectoration of 
sputum" 

Spot 1 

"One hour was 
allowed for the 
production of 
spontaneous 
sputum" 

Khan, 
2007125 

Spot and  
Early 

morning 
2 

"Take 3 deep breaths, 
then cough deeply, 
aim for 5 ml. 
Emphasised the 
importance of sputum 
rather than saliva 
providing visual 
difference" 

Spot and  
Early 

morning 
2 No instructions 

given 

Alisjahba
na, 
2005126 

Spot and  
Early 

morning 
3 

"Explained the 
importance of sputum 
examination and 
instructed patients on 
how to produce 
adequate samples. A 
picture of good quality 
sputum (purulent and 
thick) was shown and 
they were specifically 
instructed to produce 
at least 5 ml of 
sputum" 

Spot and  
Early 

morning 
3 

"Give 3 samples to 
the laboratory 
spot, morning, and 
spot" 

Sakundar
no, 
2009127 

Spot and  
Early 

morning 
3 

"Healthcare workers 
were trained about 
advising patients to 
collect samples 
greater 3 ml of the 
colour and 
consistency of 
sputum" 

Spot and  
Early 

morning 
3 

"Healthcare 
workers were not 
trained" 

Mohamed
, 2014128 

Spot and  
Early 

morning 
2 

"Advised to rinse the 
mouth, clear the nose 
and throat, try a hot 
drink, place both 
hands in the waist. 
Take 2-3 deep 
breaths and cough. 
Participants were 
observed" 

Spot and  
Early 

morning 
2 Not specified 

Maciel, 
2009129 

Early 
morning 1 

"Advised to use a 
toothbrush to remove 
food residue prior to 
collecting 10 ml. 
Participants were 
observed" 

Early 
morning 1 

"Advised to collect 
first morning 
sample after 
fasting the 
previous night" 

Bell,  
2009100 

Physio- 
assisted 

spot 
1 

"Deep breaths were 
taken whilst the 
physiotherapist 
carried out cupped 
clapping on chest, 
shake for 5 minutes 
and then asked to 
blow with pursed lips" 

Spot 1 

"Collect self-
expectorated 
sputum sample 
under direct 
observation" 

Souza, 
2007130 

Physio- 
assisted 

spot 
1 

"This manoeuvre is 
based on slow 
expiration from the 
functional residual 
capacity with the 
glottis open and the 
patient in lateral 
decubitus. The 

Spot 1 Not specified 
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physiotherapist stands 
behind the patient 
and uses the right 
hand to exert 
counter-supportive 
pressure on the 
superolateral rib cage.  
With the open palm of 
the left hand, the 
physiotherapist exerts 
counter- supportive 
pressure on the 
opposite lateral-costal 
wall. This technique 
was performed 12 
times for 
approximately 20 
minutes per session." 

Lee,  
2013131 

Early 
morning 3 

"After rinsing the 
mouth collect 
expectorated sputum 
from the lungs after 
productive cough in 
morning." Instructions 
given verbally with 
diagrams. 
 

Early 
morning 3 

"After rinsing the 
mouth 
collect 
expectorated 
sputum from the 
lungs after 
productive cough 
in morning." 
Instructions given 
verbally. 

Mhalu, 
2015132 

Early 
morning 1 

4 min video in Swahili 
explaining that the 
collection required 
secretions from 
bronchial tree, and 
not saliva, 
demonstrating both. 
Advised to inhale and 
exhale deeply 3 times 
and cough after the 
last breath. This 
should be done on 
waking after inhaling 
steam. Also 
demonstrates the 
volume.  

Early 
morning 1 

“Sit or stand in an 
open space, inhale 
deeply 2-3 times, 
breathe hard each 
time and cough as 
hard as possible 
after the last 
breath.” 

Kalema, 
2012133 Spot 2 

"Prior to sputum 
expectoration, 
patients performed a 
60 second oral rinse 
with chlorhexidine 
followed in immediate 
succession by another 
60 second rinse with 
nystatin. Participants 
were observed" 

Spot 2 

"Emphasised the 
importance of 
sputum rather than 
saliva providing 
visual difference. 
Advised to take 3 
deep breaths, then 
cough deeply, aim 
for 5 ml. 
Participants were 
observed. For the 
early morning 
samples advised to 
do it on 
awakening. " 
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Peres, 
2011134 

Early 
morning 1 

"Advised to rinse their 
mouths with 10 ml of 
a commercially 
available mouthwash 
solution for 1 minute 
before sample 
collection" 

Early 
morning 1 

"Advised to washed 
hands with soap 
and water and 
rinsed their mouths 
with tap water 
before collecting 
the specimens" 

Davis, 
2009135 Spot 1 

"For the collection of 
oral wash specimens, 
subjects were 
instructed to cough 
vigorously 5 times, 
then gargle 10 ml of 
sterile saline for 60 
seconds" 

Spot 1 Not specified 
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Figures 4.2 and 4.3 demonstrate that compared with spot sputum collection, pooled 

collection significantly increased the odds of a positive result in sputum microscopy 

(OR=1.6, 95% CI=1.3-1.9, p<0.001) and culture (OR=1.7, 95% CI=1.2-2.4, p=0.01). 

These study results had no significant heterogeneity (p=0.5 and p=1.0, respectively). One 

study compared spot sputum collection versus pooled collection until a volume of 5 ml 

sputum had been collected, which was excluded because this collection method was so 

different from the other studies.117 

 

Pooled sputum collection tended to have higher odds of a positive microscopy result than 

early morning sputum collection (OR=2.1, 95% CI=0.9-4.2, p=0.07). This was not the case 

for culture results (0R=1.2, 95% CI=0.6-2.2, P=0.6). However, one of these two studies 

only reported individual-case level data.119 This pairwise meta-analysis had significant 

heterogeneity (I2=81%, p=0.02), as there were only two studies, a meta-regression could 

not be carried out. 

 

Studies comparing spot versus early-morning sputum collection had the largest total sample 

size and demonstrated no significant difference in the diagnostic yield for microscopy (8,248 

samples, OR=1.5 95% CI=0.9-2.6, p=0.2) or culture (5,279 samples, OR=1.4 95% 

CI=0.9-2.4, p=0.2). There was significant heterogeneity in the effect size within the studies 

in the pairwise meta-analysis for sputum microscopy (I2=84%, p<0.001), and not for 

culture (I2=50%, p=0.2). Meta-regression (Table 4.4) revealed that all heterogeneity 

between the studies using microscopy was explained by one study that included only 

participants with microbiologically confirmed TB (coefficient=1.5, 95% CI=0.74-2.3, 

p=0.006), whereas all other studies included participants with suspected TB. Excluding this 

study did not affect the result (OR=1.1, 95% CI=0.95-1.3, P=0.2), but eliminated 

heterogeneity (I2=0.0%, p=0.7). 

 

(B) Sputum collection instructions and techniques were assessed by reviewing studies 

that compared: instruction prior to sputum collection versus none (n=3); instruction 

provided during observation by a healthcare professional versus none (n=2); instruction 

provided whilst a physiotherapist assisted versus unassisted expectoration (n=2); verbal 

instructions with diagrams versus verbal instructions (n=1); video versus verbal 

instructions (n=1); disinfectant mouthwash prior to sputum collection versus none (n=2); 

and mouthwash used as a diagnostic sample versus sputum (n=1).  

 

 

 
 
 
 



70 

 Tab
le 4

.4
 M

eta-reg
ressio

n
 to

 exp
lain

 h
eterog

en
eity b

etw
een

 stu
d

ies co
m

p
arin

g
 early m

o
rn

in
g

 versu
s spo

t sp
u

tu
m

 co
llectio

n
 

M
eta-regression assessing factors that contributed to the heterogeneity in odds ratios for a positive versus a negative sputum

 m
icroscopy result 

w
ithin studies that com

pared early m
orning versus spot sputum

 collection. The m
eta-analysis of these 6 studies had I-squared 84%

 (p<
0.01). 

Variables that effected heterogeneity w
ith statistical significance (P<

0.05) is indicated by bold font, and the residual heterogeneity describes 
the I 2 if the independent variable w

as equal to 0.  
 

In
d

epen
den

t variable 
C

o
efficien

t 
9

5
%

 co
n

fid
en

ce 
in

terval 
p

 valu
e 

R
esid

u
al I

2
 

h
etero

g
en

eity 

TB prevalence (per 100,000 people) 
-0.0009 

-0.0059 - 0.0041 
0.6 

87%
 

TB/H
IV coinfection (%

) 
-0.0088 

-0.067 - 0.50 
0.7 

86%
 

Fem
ale participants (%

) 
0.01 

-0.10 - 0.12 
0.8 

87%
 

R
ecruited only m

icrobiologically confirm
ed TB cases  

1
.5

 
0

.7
 - 2

.3
 

0
.0

0
6

 
0

%
 

Studies carried out after the change in “Sm
ear 

positive” definition 
-0.63 

-2.3 – 1.0 
0.4 

85%
 

Participants recruited during treatm
ent (%

) 
0

.0
4

 
0

.0
2

 - 0
.0

6
 

0
.0

0
6

 
0

%
 

Fluorescent m
icroscopy used 

-0.51 
-2.8 - 1.8 

0.6 
86%

 
Instructions given to study either or both arm

s 
-0.53 

-2.3 - 1.2 
0.4 

78%
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Instructions given for sputum collection (for either intervention or reference groups) 

varied greatly between all studies and are shown in Table 4.3: 35% (8/23) of the studies 

did not mention the instructions, if any, given to the reference group. The advice given in 

the intervention groups to produce sputa included: spontaneous expectoration; taking 

numerous deep breaths and coughing; holding breath for a second and coughing; drinking 

a hot drink prior to collection; or physiotherapy-assisted pressure on the chest accompanied 

by slow expiration. One study found that compared to verbal instructions there was no 

difference in the odds of positive microscopy if the instructions were given with diagrams 

(p=0.6), whilst another study found video instructions to be better (OR=4.3, 95% CI=2.3-

7.9, p<0.001). 

 

Pairwise meta-analyses demonstrated that instructions on how to produce sputum and/or 

emphasising the difference between sputum and saliva (verbally or visually) increased the 

odds of positive microscopy (OR=1.4, 95% CI=1.2-1.6, p<0.001, Figure 4.2), with no 

significant heterogeneity (p=0.4). None of these studies used culture for diagnosis. There 

were not enough studies for meta-analysis to investigate whether observing patients whilst 

collecting sputum affected the diagnostic yield of microscopy or culture. Compared to 

standard spot sputum collection, physiotherapy-assisted collection did not significantly 

affect microscopy or culture diagnostic yield (Figures 4.2 and 4.3), although these were 

small studies. If these interventions are considered as differing levels of guidance to assist 

participants to produce spot or early-morning sputum, then the odds of a positive 

microscopy result increased cumulatively: 1.4-times (95% CI=1.2-1.6, p<0.001) by 

instructions; 1.5-times (95% CI=1.3-1.9, p<0.001) by instructions and/or observing the 

participant; and 1.6-times (95% CI=1.3-2.0, p<0.001) by instruction, observation and/or 

physiotherapy (Figure 4.2), with no significant heterogeneity (p=0.2). Too few studies have 

been published for a meaningful equivalent analysis for mycobacterial culture (Figure 4.3). 

 

Mouth washing with disinfectant was evaluated by two studies and did not demonstrably 

affect the odds of a positive result in microscopy or culture (Figures 4.2 and 4.3). One of 

these studies was analysed with individual-case level data.133  

 

The study that assessed PCR demonstrated that although TB could be diagnosed by testing 

oral rinse samples, this technique had lower odds of a positive PCR result than spot sputum 

collection (OR=0.56, 95% CI=0.34-0.93, p<0.05). This study was not included in any meta-

analysis or following meta-regression because it used a different laboratory test and 

collection method to any other study.  
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Fig
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Integrated analyses of (A) sputum collection time and duration and (B) sputum 

collection instruction and techniques. 

 

Meta-regression of factors predicting diagnostic yield in the reference group 

was possible because all studies used either spot and/or early-morning sputum collection 

as their reference group collection method. This demonstrated that the collection of 

early-morning sputum collection did not affect the variation in odds of positive 

microscopy or culture in the reference group (p=0.8 and p=0.7 respectively, Table 4.5). 

The only factor that increased the odds of a positive microscopy or culture test in the 

reference group was if the study only recruited individuals with microbiologically 

confirmed TB. Increasing prevalence of HIV co-infection, and studies carried out in recent 

years decreased the odds of a positive culture result. More recent studies were also 

associated with increased odds of positive microscopy (Table 4.5).  

 

Network meta-analysis was only possible for the results of sputum microscopy in 15 

studies. These assessed: uninstructed spot; pooled; instructed (including observed and 

physiotherapy-assisted) spot and early morning sputum collection. Four studies 

assessing the value of instructions, indicated in Figure 4.2, requested a combination of 

spot and early morning samples in both comparison and reference groups. However, 

because the pairwise meta-analysis comparing early-morning with spot sputum 

demonstrated no significant difference in diagnostic yield, these studies in the network 

meta-analysis were considered as comparing uninstructed versus instructed spot 

samples. Compared to uninstructed spot collection, the network meta-analysis 

demonstrated that the odds of positive sputum microscopy were increased by pooled 

sputum samples (OR=1.8, 95% CI=1.1–3.0, p=0.03) or by instructed spot sputum 

collection (OR=1.8, 95% CI=1.2–2.8, p=0.01, Figure 3.4). The network estimated that 

there was no difference in the odds of positive sputum microscopy between pooled versus 

instructed spot collection (OR=0.99, 95% CI=0.50–2.0, p=1.0, Figure 4.4). Pooled 

(47%) and instructed spot collections (46%) had similar likelihood of being the best 

method to obtain a positive microscopy test within the network. 

 

Microscopy grade. Meta-analysis of the grade36 of positivity of diagnostic test results 

was only possible for the effect of pooled sputum collection on sputum microscopy, 

because this was the only research question addressed by at least 2 studies. Combining 

results of these 2 studies demonstrated that pooled sputum collection significantly 

increased both the positivity and the grade of positivity of sputum microscopy (Figure 

4.5). 
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Figure 4.5 Bar chart of mycobacterial load 
Bar chart comparing the difference in mycobacterial load within sputum microscopy positive 
samples between pool and spot sputum collection. This analysis involved combining the 
results reported by Andrews et al.1959 and Majumdar et al. 1962, which demonstrated 
75% (n/N=608/807) positive sputum microscopy results in pooled collection compared to 
66% (530/807) in spot sputum collections.115,116 Smear grade is indicated by the number 
of “+” signs. 

 
FOOTNOTE: As only aggregate data for these studies were published, matched analysis was 
not possible. Therefore, the p value shown in the figure was calculated from a Wilcoxon-
Mann-Whitney rank sum test.
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Publication bias. Funnel tests did not show any asymmetry, and no small-study effects were 

demonstrated with Egger’s test for microscopy (p=0.4) or culture (p=0.7, Figure 4.6).  

 
Figure 4.6 Funnel plots 
Funnel plots assessing publication bias in studies investigating the effects of sputum collection 
methods on the diagnostic yield of sputum microscopy (top) and culture (bottom). 

 

 
Methodological quality. Potential bias was identified for 65% (15/23) of studies (Table 4.6). The 

main sources of bias in the studies were: participant selection different from target populations; 

and fixed order of collection techniques, which may have introduced a systematic error. 
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Table 4.6 Study quality as assessed by the QUADAS-2 checklist  

First Author, Year 

Could bias have been introduced to the study by the: 

(a) selection 
of patients 

(b) interpretation of the 
comparison sputum 
collection method 

(c) interpretation of 
the control sputum 
collection method 

(d) 
patient 

flow 

Mpagama, 2012114 low low low high 

Andrews, 1959115 high low low low 

Majumdar, 1962116 high unclear unclear unclear 

Warren, 2000117 high high low high 

Abdel Aziz, 1985118 unclear high low high 

Krasnow, 1969119 low low low unclear 

Kestle, 1967120 unclear low low low 

Ssengooba, 2012121 high unclear unclear low 

Pande, 1974122 low low low high 

Geldenhuys, 2014123 high low low high 

Schoch, 2007124 low low low high 

Khan, 2007125 low low low low 

Alisjahbana, 2005126 low unclear unclear low 

Sakundarno,2009127 high high high high 

Mohamed, 2014128 low high high low 

Maciel, 2009129 high low low high 

Bell, 2009100 low high low high 

Souza, 2007130 low low low high 

Lee, 2013136 low low low low 

Mhalu, 2015132 low high unclear low 

Kalema, 2012133 low low low low 

Peres, 2011134 low low low low 

Davis, 2009135 low low low low 
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Discussion 
 
This review demonstrated that compared to standard ‘spot’ sputum collection, providing 

instructions or collecting a ‘pooled’ sputum sample increased the odds of TB diagnosis in 

sputum microscopy and culture by 1.6 to 1.8 times. It is unsurprising that diagnosing 

pulmonary TB depends on the quality of the sputum sample tested. Remarkably these 

simple, inexpensive strategies had comparable impact on diagnostic yield than did 

introducing the relatively expensive GeneXpert MTB/RIF test, which in the largest published 

studies increased the odds of diagnosing TB by only 1.3 to 1.5 times137–139 (Table 4.7). 

Whilst accepting the usefulness of molecular tests in detecting drug resistance and in 

reducing variability of interpretation by laboratory technicians, there seems much more 

interest in new tests compared to strengthening existing methods. For example, during the 

5 years before the publication of this review22, a search of the PUBMED database suggests 

that for TB diagnosis, 79 studies have focused on the impact of GeneXpert MTB/RIF test, 

whereas only 7 studies have focused on non-invasive sputum collection techniques (Table 

4.8). Although these are different aspects of the diagnostic pathway, and PUBMED-indexed 

publications do not summarise all TB-related publications, these comparisons suggest that 

greater attention and resources should be invested in how sputum is collected, matching 

the allure and marketing associated with new diagnostic commercial products.4  

 

In 2007, the WHO-recommended case definition of sputum microscopy positivity changed 

to include cases with the presence of at least one acid-fast bacillus in at least one sputum 

sample.140 Although most studies did not define the threshold of positivity used in sputum 

microscopy, we assumed that six studies carried out after 2007 would be affected by this 

change. The studies varied in the number of samples collected from each participant, so 

positivity in this analysis was, where possible, defined for each sample not individual case, 

and odds ratios were calculated instead of sensitivity and specificity. Furthermore, our 

meta-regression analyses demonstrated that this change in case definition of smear 

positivity did not contribute to the heterogeneity within the study effect sizes, nor the 

likelihood of a positive test in the reference groups. It should be noted that a positive 

sputum microscopy does not equate to a diagnosis of tuberculosis, as false positive arise 

because acid-fastness is not unique to M. tuberculosis. Thus culture, which is unaffected by 

this change in definition for positive sputum microscopy, is the gold standard for confirming 

TB and demonstrated similar results to microscopy in our meta-analyses. 

 



81 

Tab
le 4

.7
 D

iag
n

o
stic yield

 o
f G

en
eX

p
ert versu

s spu
tu

m
 m

icrosco
p

y  
A Table dem

onstrating the results from
 the largest, international studies com

paring G
eneXpert versus sputum

 m
icroscopy, and a m

eta-
analysis that calculated the increm

ental yield of G
eneXpert com

pared to sputum
 m

icroscopy. N
ote 95%

 C
I=

 95%
 confidence interval. 

 
                     

            First 
au

th
o

r, 
year 

S
tu

d
y site 

S
tu

d
y 

typ
e 

P
articip

an
t 

N
u

m
b

er o
f 

p
articipan

ts 
P

ercen
tag

e 
G

en
eX

pert 
p

o
sitive (n

) 

%
 S

p
u

tu
m

 
m

icro
sco

p
y 

p
o

sitive (n
) 

O
d

d
s ratio 

(9
5

%
 C

I) 

Boehm
e, 

2010
137 

International 
m

ulti-site 
w

ithin 
patient 

Adults suspected 
of pulm

onary TB
 

1730 
39%

 (675) 
33%

 (567) 
1.3 (1.1 - 1.5) 

Boehm
e, 

2011
138 

International 
m

ulti-site 
w

ithin 
patient 

Adults suspected 
of pulm

onary TB
 

6069 
15%

 (933) 
12%

 (699) 
1.4 (1.3 - 1.6) 

Steingart, 
2014

139 

H
ypothetical  

2.5%
 

prevalence 
m

eta-
analysis 

Adults suspected 
of pulm

onary TB
 

1000 
2%

 (22) 
2%

 (16) 
1.4 (0.72 - 2.7) 

Steingart, 
2014

139 

H
ypothetical  

5.0%
 

prevalence 
m

eta-
analysis 

Adults suspected 
of pulm

onary TB
 

1000 
4%

 (44) 
3%

 (33) 
1.4 (0.85 - 2.1) 

Steingart, 
2014

139 

H
ypothetical  

10%
 

prevalence 
m

eta-
analysis 

Adults suspected 
of pulm

onary TB
 

1000 
9%

 (88) 
7%

 (65) 
1.4 (1.0 - 1.9) 

Steingart, 
2014

139 

H
ypothetical  

30%
 

prevalence 
m

eta-
analysis 

Adults suspected 
of pulm

onary TB
 

1000 
26%

 (264) 
20%

 (195) 
1.5 (1.2 - 1.8) 



82 

 Tab
le 4

.8
 C

o
m

p
ariso

n
 o

f th
e n

u
m

b
er o

f pu
b

lication
s in

 2
0

1
2

-2
0

1
7

 
Table dem

onstrating the num
ber of peer-review

ed publications involving the im
pact of non-invasive sputum

 collection m
ethods or G

eneXpert 
on pulm

onary TB diagnosis in the 5 years prior to publication of this system
atic review

 in June 2017.  
 

Th
em

e associated
 

w
ith

 th
e d

iagn
o

sis o
f 

p
u

lm
on

ary TB
  

P
u

b
M

ed
 search

 term
s 

N
u

m
b

er o
f 

P
u

b
M

ed
 resu

lts 
in

 last 5
 years 

N
u

m
b

er o
f 

p
u

b
licatio

n
s 

relevan
t to

 th
em

e 

N
on-invasive sputum

 
collection m

ethods 

((pulm
onary tuberculosis [Title/Abstract] AN

D
 

diagnosis [Title/Abstract]) AN
D

  
sputum

 [Title/Abstract]) AN
D

  
(clearance [Title/Abstract] O

R
 collection 

[Title/Abstract] O
R
 subm

ission [Title/Abstract] 
O

R
 acquisition [Title/Abstract])) 

23 
7 

 
 

 
 

G
eneXpert 

(pulm
onary tuberculosis [Title/Abstract] AN

D
 

diagnosis [Title/Abstract]) AN
D

  
(Xpert [Title/Abstract] O

R
 G

eneXpert 
[Title/Abstract]) 

100 
79 

    



83 

Two sputum samples are sufficient for TB testing, because approximately 97% of sputum 

microscopy-positive TB cases are identified by the first 2 samples provided.96 A meta-

analysis concluded that these 2 samples could be collected during the same-day with no 

decrease in diagnoses.2 Globally, 16% (95% CI 13-18%) of individuals suspected of having 

TB are estimated to be lost to follow-up before starting treatment, so ideally a spot 

diagnostic specimen should be collected from patients during the same-day as their first 

assessment.21 Providing instruction before or during a spot sputum collection considerably 

increased TB diagnoses. Specifically, the evidence in this review demonstrates that 

explaining (verbally or visually) the difference between saliva and sputum, providing 

guidance on how to produce sputum, and/or advising breathing exercises or physiotherapy 

assistance almost doubled the odds of diagnosing TB. Although the instructions in these 

studies included common elements, as demonstrated in Table 4.3, further research is 

needed to determine what instructions optimally increase diagnostic yield.  

 

Same-day, single-visit TB diagnosis is not always possible for reasons including: sputum 

could not be produced, perceptions of superior early morning collection or due to health 

system constraints delaying testing and results dissemination.5 Therefore people being 

tested for suspected TB are usually asked to return for follow-up appointments before TB 

diagnosis can be achieved. Under these circumstances, our analysis demonstrates that TB 

diagnoses could be increased if patients were asked to pool sputum spontaneously 

expectorated over several hours. Requiring another visit does have costs, risks loss to 

follow-up, and may not increase the number of people on treatment as many have their 

treatment started empirically.4,141 Yet, enabling laboratory confirmation of TB with drug 

susceptibility results is cost-effective due to the avoidance of inappropriate therapy, 

associated catastrophic costs, and generation of drug resistance, although this needs to be 

specifically studied.56,141,142 Pooled sputum collection increased not only the proportion of 

positive results, but also how strongly positive microscopy results were, most probably due 

to increasing the likelihood of collecting sputum from the lower respiratory tract, relative to 

contents of the upper airways and saliva. We have commenced research to test whether 

the increased TB diagnoses associated with pooled sputum over several hours are additive 

to the advantages provided by instructing spot sputum collection. This is particularly 

important because the comparisons between pooled and spot samples were most influenced 

by the one study that requested sputum or saliva, which may have influenced the study 

effect size.115 Pooling sputum collection need not increase the risk of TB transmission if 

patients are advised to complete sputum collection in well-ventilated open-air areas, away 

from staff and other people.143,144 

 

Patients being tested for TB are often asked to complete early-morning sputum collection, 

consistent with some international recommendations.36 Early morning sputum collections 
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have been thought to be superior to standard spot sputum collection, perhaps because of 

the diurnal variation in sputum volume and symptoms in other inflammatory lung diseases, 

together with the assumption that poor lung clearance whilst sleeping leads to increased 

expectoration of sputum on waking.145–147 However, our analyses demonstrate that early 

morning sputum collection had no significant effect on diagnostic yield, in keeping with 

findings that 2 spot samples had equivalent diagnostic accuracy as spot plus early morning 

samples.2 Thus, sputum collection should be instructed spot or pooled collections, that may 

be done at any time. 

 

Strengths of this systematic review and meta-analysis include: broad inclusion criteria 

(reducing selection bias and capturing more research); the absence of major small-study 

bias (suggested by funnel-plot analysis); pairwise meta-analysis of subgroups with a 

random-effects model (to control for heterogeneity); and large sample size (most studies 

were adequately powered and meta-analysis included >19,000 samples). Limitations 

include:  the paucity of good-quality studies, especially those involving culture or PCR; that 

some studies evaluated combined interventions and the cumulative effect on diagnostic 

yield could not be measured; and the potential fragility of network meta-analysis.110,148 

However, these limitations were ameliorated by the broadly consistent findings of: pairwise 

meta-analyses and network meta-analysis; research assessing both microscopy and culture 

positivity. Furthermore, to evaluate the true impact of these collection methods in the real-

world, routine programmatic evaluations are required.  

 

The key implications of this systematic review, pairwise and network meta-analyses are 

that (1) pooled sputum collection or providing instructions prior to a spot collection equally 

increases the chances of a positive TB diagnostic test compared to the global standard 

uninstructed spot; and (2) that sputum may be collected at any time, not necessarily in the 

early morning. These inexpensive, simple interventions warrant further research and policy 

emphasis because their effects are potentially comparable to much more expensive 

interventions such as investing in new diagnostic products.
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RESEARCH CHAPTER 5 

Refinement - TB viability microscopy optimisation 
 

Background 
 
The results of the foundation study presented in Research Chapters 2 and 3 demonstrated 

that the concentration of fluorescing bacilli visualised with FDA microscopy in pre-

treatment samples may identify the most infectious patients; and how these 

concentrations changed during the first days of anti-TB therapy predicted treatment 

response.20,85 However, FDA microscopy uses fluorescence that until recently required 

expensive mercury or halogen light sources (as for the foundation study), limiting 

feasibility for routine use in clinical settings. Affordable light-emitting diode (LED) 

microscopes are now widely available and for sputum microscopy the WHO encourages 

their use with auramine staining in place of conventional light microscopy with ZN 

staining.149 Consequently, LED fluorescence microscopes have widespread and increasing 

availability, which may allow FDA microscopy to have greater clinical applicability. It 

therefore seemed desirable to validate FDA microscopy for use with LED microscopes. 

 

In addition to optimising the type of microscope used for FDA microscopy, there is a need 

to optimise the protocol used for FDA staining prior to microscopy. Review of the published 

protocols for FDA microscopy for TB identifies diverse methods used, as shown in Table 

5.1.14,15,19,20 There is no published evidence to guide which of these protocols should be 

used. Variability in methods may lead to misleading interpretations due to false-positive 

or false-negative results.90 Additionally, some protocols involve sputum processing with 

centrifuge decontamination, which is a barrier to implementation because centrifugation 

may be biohazardous and centrifuges with sealed rotors suitable for use for TB diagnosis 

are expensive and have limited availability.  

 

The aim of the following experiments was to: clarify the optimum FDA microscopy protocol 

that is simple and safe; refine the staining method; assess whether storage conditions of 

sputum or FDA working solutions affect results; and determine the cost of this protocol. 

Consequently, a SOP for FDA microscopy was developed, which can simply and safely 

provide reproducible results in resource constrained clinical settings. 
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Methods 
 
Ethics approvals included Imperial College London and the Peruvian Ministry of Health 

DIRESA Callao. This research was done with the collaboration of the Peruvian national TB 

program.  

 

Setting. Patient sputum samples were collected from all consecutive unselected 

consenting patients diagnosed with pulmonary TB in community health centres in the peri-

urban shantytowns of Callao, Peru. The study involved 3 phases:  

1. optimisation study;  

2. validation study; and  

3. storage study.  

In both the optimisation study and the storage study, control samples were collected from 

asymptomatic, healthy individuals.  

 

Inclusion and exclusion criteria are detailed below for each experiment.  

 

Samples. Sputum samples were processed even if they appeared to be salivary. All 

sputum samples were collected and transported to the local research laboratory at ambient 

temperature and then stored at 4C and processed within 24-hours of arrival, usually within 

72 hours of expectoration. 

 

Slides. All slides were prepared by smearing sputum over standard glass microscope slides 

that had been cleaned with 95% alcohol.  

 

Measurements. To increase operational relevance, we measured liquids (including 

sputum) as drops from disposable transfer pipettes, which we found to have an average 

volume of 40 µl per drop. Microscopy using a 100x objective with oil immersion (i.e. 1,000x 

overall magnification) to examine 100 high power fields assesses an area of 2 mm2.58 For 

clarity, we therefore report the volume of sputum smeared per mm2 of the area of the 

glass microscopy slide. 

 

Sputum smears. ‘Thin smears’ were prepared at a typical density used for conventional 

sputum microscopy by smearing 1 drop over a 2 cm2 area i.e. 0.2 µl/mm2. ‘Thick smears’ 

were made with a higher density than is usually used for sputum microscopy by smearing 

3 drops over an area of 1 cm2 i.e. 1.2 µl/mm2, as previously used for FDA microscopy, see 

Table 5.1.20,85,90 
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Fixation. All sputum smears were then heat fixed to the slide by passing each slide 

through a flame 3 times.   

 

Microscopy. All stained slides were dried, protected from light and for fluorescence 

microscopy were read with Zeiss Primo Star iLED (Heidenheim, Germany) microscopes 

using the 100x objective with oil immersion without using microscopy cover slips.  

 

Blinding. All slides prepared in the same way were ‘shuffled’ before staining to ensure 

that the order in which slides were prepared neither influenced the order in which they 

were processed, nor the protocol used. Microscopy was performed by multiple laboratory 

biologists and technicians who were unaware of both the clinical status of the patient and 

the results of other tests. 

 

Optimisation study. 

Inclusion criteria. This initial optimisation study used sputum samples that were either 

from: selected patients who had already been determined to have a positive acid-fast 

microscopy result but had not yet received any TB therapy; or healthy negative control 

participants with neither symptoms nor suspicion of TB disease, during 6 May until 20 July 

2015.  

 

Exclusion criteria were lack of informed written consent or inability to produce a sample.  

 

Sputum processing. Reagents were obtained from Thermo Fisher Scientific (MA, USA) 

except where otherwise stated. Sputum samples were divided into aliquots that were: 

processed with centrifuge decontamination; or left unprocessed at room temperature to 

be directly smeared onto slides.  

 

Centrifuge decontamination was done as described.37 Briefly, the 2 ml sputum aliquot 

for decontamination was briefly vortexed with an equal volume of 2% sodium hydroxide 

containing 2.9% sodium citrate and 0.5% N-acetyl-L-cysteine. After 20 minutes at room 

temperature, excess PBS (pH 6.8, Sigma-Aldrich, MO, USA) was added, and the mixture 

was centrifuged for 15 minutes at 3,000 gravities in a Thermo Fisher Scientific centrifuge 

that had sealed rotors to increase biosafety for the laboratory personnel.37 The pellet was 

re-suspended in PBS to a final volume of 2 ml. Both decontaminated and unprocessed 

aliquots were then used for slide preparation and culture inoculation.  

 

Solutions. A stock solution of 5 mg/ml FDA (Sigma-Aldrich, MO, USA) in acetone was 

stored at -20C. A fresh working solution of 20 µg/ml FDA was prepared daily by dissolving 
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10 µl of stock solution in 2.5 ml of 40% acetone in PBS. Standard acid-alcohol (AA) solution 

used in TB fluorescent microscopy was prepared by adding 0.5% hydrochloric acid to 96% 

ethanol.36 Phenol solution was prepared by adding 5% phenol (Merck, NJ, USA) to distilled 

water. Potassium permanganate solution was prepared by dissolving 0.5% KMnO4 (Merck, 

NJ, USA) in distilled water.36  

 

Smears. A thick smear was prepared from the centrifuge-decontaminated aliquot and 2 

thick smears and 5 thin smears were prepared from the direct aliquot. Aliquots of each 

sample were processed concurrently with all of the following FDA staining protocols, as 

described below, in Box 5.1 and in Table 5.2. 

 

FDA staining protocol A (Centrifuge-thick) used thick smears from the centrifuge-

decontaminated aliquot. FDA staining was done by covering the smear with a 1 cm2 square 

of Whatman grade 3 filter paper that was soaked with FDA working solution and incubated 

at 37ºC for 20 minutes, after which the filter paper was discarded, excess FDA was tapped 

off the slide, and left to dry prior to microscopy. As shown in Table 5.1, we had used and 

published this protocol previously.20 

 

FDA staining protocol B (Direct-thick) assessed modifying protocol (A) only by using 

a thick smear of unprocessed instead of centrifuge-decontaminated sputum. 

 

FDA staining protocol C (Direct-thick-AA) was the same as protocol (B) except that 

after FDA staining, before being left to dry, an AA decolourisation step was added. For this, 

AA solution was flooded over the entire slide for 2 minutes and then rinsed with distilled 

water.  

 

The remaining protocols used thin smears. For thin smears, all FDA staining were done by 

flooding FDA working solution onto the slide (without filter paper), incubating at 37ºC for 

30 minutes and then rinsing with distilled water. 

 

FDA staining protocol D (Direct-thin-AA) was stained with FDA followed by an AA step. 

  

FDA staining protocol E (Direct-thin-AA-phenol) was same as protocol (D) but after 

AA for 3 minutes, the slide was flooded with phenol solution for 10 minutes and then rinsed 

with distilled water.  
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Box 5.1. Protocols for fluorescein diacetate (FDA) microscopy in the optimisation 
experiment. 
 
FDA staining protocol A (Centrifuge-thick) was processed as published 20, by applying 3 
drops of centrifuge-decontaminated sputum to a slide to make a smear of approximately 1 
cm2.  
 
FDA staining protocol B (Direct-thick). Using cleaned slides, 3 drops of unprocessed 
sputum were smeared over an area of approximately 1 cm2. The slides were then dried and 
protected from ultraviolet light. When slides were dry, they were passed over a flame 3 times. 
A 1 cm2 square of Whatman grade 3 filter paper was placed on top of the smear, and 13-15 
drops of freshly prepared FDA working solution at a concentration of 20 µg/ml FDA was 
applied to cover the filter paper. Slides were then incubated for 30 minutes at 37C. After 
removing the slides from the incubator, excess liquid was tapped off. 
 
FDA staining protocol C (Direct-thick-AA). Same as protocol B, except with the following 
added steps: Slides were then rinsed with distilled water; afterwards 0.5% acid-alcohol (AA) 
was flooded onto the slides and left for 3 minutes; slides were then rinsed with distilled water. 
 
FDA staining protocol D (Direct-thin-AA). Using cleaned slides, 1 drop of unprocessed 
sputum was smeared over an area of approximately 2 cm2. The slides were then dried and 
protected from ultraviolet light. When slides were dry, they were passed over a flame 3 times. 
13-15 drops of freshly prepared FDA working solution at a concentration of 20 µg/ml FDA was 
applied to the sample to cover the smear. Slides were then incubated for 30 minutes at 37C. 
After removing the slides from the incubator, excess liquid was tapped off. Slides were then 
rinsed with distilled water. Afterwards 0.5% AA was flooded onto the slides and left for 3 
minutes. Slides were then rinsed with distilled water. 
 
FDA staining protocol E (Direct-thin-AA-phenol) Same as protocol D, except with the 
following steps: phenol at 5% concentration was applied to slides and left for 10 minutes; 
slides were then rinsed with distilled water. 
 
FDA staining protocol F (Direct-thin-AA-phenol-KMnO430s). Same as protocol E, except 
with the following added steps; Potassium permanganate at a concentration of 0.5% was 
applied to slides and left for 30 seconds; slides were then rinsed with distilled water. 
 
FDA staining protocol G (Direct-thin-AA-phenol-KMnO460s). Same as protocol E, 
except with the following added steps; potassium permanganate at a concentration of 0.5% 
was applied to slides and left for 60 seconds; slides were then rinsed with distilled water. 
 
Reading slides 
After staining, all the slides were left to dry in the dark. 
Slides were then read within 4 hours of staining 
Using the fluorescent light source and 100x objective with oil immersion on the Zeiss Primo 
Star iLED microscope (Heidenheim, Germany), the number of bacilli visible in 100 fields was 
recorded. 
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FDA staining protocol F (Direct-thin-AA-phenol-KMnO430s) was the same as 

protocol (E), followed by applying potassium permanganate solution for 30 seconds and 

then rinsing with distilled water. 

 

FDA staining protocol G (Direct-thin-AA-phenol-KMnO460s) was the same as 

protocol (F), except that the potassium permanganate solution was applied for 60 instead 

of 30 seconds. As shown in Table 5.1, this protocol has been evaluated previously 19.  

 

Conventional acid-fast staining. Smears were flooded with 0.1% auramine for 15 

minutes, decolourised with AA for 2 minutes, rinsed with distilled water, flooded with 0.5% 

potassium permanganate for 30 seconds and then rinsed with distilled water. 

 

Culture. Decontaminated and direct aliquots of sputum samples were inoculated for 

quantitative culture results using Middlebrook 7H9 culture broth supplemented with 

glycerol, casitone and the standard oleic acid, albumin, dextrose and catalase (OADC) 

growth supplement according to the manufacturer’s instructions. To reduce the risk of 

bacterial or fungal overgrowth contamination, the  culture medium was additionally 

supplemented with Selectatab (Mast Group, Bootle, UK) according to the manufacturer’s 

instructions, plus 0.25% carbendazim as described.26,27,150 The cultures were performed to 

provide quantitative results in 24-well culture plates, as described,33 preparing a 1:10 

dilution by adding 1 drop (approximately 40 µl) of either the unprocessed or 

decontaminated sputum to a well containing 9 drops (final volume approximately 400 µl) 

of supplemented Middlebrook 7H9 culture broth. Then 1 drop of this suspension was mixed 

into another well containing 9 drops of supplemented Middlebrook 7H9 culture broth 

making a 1:100 dilution and repeated to make 1:1,000, 1:10,000 and 1:100,000 dilutions. 

Cultures were incubated in un-supplemented air at 37ºC. The cultures were sealed in a 

Ziploc bag, and examined 3-times per week for 6 weeks with an inverted microscope using 

a 4x objective, final magnification 40x, to detect growth of M. tuberculosis. Colonies were 

counted at day 42 of growth, with a colony being defined as a single cell or a clump of cells 

with the characteristic cording pattern of M. tuberculosis, as is shown in Figure 5.1, which 

is easily distinguishable from other bacteria and filamentous hyphae of fungi.  All cultures 

were done in duplicate. 
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Figure 5.1 Cording colonies 
Photograph demonstrating the characteristic cording colony of Mycobacterium 
tuberculosis. There are 11 colonies in this image.  
 

 
 

Validation study. 

Inclusion criteria. FDA microscopy was introduced into routine laboratory work from 18 

November 2015 until January 2016 and applied to all sputum samples from consecutive 

unselected patients, whether they were about to commence or were already receiving TB 

treatment, without knowledge of their acid-fast microscopy results. 

 

Exclusion criteria were lack of informed written consent or inability to produce a sample.  

 

Slide preparation. Three thin smears were prepared from each unprocessed sputum 

sample.  

 

FDA staining. The 2 FDA protocols described above that produced the best results in the 

optimisation study were re-evaluated in the validation study. 

 

Conventional acid-fast staining. For operational reasons, the third thin smear was 

processed for acid-fast microscopy, as described 36,151, the results of which are not reported 

here. 

 

Storage study. 

Inclusion criteria. Sputum was collected from a randomly selected patient who was 

already known to their health centre to have strongly sputum smear-positive TB and who 
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had not yet commenced TB treatment, in May 2016. On the same day, a negative control 

sputum sample was collected from a healthy participant with neither symptoms nor 

suspicion of TB disease. 

 

Exclusion criteria were lack of informed written consent or inability to produce a sample.  

 

Storage conditions. All sputa and slides were stored protected from light for up to 4 

weeks. Direct thin smears were made from each fresh sample and these slides stored at 

room temperature. The remaining volume of sputa were divided into equal aliquots that 

were stored at 4C and at room temperature. 

 

FDA staining. Twice a week, direct thin smears were prepared from the patient and the 

control sputum that were stored at 4C and at room temperature. Together with patient 

and control stored slides, these were stained using the optimum FDA protocol identified in 

the previous studies described above. All of these procedures were performed in duplicate: 

1 slide from each pair of slides was stained using FDA working solution that was prepared 

daily as described above; the other duplicate from each pair of slides was stained using 

FDA working solution that had been prepared on the first day of the experiment and stored 

at room temperature, protected from direct light. 

 

Cost analysis. 

All materials and reagents were procured locally in Peru, except for FDA that was obtained 

in the United Kingdom. An inventory of all reagents was kept, and the volume of reagent 

used for FDA microscopy recorded. With this data, the cost of FDA microscopy using the 

optimum staining protocol was calculated. Labour costs and equipment such as 

microscope, glassware, Bunsen burners, drying racks and distilled water were not included 

in the cost analysis because these were sunk costs i.e. would have been purchased by a 

laboratory that was already performing TB fluorescent microscopy with auramine staining, 

as recommended by the WHO.149 

 

Analysis. 

Bacterial counts. The number of stained bacteria visible in 100 consecutive microscopy 

fields was counted. In culture the number of CFU in each serial dilution was recorded. 

When required, these counts were transformed to the concentration per ml of sample, 

which was calculated from the volume of sample smeared on the slide or inoculated and 

diluted for culture.33 Concentration calculations were used when comparing microscopy 

results with CFU counts in culture, or microscopy protocols that used different volumes of 

sputa. When there were duplicate results, geometric means were calculated. Positive 
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microscopy was considered if there was ≥ 1 bacillus seen per 100 high powered fields in 

microscopy due to changes in global policy.140 and a positive culture defined as > 1 CFU 

per well, according to local practice and the MODS protocol.87 

 

Quality assessment. During each reading a subjective assessment of quality was made 

based on the following criteria: background contrast; how easy it was to focus the slide; 

how bright the bacilli were; and how easy it was to identify bacilli. A score was allocated 

to each answer, the best being 100 and the worst 0.  A total quality score was then 

calculated as the sum of the individual scores for background, brightness, identification 

and focus. Therefore, the best score that could be achieved was 400, and the worst was 

0.  

 

Statistics. As all counts and concentrations were exponentially distributed, results were 

transformed to their base-10 log for analysis. Because the log of zero values cannot be 

calculated, before analysis zero values were transformed to the midpoint between zero and 

the detection threshold. Tests were 2-tailed and were performed with a 95% CI. Data with 

normal distributions were summarised as means with the SD and non-parametric data 

were summarised as median and IQR. When paired data were used to compare results for 

the same sample processed by different protocols, the paired Student’s t-test was used 

when the data were normally distributed, and the Wilcoxon signed rank test was used for 

non-parametric data. Repeated measures were considered for all regression analyses that 

were used to assess factors that impacted microscopy results and a random effects term 

was used to adjust for inter-sample variation. When assessing agreement and repeatability 

between protocols, the limits of agreement method was used, as described by Bland and 

Altmann.152  
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Results 
 
Optimisation study 
Quantitative assessment. There were 9 acid-fast microscopy positive patients and 2 

healthy controls who provided samples that were used to make 80 slides and 264 culture 

wells in this study. All samples from the healthy controls were culture and acid-fast 

microscopy negative. No cultures failed due to bacterial or fungal overgrowth. Cultures 

from centrifuge-decontaminated sputa had 5.6% (1/18) false-negative results, whereas 

directly tested sputa had no false-negative results. 

  

Figure 5.2 shows the concentration of CFU/ml in unprocessed sputum culture versus 

CFU/ml in corresponding decontaminated sputum culture, and bacilli/ml in acid-fast 

microscopy and FDA microscopy protocols (A-G). Compared to direct sputum culture 

CFU/ml results, the centrifuge-decontaminated sputum samples had median 10-times less 

CFU/ml (IQR=1.8-40 times, p=0.01). Compared to direct sputum culture CFU/ml results, 

conventional acid-fast microscopy had a median 12-times (IQR 3.6-63 times) more 

bacilli/ml (p=0.01).    

 

In patient samples, 13 slides had false-negative results, of which 11 were stained with 

protocol A-C. Bacilli/ml results in protocols A-C were lower than other protocols (Figure 

5.2) and were also significantly less than the CFU/ml in the corresponding direct sputum 

culture (all p≤0.05, Figure 5.3b). However, protocols D-G had higher bacilli/ml results that 

had better agreement with the direct sputum culture results (Figure 5.3b). Specifically, 

46% (13/28, 95% CI=28-66%) of bacilli/ml results in FDA protocols D-G were within +/- 

1 logarithm of the corresponding CFU/ml in unprocessed sputa, and 89% (25/28, 95% 

CI=72-98%) within +/- 2 logarithms.  

 

Linear regression of the bacilli/ml results for patient samples demonstrated that the factors 

that predicted higher bacilli/ml in FDA microscopy were: if the protocol used thin (1 drop) 

versus thick (3 drops) smears (p<0.001); and if the slides were allocated a higher score 

in the quality assessment (p<0.0001). These 2 variables explained 70% of the within 

sample variability. The phenol step, which was added for biosafety, did not impact the 

quantitative results (p=0.5).  

 

Slide quality assessment. Several smears prepared from centrifuge-decontaminated 

sputum in protocol A were inadvertently partially removed from the slide when the filter 

paper used during staining was removed. For the protocols using thick smears from direct 

sputum, identifying bacilli was difficult because they were often obscured by cells and other 

sputum contents. These factors appeared to contribute to FDA protocols A-C having 
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significantly lower positivity rates in patient samples and lower concentrations of visualised 

bacilli/ml compared to the CFU/ml in unprocessed sputum culture (Figure 5.2 and 5.3, all 

p≤0.05).  

 

Protocols D, E and G had similar counts (Figure 5.2), but they differed in quality and 

therefore ease in reading slides (Table 5.2 and Figure 5.4). Compared to FDA protocol D, 

protocol G (which applied potassium permanganate for 60 seconds) had improved 

background contrast (p=0.005) and bacilli were easily identifiable. However, slides stained 

with Protocol G had focusing difficulties and bacilli were less bright (p=0.05). Therefore, 

FDA protocol F was later introduced (with 30 seconds of potassium permanganate), which 

tended to have better background contrast than protocol D (p=0.08), without any reported 

focusing difficulties. As shown in Table 5.2, FDA protocol F and G produced the best quality 

slides. 
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Figure 5.3 Optimisation study comparison with conventional sputum microscopy 
and culture 
Bar graphs comparing the quantitative sensitivity of fluorescein diacetate (FDA) 
microscopy protocols A-G: (A) to identify acid-fast bacilli (AFB), shown as the difference in 
logarithmic base 10 counts between FDA bacilli/ml of sample versus AFB bacilli/ml in 
conventional microscopy with auramine staining (B) to identify colony-forming units (CFU), 
shown as the difference in logarithmic base 10 counts between FDA bacilli/ml of sample 
versus CFU/ml in quantitative culture. Error bars indicate 95% confidence intervals.
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Validation study 
Quantitative assessment. 206 fresh sputa were collected from 200 patients, to prepare 

412 slides comparing FDA microscopy protocols F versus G. Sputum was provided by 

patients with a median age of 28 years (range=5-82, IQR=21-44) and 61% (122/200) 

were male. Sputum was collected after treatment initiation in 35% (72/206), and 50% 

(102/206) had a positive conventional acid-fast smear-microscopy result. There were 122 

positive FDA microscopy slides, and the number of bacilli visualised by microscopy were 

similar between the 2 protocols (p=0.4). Figure 5.5 demonstrates the high level of 

agreement between counts in FDA protocol F versus G, with 97% (199/206, 95% CI= 93-

99%) of results differing by less than +/- 1 logarithm. Figure 5.5 shows that the agreement 

between counts tended to be higher in samples with higher bacillary load.  

 

Figure 5.5 Validation study 
A Bland-Altman plot demonstrating agreement between the bacilli count per 100 high 
powered fields in fluorescein diacetate (FDA) microscopy protocol F versus FDA microscopy 
protocol G. The difference between these 2 protocols is that the latter involves potassium 
permanganate quenching for 30 seconds longer. All count data were transformed to their 
logarithmic base-10 (log) value. The mean difference is -0.007 log (solid line), and the 
limits of agreement (dotted lines) are -0.70 to 0.71 log.  

 
 

Slide quality assessment. Protocol F and G produced similar quality slides (p=0.3) with 

median quality score 254 (IQR=208-292). The time required to count the number of bacilli 

in 100 high powered microscopy fields was similar for protocol F versus protocol G (p=0.2) 

and overall was median 10 minutes (IQR=9-13). Regression analysis in Table 5.3 

demonstrates that in FDA microscopy-positive samples (N=122), sputum that did not 
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contain blood had higher quality FDA microscopy slides (odds ratio 6.7, 95% CI=1.3-34, 

p=0.02). However, there were only 6 blood-stained sputum samples in this study. 

 

Table 5.3 Validation study  
Table demonstrating the factors that improved the quality of slides if fluorescein diacetate 
(FDA) microscopy was positive (n=122). The quality score was transformed to a binary 
variable, above and below the median score, and logistic regression with random effects 
was used to adjust for inter-sample variation showing the odds ratio for a higher quality 
slide.   
  Univariate regression analysis 

Variable  Odds ratio 95% CI p value 

FDA protocol F versus FDA 
protocol G 

 1.4 0.57 - 3.5 0.5 

Acid-fast microscopy (grade), 
++/+++ % (n) 64% (78) 1.4 0.74 - 2.7 0.3 

Sputum had a salivary 
consistency, % (n) 42% (51) 0.52 0.15 – 1.8 0.3 

No blood present in sputum, % 
(n) 90% (110) 13.8 0.97 - 194 0.05 

Delay before processing, median 
days (IQR) 1 (0-3) 0.93 0.72 - 1.2 0.6 

Delay in reading slide, median 
hours (IQR) 3.6 (3.1 – 4.4) 1.5 0.98 – 2.8 0.2 

Rifampicin resistance, % (n) 13% (16) 0.95 0.15 – 6.0 1.0 

 

Storage study 

Quantitative assessment. For this study FDA protocol F was used to prepare 80 slides: 

64 from a single patient sputum sample that was conventional acid-fast microscopy +++ 

smear grade, and 16 from a single healthy control sample. All slides from the healthy 

negative control sample had negative microscopy results.  All slides from the patient with 

TB had positive results, with FDA microscopy results having a mean log-count per 100 

fields of 2.8 (SD=0.40) on the first day and 2.7 (SD=0.53) over the next 4 weeks (Figure 

5.6).  Neither the way the samples were stored, nor the length of storage impacted the 

microscopy results (all p>0.2).  

 

Quality assessment. The quality of slides for patient samples were high, with median 

score 300 (IQR=245-320) out of 400 and this did not change with storage time. Slide 

quality was more stable if the positive sputum sample was stored on slides and stained 

with stored FDA working solution than sputum stored at room temperature stained with 

fresh FDA working solution (p=0.03).  
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Figure 5.6 Storage study  
Graphs showing the number of bacilli per 100 fields at 8 time-points during the 4-week 
experiment, comparing fresh versus stored fluorescein diacetate (FDA) working solution 
in each patient sample storage condition and healthy control sample. Note: RT=room 
temperature. 

 
 
Cost analysis 
The material and reagent costs for FDA microscopy using protocol F cost USD $0.02 

more than conventional acid-fast microscopy with auramine staining. For a batch of 40 

slides, FDA microscopy costs USD $0.05 per slide (Table 5.4). 

 
Table 5.4 Cost analysis  
Table demonstrating the reagents required and costs for fluorescein diacetate (FDA) 
microscopy using the optimum FDA staining protocol, Protocol F. All reagents except FDA 
were procured in Peru, and the suppliers are specified in the methods section. Note. 
USD=United States dollar, mg=milligrams and ml=millilitres. 
  Reagent (unit) Quantity Price (USD) 

FDA stock 
solution 

FDA (mg) 5  $ 0.03  
acetone (ml) 1  $ 0.05  
Total cost    $ 0.08  

FDA working 
solution for 40 
slides 

FDA stock solution (ml) 0.1  $ 0.01  
Acetone (ml) 10  $ 0.50  
Phosphate buffered saline (ml) 15  $ 0.01  
Total cost    $ 0.52  

FDA staining 
for 40 slides 

Slide 40  $ 0.69  
FDA working solution (ml) 24  $ 0.52  
0.5% acid alcohol (ml) 24  $ 0.05  
5% phenol (ml) 24  $ 0.19  
0.5% KMn04 (ml) 24  $ 0.02  
Transfer pipette  5  $ 0.55  
Total cost    $ 2.02  

Total cost per slide   $ 0.05  
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Discussion 
 
We compared, optimised, and assessed the reproducibility, optimal logistics and costs of 

sputum FDA microscopy. This enables us to recommend a simple, safe and inexpensive 

protocol, as shown in the final SOP in Box 5.2, which we recommend for use in future 

research and clinical practice. Importantly, this protocol obviates centrifuge-

decontamination and uses low-cost LED microscopy, improving cost, feasibility and 

biosafety.  

 

Sputum processing with centrifuge-decontamination is required for most mycobacterial 

culture methods to reduce cultures becoming unreadable because of overgrowth (often 

termed contamination) by other non-mycobacterial bacteria and fungi, which are abundant 

in sputum. Our and other studies have shown that the great majority of culturable M. 

tuberculosis in sputum is killed and/or discarded during centrifuge-decontamination.44 It 

has also been proposed that sputum processing with centrifuge-decontamination prior to 

microscopy may increase diagnostic sensitivity by homogenizing sputum and breaking up 

clumps of M. tuberculosis,153 but our results do not support this. Centrifugation requires 

costly equipment and often the centrifuges that are used with unsealed rotors are 

biohazardous because they generate infectious aerosols.23,24 Centrifuge-decontamination 

may also selectively kill a specific phenotype of M. tuberculosis, distorting findings 

important to monitoring treatment response in both quantitative culture and FDA 

microscopy.150 It is therefore of considerable operational importance that we found that 

FDA microscopy had optimal quality and reproducibility when performed directly on 

unprocessed sputum, without centrifuge-decontamination. Similar to conventional acid-

fast microscopy, our proposed FDA protocol uses acid-alcohol to discriminate mycobacteria 

from non-acid-fast organisms, obviating centrifuge-decontamination.  

 

There is some evidence that conventional sputum microscopy is relatively safe for 

laboratory workers.154 However, FDA is not toxic to cells, so 5% phenol was applied after 

staining with FDA to ensure that the slides were sterile because there is abundant evidence 

that phenolics kill M. tuberculosis even when dried onto surfaces.155–157 We found that 

applying phenol to slides after staining with FDA had no adverse effects on FDA microscopy 

sensitivity or quality.  

 

We measured the quality of slides in each protocol, because good quality slides facilitate 

reading and reduce the time required by a microscopist for this process. We found that 

decontaminated sputum pellets were inadequately fixed onto the standard glass slides that 

are commonly used in clinical laboratories, resulting in false-negative results. We also 

found that thick direct sputum smears produced very poor-quality slides because sputum 

from patients contained other cells and extra-cellular material that obscured visualization 
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of mycobacteria. Thin direct sputum smears with the use of 30 seconds of potassium 

permanganate helped quench fluorescence from background material sufficiently to allow 

the mycobacteria to be optimally visualised. Consequently, the proposed FDA microscopy 

protocol required a median 10 minutes to read 100 high-powered fields of patient sputum 

smear. As microscopists gain more experience this slide reading time may reduce. 

   

Preparing FDA working solution daily is time consuming and potentially wasteful. The 

storage study established that FDA working solution can be made once every 4 weeks 

without affecting microscopy results, increasing efficiency. Quality assurance systems are 

an integral part of providing a reliable TB laboratory service, and have been shown to have 

a positive impact when implemented.158 Quality assurance of conventional sputum 

microscopy is done both internally by the preparation and regular reading of positive and 

negative controls, and externally, for example by the blinded staining and reading of 

centrally prepared slides.159,160 This study demonstrates that quality assurance of FDA 

microscopy can be carried out in a similar manner, as the storage of positive control slides 

for up to 4 weeks did not affect results. There was no deterioration in any measures after 

4 weeks storage and future research may demonstrate how much longer the reagents and 

slides may be stored. 

 

FDA microscopy materials were calculated to cost only USD$0.05 per slide, which is 

USD$0.02 more than for auramine stained conventional acid-fast microscopy. Similar to 

all sputum microscopy techniques, FDA microscopy cannot guide management in 

paucibacillary disease. However, this low cost implies that FDA microscopy may be a cost-

effective tool to answer clinically relevant questions and formal cost-effectiveness studies 

are warranted.  

 

Similar to conventional acid-fast microscopy, a limitation of the current FDA microscopy 

protocol is that it will not be able to differentiate M. tuberculosis from other acid-fast bacilli, 

such as non-tuberculous mycobacteria. We did not specifically test the specificity of FDA 

microscopy on non-mycobacteria microorganisms, but we assume that the acid-fast step 

in our protocol would generally prevent them from staining, as is the case for other acid-

fast stains. This hypothesis is supported by our finding that all slides prepared from sputum 

from healthy control participants were consistently negative with the chosen FDA 

microscopy protocol. Another limitation is that although microscopists were blinded, in the 

optimisation study there may have been clues from the appearance of slides that could 

have differentiated some protocols (e.g., thick versus thin smears). However, this potential 

limitation was reduced by taking photos of the microscopy views, which were reviewed by 

other team members. Finally, the same microscopist read all slides prepared that day; but 

to remove any systematic bias all FDA slides were shuffled before reading, and the number 
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of bacilli counted in 100 high-powered fields started from the first field in focus without 

knowledge of the conventional acid-fast microscopy result.  

 

In conclusion, these experiments have optimised and demonstrated the reproducibility of 

a simple and relatively safe FDA microscopy protocol. This is novel because it provides the 

first published SOP recommended for clinical and research laboratories. Furthermore, by 

demonstrating that centrifuge-decontamination is an unnecessary step, this evidence-

based protocol reduces barriers to implementation, especially in resource-constraint 

settings where FDA microscopy may have most value.  
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Box 5.2. Final standard operating procedure for fluorescein diacetate (FDA) 
solution preparation, staining and microscopy. 
A. Stock solution 
Mix 5 mg FDA in 1 ml acetone in a tube. 
Store at -20C. Can keep up to 2 years. 
B. Working solution (25 ml) – enough for 40 slides 
Put 10 ml of acetone into a clean glass or non-polystyrene tube (because acetone 
reacts with polystyrene) 
Add 15 ml of phosphate buffer solution, pH 6.8 
Cover tube with foil to protect from light 
Add 0.1 ml of FDA stock solution. 
Shake very well before use - this is necessary as the FDA stock solution is a 
suspension and separates within minutes.  
Store in the dark at room temperature for up to 4 weeks.  
C. Slide cleaning 
1. Remove slides from box 
2. Place slides in alcohol for at least 1 hour to clean the slides. We have found this to 
be particularly important. 
3. Removes slides from solution and place on a clean area e.g. a new sheet of 
aluminium foil.  
4. Wipe away excess solution with a clean, lint free cloth or tissue, for example the 
type of tissue used for cleaning lenses. 
5. Do not touch the area where the sample will be applied. 
D. Smear preparation 
Use cleaned slides 
Apply 1 drop of sample from a disposable transfer pipette to slide and make a smear 
of approximately 2 cm2 area. 
Leave slides to dry slides. If using a slide warmer, do not use a temperature more 
than 40C. 
Do no expose to ultraviolet light. 
E. Staining protocol  
When the slide is dry, pass over flame 3 times to fix the sample to the slide. 
Shake FDA working solution before use – this is necessary as the FDA stock solution is 
a suspension and separates within minutes.  
Apply 13-15 drops of FDA from a disposable transfer pipette onto samples to cover 
the smear. 
Incubate slides for 30 minutes at 37C. 
Remove slides from incubator and remove excess liquid by tapping the slide. 
Rinse GENTLY with distilled water. 
Apply 0.5% acid-alcohol for 3 minutes. 
Rinse GENTLY with distilled water. 
Apply 5% phenol to slide for 10 minutes. 
Rinse GENTLY and WELL with distilled water. Very important. 
Apply 0.5% potassium permanganate for 30 seconds. 
Rinse gently with distilled water. 
Dry in dark place  
F. Reading protocol with Zeiss Primo Star iLED microscope (Heidenheim, 
Germany) 
Read slides within 0.5 to 5 hours of staining 
Use the microscope’s fluorescence light  
Start with the 40x objective to locate the field of focus 
Do not move the platform, add a drop of oil, and change the objective to 100x. MAKE 
SURE NOT TO GET OIL ON THE 40X OBJECTIVE. 
Now only use the fine focus to focus the slide and start counting the number of bacilli 
visible with the 100X objective with oil. 
When the slides are not being read, protect them from light. 
Start each batch by reading the positive control slide. 
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RESEARCH CHAPTER 6 

Evaluation – Pre-treatment TB viability microscopy assessing 
infectiousness 

 
Background 
 
There is evidence that improved diagnosis and prompt, successful treatment of 

patients with TB will not be sufficient to control the global TB epidemic and achieve 

the WHO End TB Strategy objective to reduce TB incidence by 90% by 2035.161,162 

Consequently, there is renewed interest in improving contact tracing and the 

provision of preventive TB therapy.163,164 With an estimated quarter of the world 

population having latent TB infection, widespread treatment of latent tuberculosis 

infection may be an unfeasible task for most NTP. Therefore, guidelines have been 

proposed for low and middle income countries to focus contact investigations on 

people recently exposed to smear positive pulmonary TB.165 However, even this 

approach may not currently be achievable in resource-constrained settings, 

especially where most treated patients are sputum microscopy positive.   

 

Research Chapter 2 described a small study of 35 patients and their 209 contacts 

who were followed up for 6 years. This demonstrated that contacts of index patients 

who had less than the median concentrations of FDA-stained bacilli in their pre-

treatment pooled sputum were more likely to develop secondary TB than those 

with higher than median concentrations of FDA-stained bacilli in sputum. This study 

also suggested that there was a particular M. tuberculosis population that grew in 

culture but did not stain with FDA that was the most infectious. These findings 

warranted a larger confirmatory study. Prior to starting this larger study, research 

described in Research Chapters 4 and 5 aimed to make FDA microscopy more 

feasible under operational conditions by optimising sputum collection and FDA 

microscopy staining.  

 

The main objectives for this study were to confirm if: FDA microscopy can identify 

the most infectious index cases; and microbiological tools can identify an infectious 

subpopulation of M. tuberculosis.  
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Methods 
 
Ethics. The study was approved by ethics committees including Asociacion 

Benefica PRISMA, Peru, Imperial College London Research Ethics Committee, UK 

and the local Peruvian Ministry of Health DIRESA Callao, Peru. The clinical 

significance of FDA microscopy results was uncertain, so these results were not 

shared with healthcare providers and therefore did not have any role in the care 

provided. 

Patients. The study setting was 32 participating health clinics in the shantytowns 

and urban settlements in Callao, Peru. Recruitment took place from November 10, 

2015 to December 14, 2017 and all consecutive patients were assessed for 

eligibility to participate. Inclusion criteria were commencing treatment for 

pulmonary TB and having received ≤1 day of treatment. Exclusion criteria were 

unwillingness or inability to give informed written consent to participate.  

Procedures. For eligible participants who gave informed written consent, all 

sputum was collected as spot sputum samples using the instructions shown in 

Figure 6.1. Most patients provided sputum prior to or on the day of starting 

treatment. In the rare event of treatment not starting within 2 weeks of sample 

collection, a repeat sample was collected 14 days after the first sample. At the time 

of recruitment, patient demographics, symptom duration, co-morbidities, and TB 

treatment history were recorded. 

Phases of the study. In the first phase of the study, all sputum samples were 

included in the study. However, FDA microscopy results were the focus of this 

research project and as is reported in detail below, it was noted that FDA 

microscopy results were rarely positive for samples that had negative results in 

conventional sputum microscopy using ZN staining. Consequently, to increase 

efficiency in research laboratory workload, in the second phase of the study from 

July 13, 2016 only sputum samples that had a positive result for ZN sputum 

microscopy were included in the study.  

Contacts were defined as individuals who reported sharing the same household 

space with the patient for ≥6 hours/week for 2 weeks prior to the patient’s initial 

treatment start date (or if treatment initiation was delayed, prior to the date of 

diagnosis). Contacts’ name, national identification number, age and sex were 

recorded at recruitment. Almost all contacts had sputum testing for TB as a part of 

initial screening at the time of patient recruitment. All contacts who later reported 

developing symptoms suggestive of TB also then underwent microbiological testing 
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for TB disease. This in all cases included ZN sputum microscopy and in selected 

cases (those with a high level of clinical suspicion of TB disease, all with positive 

microscopy results and all those commencing treatment) also culture for M. 

tuberculosis. Secondary TB was defined as a case of TB in a contact whose 

symptoms started after the index patient’s cough commenced (or in the absence 

of cough, the other first symptom attributed to TB). In order to identify these cases 

of secondary TB, data was collected from the local TB program and local research 

database identifying all newly diagnosed patients in the participating health posts 

from 1st January 2013 until 10th June 2020.  

Sample processing. Fresh sputum was collected at room temperature, 

transported at 4°C and processed within 24 hours of arrival at the local research 

laboratory, which was usually less than 72 hours after expectoration. For the few 

samples that were less than 5 ml in volume, PBS (pH 6.8) was added to make the 

sample a final volume of 5 ml to ensure that there was sufficient sample for all 

tests.  

Slides were prepared by smearing 1 drop from a disposable transfer pipette 

(approximately 40 µl volume) of unprocessed sputum over an area of 2 cm2 on 

glass microscope slides that had been previously cleaned with 95% alcohol. Smears 

were dried on a slide warmer at 40C for 1 hour, and then heat fixed by passing 

through a flame 3 times. 

Conventional acid-fast staining. Smears were stained with a standard ZN 

protocol.36 In summary, smears were flooded with carbol fuchsin and heated until 

steam was produced. This slide heating step was repeated another 2 times; the 

slide was rinsed with distilled water, decolourised by acid-alcohol for 3 minutes; 

rinsed with distilled water, flooded with methylene blue for 1 minute and then 

rinsed with distilled water. 

FDA staining. Smears were stained using the SOP for FDA microscopy stated in 

Box 5.2. In summary, smears were covered with 20 µg/ml FDA working solution 

and left to incubate at 37C for 30 minutes, excess fluid was then removed, and 

slides were rinsed with distilled water. Then 0.5% acid-alcohol solution was applied 

and left for 3 minutes, slides were rinsed well with distilled water before 0.5% 

potassium permanganate was applied for 30 seconds and rinsed with distilled 

water. 
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Microscopy. All slides were stored in a cool place protected from light. Slides were 

read within 6 hours of staining using a Zeiss Primo Star iLED microscope.166 Normal 

light was used for microscopy reading the slides stained with ZN. As explained 

above, for all samples until July 13, 2016 and after that date only for samples with 

a positive ZN microscopy result, the slide stained for FDA microscopy was read 

using florescent light with the 455 nm LED. All slides were read using the 100x 

objective with oil immersion without using microscopy cover slips. The number of 

stained bacteria visible in 100 consecutive microscopy fields were counted. A 

positive result was defined as 1 or more bacilli visible, as per current WHO 

recommendations.140 

Quantitative culture was done using the Colour Test method, which is a thin-

layer agar culture technique.167,168 One ml of unprocessed sputum was added to 2 

ml of trisodium phosphate decontaminant for 15 min. Two drops (with a disposable 

transfer pipette, approximately 80 µl) of the sputum-trisodium phosphate mixture 

were then applied to a petri dish quadrant prepared with 4 ml selective agar media 

(Middlebrook 7H11 solid culture with added carbendazim, Selectatab [Mast 

diagnostics] and a redox colorimetric indicator, 2,3-diphenyl-5-thienyl-(2)-

tetrazolium chloride [STC]92). Sealed culture plates were incubated at 37C in un-

supplemented air, examined 3-times a week first by naked eye, then if this revealed 

any colour change (which is suggestive of microbial growth) also with 40× 

magnification. The dates of decontamination and of first evidence of microbial 

growth were noted to calculate the TTP. The number of CFU with the characteristic 

cording morphology of M. tuberculosis was counted 42 days after decontamination 

and inoculation. If any colony with cording morphology was present then 

confirmation of the presence of M. tuberculosis was carried out with the Capilia 

assay (Tauns, Tokyo, Japan). Positive cultures were sub-cultured and analysed with 

TEMA, which is a WHO-approved test for identifying rifampicin and isoniazid 

resistance.59 

PCR. Cepheid (Sunnyvale, California, USA) GeneXpert PCR testing was carried out 

concurrently with processing for microscopy and culture according to the 

manufacturer’s instructions. If a patient had had a valid GeneXpert result within 2 

weeks and had still not started treatment during the repeated sample collection, 

then the PCR was not repeated. GeneXpert cycle times (CT) for individual probes 

were extracted with user written software created by SAVICS International 

(Brussels, Belgium). 
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Sample dilutions. The volume of each sample of sputum that was tested for the 

presence of M. tuberculosis was calculated to be approximately 0.4 µl for ZN 

microscopy, 0.4 µl for FDA microscopy, 27 µl for culture and 667 µl for PCR 

(although the proportion of this volume actually tested by this commercial 

equipment is not reported by the manufacturer). Assuming that one M. tuberculosis 

bacteria would be detectable if it were present in each test, then the lowest 

expected concentration threshold of detection of M. tuberculosis in sputum samples 

would therefore be 2500 bacilli/ml for ZN microscopy, 2500 bacilli/ml for FDA 

microscopy, 38 CFU/ml for culture and reportedly 100 CFU/ml for PCR.169,170 Thus, 

PCR and culture may be expected to detect lower concentrations of M. tuberculosis 

than ZN and FDA microscopy. 

 

Mycobacterial load. Counts of bacteria visualised per 100 microscopy fields and 

CFU in culture were adjusted if the sample had been diluted with PBS. These data 

were then used to calculate bacilli and CFU concentrations per ml of sputum and 

transformed to base-10 log values prior to analysis. Zero values were transformed 

to 0.32, so that the log values equalled -0.5. CT results from negative PCR were 

transformed to 39 because GeneXpert runs a maximum of 38 cycles.171 CFU are 

difficult to count when there is high mycobacterial load because of coalescing 

colonies. As described in Research Chapter 2, CFU has a good correlation with TTP, 

and therefore a composite CFU variable was made for analysis, where CFU counts 

above 200 were replaced with estimated CFU derived from TTP.  This value was 

derived from a laboratory experiment carried out prior to analysis with 60 cultures 

of sputum from treatment-naive unselected, consecutively recruited study 

participants. Serial dilutions (1:1, 1:10, 1:100 and 1:1000) of each sample were 

cultured as described above. Figure 6.2 shows the association between TTP and log 

CFU. Consequently, CFU counts over 200 were replaced with the following equation 

log (CFU)=9.33-0.39*TTP, only if this value was higher that the recorded count. 

Mycobacterial load from PCR was calculated as the lowest CT recorded in probes A-

E, which are targets for M. tuberculosis. For samples where individual probe CT 

data were not available, the semi quantitative result was extracted from Cepheid 

software to impute the mean CT value for the corresponding group (“negative” = 

39, “very low” = 29.6, “low” = 24.3, “medium” = 18.5 and “high” = 14.2).    

Power. Using data from Research Chapter 2, in order to evaluate a minimum 3% 

difference of secondary TB rates between those with higher than median versus 

lower than median FDA microscopy results with a power of 80% (alpha = 0.05), 
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4000 contacts were required. The median number of contacts per index patient in 

the study setting is 4, so this sample size required recruitment of 1000 patients.  

Figure 6.2 Time to positivity versus colony-forming units in thin layer agar 
Scatterplot of the relationship between time to positivity (TTP) in days versus the 
number of colony-forming units (CFU) transformed to the logarithmic base 10 
number in culture (log10 CFU = 9.33 - 0.39*TTP, R2=0.42, p<0.0001). 

 

 

 

 

 

 

 

General statistical analysis. Data were analysed with Stata version 13 

(StataCorp, College Station, TX). Tests were 2-tailed, and proportions were 

calculated with their 95% CI. Paired analysis was used to compare results from the 

same sample by paired Student’s t-test if data were normally distributed, and the 

Wilcoxon signed rank test for non-parametric data. Exploratory factor analysis with 

oblique rotation was used to assess variance and covariance between each 

microbiological test and identify mycobacterial populations as latent variables.  

Time-to-event analysis. Secondary TB was analysed with a Cox proportional 

hazards model using a Huber White sandwich estimator to provide robust standard 

variance adjusting for household clustering. To compare the strength of association 

of each test in predicting secondary TB, log transformed bacilli/ml in ZN and FDA 

microscopy, log transformed CFU/ml in quantitative culture and 1 minus CT data 

in PCR were converted to Z scores and the hazard ratios (HR) and Harrell’s 

concordance (C)-statistic were evaluated.172 Previous data in this source population 

demonstrated that approximately 30% of secondary TB in household contacts were 

caused by transmission from sources outside of the house.75,173 In the absence of 

strain typing to confirm patient-contact pairs, we used permutations in 10,0000 

simulations to evaluate the variation in HR estimates when a random third of 

secondary TB cases are excluded from analysis.  
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Results 
 
Participants. As shown in the study flow chart (Figure 6.3), during the study 

period 1030 pre-treatment samples were collected prior to initiation of a course of 

TB treatment from a total of 978 patients. The median age of patients was 29 years 

(IQR=21, 45) and 63% (612/978) were male. At recruitment, HIV co-infection was 

self-reported in 3.6% (35/974) of patients, and 7.2% (70/974) stated having type 

2 diabetes mellitus. Extrapulmonary TB with no clinical or microbiological evidence 

of pulmonary involvement was diagnosed in 3.3% (34/1030) of these participants. 

 

Samples. At the time of sample collection, 24% (245/1028) of patients reported 

that they had previously received treatment for TB at any time in their lives, with 

1.8% (19/1030) of patients receiving some form of TB treatment in the 2 months 

prior to the current sample collection. During the first phase of the study, 46% 

(236/510) samples had negative ZN microscopy, of which 5.1% (12/236) were 

positive in FDA microscopy. In contrast as shown in Figure 6.3, FDA microscopy 

was positive in 78% (615/794) of samples with positive ZN microscopy and 61% 

(627/1030) of all samples. There were 2.6% (27/1030) quantitative cultures that 

were positive for M. tuberculosis but had significant contamination, and their CFU 

data were excluded from analysis. CT data from PCR was not available for 1.1% 

(11/1030) of samples due to failed analysis (‘error’ result) or the test not being 

performed because a recent result was available for the patient.  

 

Mycobacterial load. The distribution of bacilli and CFU per ml of sputum and CT 

data are shown in Figure 6.4. Although culture detected lower concentrations of M. 

tuberculosis than ZN and FDA microscopy, in the 77% (794/1030) sputum samples 

that were ZN microscopy positive, ZN results were 0.49 log (SD=1.4) bacilli/ml 

higher than the paired CFU/ml in culture (p<0.001), and 0.61 log (SD=0.79) 

bacilli/ml higher than the paired FDA microscopy result (p<0.001); whilst FDA 

microscopy results were 0.12 log (SD 1.6) bacilli/ml lower than the paired CFU/ml 

in culture (p=0.01). Considering the 55% (567/1030) sputum samples that had 

positive quantitative results in ZN microscopy, FDA microscopy and culture, mean 

ZN results were 0.32 log (SD=0.98) bacilli/ml higher than the paired CFU/ml in 

culture (p<0.001), and 0.37 log (SD=0.63) bacilli/ml higher than the paired FDA 

microscopy result (p<0.001); whilst mean FDA microscopy results were 0.052 log 

(SD 1.0) bacilli/ml lower than the paired CFU/ml in culture (p=0.06) 

 

Clinical associations (Table 6.1). Children aged between 0-15 years had lower 

mycobacterial load than participants aged >15 years (p<0.001). Participants with 
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indicators of more severe TB disease i.e., symptomatic disease for more than 6 

weeks; constitutional symptoms (fever and/or night sweats); or a frequent cough 

(more than once per hour) had higher mycobacterial load in sputum (ZN and FDA 

microscopy, culture and PCR all p<0.001). Adults with a lower BMI tended to have 

higher mycobacterial load, which was significant for PCR. HIV coinfection, diabetes 

or drug resistance were not associated with any significant difference in 

mycobacterial load.  

 

Agreement. The results of ZN microscopy bacilli/ml, FDA microscopy bacilli/ml, 

culture CFU/ml and PCR CT were all significantly correlated with one another (all 

p<0.0001, Figure 6.5). The strongest correlations were between ZN versus FDA 

(rho=0.84) and ZN versus CT (rho=-0.86). As shown in Figure 6.4, several samples 

had negative or low counts in one test but very high counts in another.  

 

Factor analysis results are shown in Table 6.2. Factor 1 accounted for 79% of the 

total variability and was described best by microscopy results in both ZN and FDA. 

Factor 2 accounted for 12% of total variation in results and was influenced most 

by CFU results in quantitative culture. Both factors accounted for 92-93% of 

variation in microscopy and culture results, and 86% of the variation in CT results 

from PCR.
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Figure 6.5. Comparison of results from each test  
Dot plots of the distribution of: ZN-stained bacilli/ml by mycobacterial load in (A) 
quantitative culture, (B) FDA microscopy and (C) PCR; FDA-stained bacilli/ml by 
mycobacterial load in (D) quantitative culture, (E) ZN microscopy and (F) PCR; 
colony-forming units (CFU)/ml in quantitative culture by mycobacterial load in (G) 
FDA microscopy, (H) ZN microscopy and (I) PCR; and cycle times (CT) in PCR by 
mycobacterial load in (G) FDA microscopy, (H) ZN microscopy and (I) quantitative 
culture. Note boxes indicates the median and interquartile range. For the range of 
bacilli/ml, CFU/ml and CT in grades of mycobacterial load in microscopy, culture 
and PCR respectively, please see Figure 6.4 
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Table 6.2 Factor analysis to identify potential subpopulations  
Factor loadings are shown after oblique rotation for results in Ziehl-Neelsen (ZN) 
and fluorescein diacetate (FDA) microscopy, colony forming units (CFU) in 
quantitative culture and cycle times (CT) in PCR.  

   Rotated factor loadings 
 Eigenvalue Proportion ZN FDA CFU CT 
Factor 1 3.2 79% 0.78 1.0 -0.06 -0.35 
Factor 2 0.49 12% 0.25 -0.08 1.0 -0.67 
Uniqueness - - 0.08 0.07 0.07 0.14 

 

Contacts. At the time of patient recruitment, 4311 contacts details were recorded. 

Contacts each reported spending at least 6 hours per week in the households of 

918 index patients in the 2 weeks prior to the TB diagnosis of these index cases. 

The median age of contacts was 25 years (IQR=11, 45 years) and 51% were female 

(2187/4246). Contacts were followed-up for a median 3.5 (IQR=2.9-4.0) years. 

 

Secondary TB. During follow-up, 3.7% (161/4311, 95% CI=3.2%, 4.3%) of 

contacts started treatment for TB disease. These cases of secondary TB occurred 

in 14% (132/918, 95% CI=12, 17%) of the index case households. Of these cases 

of secondary TB, 65% (105/161) had microbiological confirmation of TB with either 

ZN microscopy, culture or PCR and 46% (74/161) had a positive culture in our 

research sample. Our research sputum culture was also positive for 42% (67/161) 

of the index patients sharing the same household as these secondary cases.  

 

Predictors of secondary TB in contacts. Table 6.3 and Figure 6.6 show that 

higher mycobacterial load in any sputum test significantly predicted a higher risk 

of contacts subsequently developing secondary TB, considering all secondary TB 

(all p<0.001) or only microbiologically confirmed secondary TB cases (all p<0.001). 

In univariable analysis the only index patient characteristics described in Table 6.1 

that were associated with secondary TB were: reporting a frequent cough (HR=1.7, 

95% CI=1.1, 2.7, p=0.003); the presence of constitutional symptoms (HR=2.0, 

95% CI=1.2, 3.3, p=0.01) and rifampicin resistance (HR=0.55, 95% CI=0.30, 

0.98, p=0.04). The most parsimonious multivariable regression model with the 

highest C-statistic for predicting secondary TB included a marker of mycobacterial 

load with self-reported cough frequency (Table 6.3). Mycobacterial load assessed 

by either ZN microscopy and PCR had higher C-statistics compared to FDA 

microscopy or quantitative culture, as both ZN and PCR results were able to 

discriminate 62% of secondary TB cases from contacts who did not develop 

secondary TB. ZN microscopy, FDA microscopy, culture and PCR positivity were 

also associated with 2-3 times increased hazard of secondary TB (all p<0.01), but 

all with poor discriminatory ability as C-statistics ranged between 56-59%. 
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Table 6.3 Cox proportional hazards model 
Unadjusted hazard ratio (HR) for all secondary cases of TB, microbiologically 
confirmed secondary cases of TB, and HR adjusted for cough frequency for each Z 
score increase in Ziehl-Neelsen microscopy (ZN), fluorescein diacetate microscopy 
(FDA), colony-forming unit (CFU) in quantitative culture and cycle times (CT) in 
PCR. All results shown had p≤0.001  
 Unadjusted analysis 

All TB 
(n=161 events) 

Unadjusted analysis 
Confirmed TB 

(n=105 events) 

Adjusted analysis 
All TB 

(n=161 events) 
 HR 

(95% CI) 
C-

statistic 
HR 

(95% CI) 
C-

statistic 
HR 

(95% CI) 
C-

statistic 

ZN 1.5  
(1.3, 1.8) 62% 1.9  

(1.5, 2.4) 68% 1.5  
(1.2, 1.8) 64% 

FDA 1.4  
(1.2, 1.7) 61% 1.7  

(1.4, 2.1) 66% 1.4 
(1.2, 1.7) 62% 

CFU 1.4  
(1.2, 1.7) 58% 1.6  

(1.3, 2.0) 63% 1.3 
(1.1, 1.6) 61% 

CT 1.6  
(1.3, 2.0) 62% 2.2  

(1.5, 3.2) 68% 1.6 
(1.2, 2.0) 63% 

Footnote. Cough frequency (coughing hourly or more versus less than hourly) 
adjusted hazard ratio=1.6 (95% CI 1.1, 2.2) and p<0.02 in all analyses.  
 

Sub-group analysis. Repeating the key analyses from the foundation study, a 

pre-defined sub-group analysis was performed to test the hypothesis that in index 

patients with higher than median CFU/ml in sputum quantitative culture and lower-

then-median FDA microscopy results predicted a higher risk of household contacts 

developing secondary TB. The 50% (478/957) of index patients with ≥75000 

CFU/ml of sputum had study follow-up data for 2178 household contacts, 4.4% 

(96/2178) of whom were treated for secondary TB disease during follow-up. The 

HR of secondary TB in contacts of the 50% (486/978) selected index patients with 

lower than median FDA microscopy results was 0.43 (95% CI 0.22, 0.84, p=0.01), 

significantly less than those with higher than median FDA microscopy result (2.2%, 

11/490 versus 5.1%, 85/1682 respectively, Figure 6.7). 

 

Simulation. Permutations accounting for 30% (48/161) of secondary TB cases in 

contacts that may have been infected from an outside source did not alter the 

positive association between increasing mycobacterial load and secondary TB on 

all the four microbiological tests. (Figure 6.8). The median HR estimates were 

similar to the unadjusted HRs shown in Table 6.3, and the C-statistic ranged 

between 57-66%. 

 

Test performance. Table 6.4 demonstrates the sensitivity, specificity, positive 

predictive value (PPV) and negative predictive value (NPV) of each sputum test at 
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varying thresholds in predicting secondary TB in contacts. As shown, all had poor 

predictive power, including PPV which ranged between 4.1%-6.8%. 
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Figure 6.7 Time-to-event analysis of the interaction between FDA 
microscopy and culture results  
Kaplan-Meier time to event curves for patients’ household contacts being diagnosed 
with TB disease analysed according to whether the study patients’ pre-treatment 
sputum fluorescein diacetate (FDA) microscopy result was above (high) or below 
(low) the median concentration. In Graph A, this is shown for patients with 
quantitative culture colony forming units (CFU) results below the median 
concentration. In Graph B, this is shown for patients with quantitative culture CFU 
results above the median concentration.  

 
 
Figure 6.8 Permutations simulation results 
Distribution of unadjusted hazard ratio (HR) to predict secondary TB in the 
permutations simulation of Z scores calculated from the results in:  

(A) Ziehl-Neelsen microscopy (ZN); 
(B) fluorescein diacetate microscopy (FDA);  
(C) colony-forming units (CFU) in quantitative culture; and  
(D) cycle times in PCR.  
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Tab
le 6

.4
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Discussion 
 
This well powered study of 4311 contacts followed up for a median 3.5 years 

demonstrated that the mycobacterial load in pre-treatment sputum was associated 

with increased risk of secondary TB in household contacts. Mycobacterial load was 

assessed by bacilli counts in ZN and FDA microscopy, colony counts in solid culture 

and by CT in PCR, all of which were associated with symptom severity. These four 

microbiological tests had good agreement with each other, and factor analysis 

suggested they were identifying the same mycobacterial population in pre-

treatment samples, with none detecting a more infectious sub-phenotype.  

 

Evidence increasingly suggests that latent TB infection and active TB disease are 

on a spectrum with the latter generally having higher mycobacterial burden, 

detectable lung pathology and symptoms.174,175 In this study we found that 

mycobacterial load in pre-treatment sputum was also associated with increased 

symptom severity such as: increased cough frequency, longer symptom duration, 

and the presence of constitutional symptoms. This is supported by previous findings 

discussed in Research Chapter 2, and other published studies.176–178 Although the 

mechanisms by which TB disease cause symptoms such as cough in humans are 

incompletely characterised, contributing factors probably include the presence of 

mycobacteria, the chemicals they produce and the host immune response.179,180 

Therefore the association we demonstrated between symptom severity and 

mycobacterial load was expected.  

 

FDA, ZN and culture identify different components of M. tuberculosis bacteria: FDA 

metabolic activity; conventional acid-fast microscopy the mycolic acid in the cell 

wall; and culture the ability to replicate.11,181 Therefore, quantitative results of 

these different tests in pre-treatment sputa are likely to be correlated. The results 

of factor analysis suggested that in pre-treatment sputum, ZN microscopy, FDA 

microscopy, culture and PCR were predominantly identifying the same 

mycobacterial populations, which was best described by ZN and FDA microscopy 

counts. The second factor in this analysis accounted for 12% of the variability in 

results and was determined by quantitative culture and PCR results; most likely 

this second latent variable was identifying samples with lower concentrations of 

mycobacteria in sputum (that generally had false-negative microscopy results) 

rather than identifying a particular mycobacterial population.  

 

The results of this study demonstrated that conventional microscopy with ZN 

detected higher concentrations of acid-fast bacilli than the colonies that were 
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cultured from the same samples, whereas culture had a more sensitive threshold 

of detection. To summarise these paradoxical findings, culture and PCR had more 

sensitive thresholds of detection probably because they evaluated 68 to 1668-times 

more sputum in each assay than microscopy. However, ZN microscopy consistently 

visualised higher concentrations of bacilli/ml of sputum than the CFU/ml that were 

cultured from the same sample, probably because many of the mycobacteria 

visualised within sputum were not culturable. FDA microscopy visualised similar 

concentrations of bacilli/ml of sputum to the CFU/ml that were cultured from the 

same sample, potentially because FDA microscopy visualised metabolically active, 

viable mycobacteria that are likely to be culturable. It should also be noted that 

mycobacteria are known to clump together due to their hydrophobic nature and 

therefore are not equally distributed within a sample, which can contribute to 

quantification discrepancies.182 

 

The association between lower FDA microscopy bacilli counts and increased 

infectiousness as described in Research Chapter 2 was not supported by the current 

much larger study, which instead demonstrated the opposite. The foundation study 

findings in Chapter 2 led to the hypothesis that FDA microscopy was unable to stain 

a particular mycobacterial phenotype that was conditioned for more effective 

transmission. This difference in our findings may be explained by: changes in the 

current FDA staining protocol; or using instructed spot sputum collection rather 

than 12-hour pooled sample collections which may have added increased variation 

to mycobacterial load in each sample; or improvement in TB care and changes in 

patient and contact characteristics between the cohort in 2006 versus 2015-

17.40,151 However, it is most likely due to the 5% random chance of a type 1 error 

in the study reported in Research Chapter 2. A recent study using cough aerosols, 

demonstrated that there was no association between the number of “persister-like” 

dormant cells identified by red Nile staining in sputum microscopy and the number 

of CFU in cough aerosols collected from patients before they started treatment.183  

 

Higher concentrations of mycobacteria in sputa identified by ZN or FDA microscopy, 

culture or PCR were associated with increased risk of secondary TB. The WHO 

recommend that in low- and middle-income countries where contact investigations 

of all TB-affected households are not considered feasible, contact investigations are 

prioritised for households of conventional sputum microscopy positive patients.184 

This may be explained by smear positivity identifying sputum that is directly more 

infectious because it contains higher concentration of  M. tuberculosis  and also 

indirectly because it is associated with higher cough frequency and aerosol 
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generation.183  Quantitative assessment of mycobacterial load was more strongly 

predictive of secondary TB than a simple positive or negative test result. Yet, even 

quantitative microbiological markers, as shown in this study, only predicted the risk 

of secondary TB with moderate accuracy (with/or without the inclusion of cough 

frequency), so that using index characteristics such as mycobacterial load in a 

single sputum sample to identify households that need investigations would miss 

many contacts who would go on to develop secondary TB. This result is in keeping 

with increasing evidence highlighting the multifactorial nature of TB transmission 

which is not only dependent on mycobacterial load of an infectious index case, but 

the proximity, length of exposure and susceptibility of the contact.185 Therefore, 

the use of multivariable risk scores, proximity scores or more reliable biomarkers 

in the contact require further attention than the current practice of providing care 

according to index case characteristics.186–188   

 

In high TB prevalence settings, exposure to infectious TB can occur from multiple 

people, in addition to the household “index case”.75,76 TB strain typing, previously 

with restriction fragment length polymorphism (RFLP) and increasingly using whole 

genome sequencing, is performed to assess the likelihood that the M. tuberculosis 

in index-contact pairs are clonal strains. If these tests demonstrate that both 

strains in the pair are genomically similar and the household contact developed 

disease after the index case it is assumed that the contact was infected by the 

index case, but it could also mean that they were both infected by another 

person.189 Furthermore, strains may become more genetically diverse with 

continuing disease in the same person.190 Strain typing is normally carried out from 

a culture to prevent test failures and obtain clear results, thus generally requiring 

that both of the pairs are culture positive. Consequently, these techniques can 

usually only include index case-contact pairs that both have positive M. tuberculosis 

cultures. Culture-negative patients often include children and people with HIV 

coinfection or extrapulmonary disease, who are less likely to have microbiological 

confirmation of TB disease due to the paucibacillary nature of their illness and/or 

challenging sample collection.101,191 A simulation approach as was used in this study 

offers a more inclusive strategy to adjust the estimated impact of 

epidemiological/microbiological markers on TB transmission, and can be 

complementary to analysis by strain typing. 

 

The main limitation of this study was that most of the secondary TB was only 

identified if contacts had received a diagnosis of TB in the participating health posts 

or in our research laboratory. Therefore, the number of cases with secondary TB 
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may have been underestimated as those who were diagnosed in other regions or 

health systems and those who did access care were not accounted for. However 

we feel that this is a minor concern because: (1) in this setting few people moved 

out of the area; (2) this population infrequently used alternative health care 

systems for TB care (3) regular active case finding over 10-years detected a 

minority of all cases of secondary TB in household contacts of a sputum microscopy 

positive patient, most of whom were identified early in disease and may have 

presented to the health posts later in time.192  
 

In conclusion, low concentrations of FDA microscopy-positive M. tuberculosis in 

sputum did not identify a subgroup of patients who were the most infectious. 

Although higher sputum mycobacterial load of index patients as assessed by ZN 

microscopy, FDA microscopy, culture or PCR was significantly associated with 

higher risk of secondary TB in household contacts, these results alone were not 

discriminatory enough to reliably predict which TB-affected households should be 

prioritised for contact investigations.   
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RESEARCH CHAPTER 7 

Evaluation – TB viability microscopy assessing treatment outcome 
 
Background 

Research Chapter 3 described a foundation study involving 35 patients with 

pulmonary TB, which demonstrated that response to treatment could be assessed 

within 9 days using sputum FDA microscopy.20 To make FDA microscopy suitable 

for use in clinical settings, especially resource-constrained settings, refinements 

were made to both the manner in which sputum was collected (Research Chapter 

4) and to the FDA microscopy protocol (Research Chapter 5).22,25  

Rates of drug resistance are believed to be increasing globally and it is now widely 

recommended that a sample from every patient starting TB therapy should undergo 

drug-susceptibility testing.1 TB culture is the gold standard technique for identifying 

drug resistance, but is not currently feasible in many settings and usually takes 

several weeks to provide results. Since the foundation study was carried out there 

have been advances in diagnostics for drug-susceptibility testing, in particular 

widespread implementation of the GeneXpert cartridge-based nucleic acid 

amplification test produced by Cepheid (CA, USA).193 GeneXpert is thought to have 

become the most frequently used test of rifampicin susceptibility and 

implementation has been associated with an increase in testing coverage from 

<20% of patients globally in 2013 to 61% in 2019.194 The reasons for the rapid 

adoption of this tool include: simple processing; greater sensitivity for diagnosing 

TB compared to conventional sputum microscopy; and simultaneous identification 

of rifampicin resistance, which is a surrogate marker for MDR TB. However, the 

costs (of the equipment, consumables and maintenance) and requirements for 

stable electricity and temperature have hampered implementation.195 Furthermore, 

introduction of GeneXpert to clinical settings has not had any discernible 

population-level impact on TB mortality nor morbidity.196,197 

The currently widely available GeneXpert cartridges test for TB and rifampicin 

resistance, but not for isoniazid resistance. Isoniazid monoresistance occurs in an 

estimated 13% of TB cases globally, although the precise proportion is unknown 

because globally only a small proportion of patients with TB are tested for isoniazid 

resistance and drug-resistance survey coverage is incomplete.1 Early bactericidal 

activity (EBA) studies have shown that treatment with only one drug that has rapid 

bactericidal activity was consistently sufficient to achieve a good microbiological 

response in the first few weeks of treatment.198 However, patients treated in this 

way usually later experienced symptomatic and microbiological deterioration due 
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to a M. tuberculosis strain resistant to the monotherapy administered.199–201 

Consistent with this observation, meta-analyses have demonstrated that patients 

treated with first-line treatment for what was later found to be isoniazid mono-

resistant TB disease had higher treatment failure and relapse rates than patients 

with fully drug-susceptible TB, highlighting the need for providing isoniazid 

susceptibility testing for patients with TB.202  

Globally, most people notified as having pulmonary TB have a positive result from 

conventional acid-fast sputum microscopy.1 The majority of these patients’ sputum 

microscopy result convert to negative when tested after one month of treatment. 

The foundation study described in Research Chapter 3 demonstrated that there 

was only a minimal reduction in conventional acid-fast sputum microscopy results 

over the first 9 days of therapy, whereas concurrent FDA microscopy results were 

considerably reduced. However, the samples in the foundation study were: 

collected under optimal conditions with pooled, prolonged sputum collection; that 

were rapidly transported to the research laboratory; and processed using a protocol 

that included sputum concentration by centrifugation. These operational 

characteristics are likely to be unfeasible in the resource-constrained settings 

where most TB occurs globally.  

The current study aimed to assess FDA microscopy under operational conditions 

that were expected to increase variability in the quality of the sputum samples and 

potentially the metabolic state of M. tuberculosis within those samples, both of 

which may be expected to affect FDA staining results. Therefore, in the present 

study we decided empirically to collect the treatment sample after 14 rather than 

9 days treatment (as was done during the foundation study described in Research 

Chapter 3) in order to provide more time for treatment to potentially have a 

consistent affect upon FDA microscopy results. Furthermore, the exact counts of 

mycobacteria visualised by microscopy and the quantitative calculations described 

in Research Chapter 3 would be difficult to reproduce for a routine test in busy 

clinical laboratories. Therefore, in the current study we aimed to evaluate a simple 

binary result to assess response in FDA microscopy.  

Research Chapter 3 demonstrated that FDA microscopy identified individuals who 

were not responding to inappropriate first-line therapy for drug-resistant TB 

(because their drug-resistance had not yet been diagnosed). The purpose of the 

current study was not only to validate the findings from the foundation study, but 

also to extend them. Drug resistance and incomplete adherence to treatment are 

frequent reasons for poor response to treatment. However, there are also other 
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causes for poor treatment response that are not readily identified, such as drug 

malabsorption, so assessing drug resistance and monitoring treatment adherence 

are inadequate for predicting treatment response.203 Therefore, the primary 

objective of the current study was to evaluate the role of FDA microscopy 

performed in the first 2 weeks of TB treatment for predicting whether or not 

treatment achieved long-term TB cure.   
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Methods  

Ethics. All participants were recruited within the PREVENT TB study 

(http://www.isrctn.com/ISRCTN17820976) and chose to provide informed written 

consent. The study was approved by international ethics committees including: the 

Asociacion Benefica PRISMA, Peru; Imperial College London Research Ethics 

Committee, UK; and the Peruvian Ministry of Health DIRESA Callao. The clinical 

significance of FDA microscopy results was uncertain, so these results were not 

shared with healthcare providers and therefore did not have a role in the care 

provided. All clinically relevant results of nationally approved drug susceptibility 

tests from research samples, such as GeneXpert results were provided to the 

participants and their healthcare provider. TB care was provided free of charge, 

and participation in the study did not delay treatment or clinical decision making.  

Participants. All patients diagnosed with TB in the 32 participating health clinics 

in the shantytowns and urban settlements in Callao, Peru between 13 July 2016 

and 14 December 2017 were invited to participate in the PREVENT TB cohort 

study.204 Patients who were known to have a positive conventional acid-fast sputum 

microscopy result and had not yet started treatment were then invited to 

participate in the current study.  

Sample collection and interview. For each participant, a pre-treatment sputum 

sample was collected for this research in the days prior to, or on the day of 

treatment initiation that was referred to as the “Day 0” sample. Another research 

sample was then collected 14 days (+/- 5 days) after starting treatment, referred 

to as the “Day 14” sample. Sputa were collected using the “instructed spot” 

collection method, as shown in Figure 6.1. Sample processing, reading, and 

quantification for ZN, FDA, culture and PCR were as described in Research Chapter 

6. PCR was not performed on Day 14 samples. At the time that each research 

sample was collected, participants were interviewed to record demographic data 

and symptoms. Figure 7.1 demonstrates the sample pathway and diagnostics 

provided in the study setting in the context of the research samples collected on 

Day 0 and Day 14.  

Drug-susceptibility testing. All positive cultures from research samples 

underwent drug-susceptibility testing for isoniazid, rifampicin, ethambutol and 

ciprofloxacin with TEMA.59 Additionally, as described in Research Chapter 6 and 

shown in Figure 7.1, Day 0 sputum samples were also tested for M. tuberculosis 

detection and rifampicin resistance using the GeneXpert cartridge-based PCR 

method.205 The Peruvian NTP also usually routinely tested their diagnostic pre-
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treatment sample with the MODS technique and if positive, M. tuberculosis strains 

underwent indirect drug-susceptibility testing with the GenoType MTBDRplus (Hain 

Lifescience GmbH, Germany) and the proportions method (Figure 7.1).151 

 

Figure 7.1 Sample pathway 
Samples collected are shown in black whereas the subsequent tests carried out on 
each sample are shown in white, with the turnaround time in parenthesise. Note. 
NTP=national TB programme, +=positive, MODS=microscopic observational drug 
susceptibility test, LJ=Lowenstein-Jenson, APP=proportions method, ZN=Ziehl-
Neelsen and DST=drug susceptibility test.  

 

TB treatment. The date of treatment initiation and the treatment scheme provided 

were noted when each research sample was collected, and this information was 

confirmed by referring to the NTP treatment card. Patients commenced empiric 

first-line TB treatment with isoniazid, rifampicin, ethambutol and pyrazinamide, 

unless they had proven or a high suspicion of drug resistance. The NTP provided 

treatment 6 days per week throughout the intensive phase of first-line treatment 

that lasted at least 8 weeks (unless serious adverse reactions occurred, patients 

interrupted their treatment for other usually psycho-socio-economic reasons or if 

drug-resistance was detected). Generally, only isoniazid and rifampicin drug-

susceptibility results become available within the first 8 weeks of commencing 

therapy. Isoniazid mono-resistant TB (i.e. resistant to isoniazid but susceptible to 

rifampicin) was routinely treated by substituting levofloxacin for isoniazid. 
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treated with a fluoroquinolone, an aminoglycoside and 3 other drugs guided by 

drug susceptibility testing results.151 All treatment was provided under daily (6-

days per week) direct observation in local health centres.  

Treatment groups. Rifampicin, isoniazid and fluoroquinolones have been shown 

to rapidly kill M. tuberculosis and are referred to here as “key drugs”.206,207 The 

adequacy of treatment was characterised as the number of these key drug that the 

patient received and their M. tuberculosis was susceptible to (Table 7.1). 

Table 7.1 Definition of treatment groups. Note. N=number, H=isoniazid, 
R=rifampicin, Z-pyrazinamide, E=ethambutol, and FLQ=fluoroquinolone  
Treatment scheme 
received 

Mycobacterium tuberculosis 
susceptibility 

N of key 
drugs 

2 1 0 
First-line  
H/R/Z/E 

Susceptible to H and R X   
Susceptible to H, resistant to R  X  
Susceptible to R, resistant to H  X  
Resistant to R and H   X 

H-resistant  
FLQ/R/Z/E 

Susceptible to FLQ and R X   
Susceptible to FLQ, resistant to R  X  
Resistant to FLQ and R   X 

R-resistant 
FLQ + aminoglycoside 

Susceptible to FLQ  X  
Resistant to FLQ   X 

Microbiological response assessment. For the samples that were less than 5 

ml in volume, PBS (pH 6.8) was added to make the sample a final volume of 5 ml 

to ensure that there was sufficient sample for all tests. Therefore, to ensure that 

Day 0 and Day 14 results were comparable, all counts were adjusted for the volume 

diluted with PBS. As per WHO recommendations ≥1 bacilli per hundred fields in 

microscopy was considered a positive test in ZN and FDA microscopy, whereas the 

local standard of ≥10 CFU was used to indicate a positive culture in the context of 

monitoring treatment response.151 An “alert” result was defined as a positive test 

at Day 14 with a less than a 2 smear grade reduction i.e. less than a 100-fold fall 

in bacilli or CFU counts. Conversely, an “no alert” result was defined as a Day 14 

result that was negative or had reduced by 2 smear grades e.g. from ‘+++’ at Day 

0 to ‘+’ at Day 1436. 

Treatment outcomes were determined by the Peruvian NTP who shared them 

with our research team, together with the results of laboratory tests they 

performed. Relapse of TB disease was identified from the NTP treatment records. 

This information was supplemented with a follow-up interview 2 years after patient 

recruitment at which patients were asked if they had recommenced TB treatment 

and were all (independently of if they had symptoms) asked to provide a sputum 

sample (or saliva if sputum was unavailable). These sputum samples were tested 
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with: conventional acid-fast sputum microscopy; and culture with thin-layer agar; 

and if positive in either, stored aliquots of samples were reassessed with the 

GeneXpert PCR test. Participants who had positive results confirming the presence 

of M. tuberculosis in their sputum sample were referred to the NTP for assessment 

and if were thought to have active TB disease was considered to have suffered a 

TB relapse, whether or not the patient commenced TB re-treatment.  

Treatment outcomes. The analysis of treatment outcomes considered the 

following possible categories: 

• Participants whose treatment was suspended either due to adverse 

reactions to treatment or more commonly due to loss to treatment follow-

up (locally termed “abandoned treatment”) were considered to have 

unknown treatment outcome and were excluded from treatment outcome 

analyses because this outcome was usually believed to result from psycho-

socio-economic factors, not the adequacy of the drugs prescribed.  

• Adverse outcome was defined as death during TB treatment, treatment 

failure, treatment escalation (due to drug resistance or inadequate clinical 

response), or recurrence of disease within 24 months of recruitment.  

• The alternative to adverse treatment outcome was long term cure, which 

was defined as successful treatment (cure or treatment completion) without 

recurrence within 24 months of recruitment.  

Analysis. Data were analysed with Stata version 13 (StataCorp, College Station, 

TX). Chi-squared analysis was used to compare binary variables, and 2 x 2 

contingency tables were used to evaluate the performance of Day 14 markers to 

identify patients who went on to have an adverse treatment outcome.  

Sample size. Using data from Research Chapter 3, it was assumed that 20% of 

patients with drug-susceptible TB disease would have an alert FDA microscopy 

result 14 days after treatment, whereas 50% of those with adverse outcome (20% 

of the study population) would have an alert FDA microscopy result. Therefore, for 

80% power and alpha=0.05, 280 participants were required, which would give 

proportion estimates a precision of +/- 1%. Taking into consideration that 19% of 

the study population were expected to suspend treatment,208 at least 350 

participants were needed to be recruited into the study.
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Results  
 
Patients. Figure 7.2 shows the study flow chart. Over the study period, 382 

participants recruited for this study provided 400 pairs of Day 0 and Day 14 sputa 

for analysis (because 18 participants had multiple treatment episodes or schemes). 

The characteristics of the study participants are shown in Table 3.2. All participants 

had TB disease confirmed by the presence of M. tuberculosis in culture and/or 

GeneXpert testing in sputum samples collected for this research or by the NTP.  

 

Figure 7.2 Study flow chart 
 

 
 

Day 0 sample collected pre-treatment
n= 1068

Sputum smear microscopy positive TB and Day 
14 sample requested

n= 542

13/07/2016 – 14/12/2017
Recruited participants diagnosed with TB

Sample collected after treatment start n= 489

Sputum smear negative TB n=515
Error in requesting Day 14 sample =11

Day 0 - Day 14 pairs analysed
n= 400

Day 14 sample received
n= 468

Day 14 sample not collected n= 74

68 pairs excluded from analysis because:
No treatment was provided by Day 14 n=18
Day 14 sample collected <9 or >19 from treatment initiation n=4
Day 0 sample collected during treatment n=9
Day 0 research sample conventional microscopy negative n= 37

2-year follow-up interview
n= 352

Unsuccessful 2-year follow-up n= 48



140 

TB treatment schemes. Most sputum pairs were collected during first-line 

treatment (91%, 362/400), 1.3% (5/400) during isoniazid mono-resistant TB 

treatment, and 8.3% (33/400) during rifampicin resistant TB treatment. All 

participants had drug-susceptibility test results and Table 7.2 shows the number of 

sputum pairs collected categorised by the treatment scheme provided to the patient 

and the drug susceptibility of the M. tuberculosis strain. There were 81% (325/400) 

of sputum pairs collected when 2 active key drugs were provided, 15% (58/400) 

with 1 key active drug was provided and 4.3% (17/400) without any key drugs 

provided in the first 14 days of treatment 

 

Table 7.2 Patient demographic characteristics and treatment 
Information characterising participants and treatment provided during sample 
collection categorised by Mycobacterium tuberculosis susceptibility. Note. 
IQR=interquartile range, BMI=body mass index, BCG= Bacille Calmette-Guerin, 
H=isoniazid, R=rifampicin, Z=pyrazinamide, E=ethambutol, FLQ=fluoroquinolone 
and IV= intravenous or intramuscular aminoglycoside. 
Participants (N=384) 

Age, median (IQR) 29 (22, 44) 
Sex, % male (n) 66% (253) 
Previous TB, % (n) 19% (71) 
Self-reported HIV, % (n) 3.9% (15) 
Self-reported diabetes mellitus 6.0% (23) 
BMI in ≥18 years old, median (IQR) 22 (20, 24) 
Previous vaccination with BCG, % with any visible BCG scar (n) 84% (319) 

Day 0 and Day 14 sputum sample pairs (N=400) 

First-line treatment  
with H+R+Z+E   

susceptible to H and R % (n) 80% (321) 
susceptible to R & resistant to H, % (n) 4.3% (17) 
susceptible to H & resistant to R, % (n) 2.2% (9) 
MDR/pre-XDR, % (n) 3.8% (15) 

H-resistant treatment 
with R+FLQ+Z+E   

susceptible to FLQ and R, % (n) 1.0% (4) 
susceptible to FLQ & resistant to R, % (n) 0.25% (1) 

R-resistant treatment 
with FLQ+ IV + more   

susceptible to FLQ % (n) 7.9% (31) 
resistant to FLQ, % (n) 0.50% (2) 

 

Day 0. Overall, 92% (367/400) of Day 0 samples were culture-positive according 

to our definition of ≥10 CFU, 94% (375/400) had >1 CFU detected in culture, and 

82% (326/400) were FDA microscopy-positive. Most participants at Day 0 reported 

a productive cough (86%, 341/399) and 79% (314/397) reporting a frequent 

cough (defined as coughing at least hourly). 
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TB treatment outcomes are shown in Figure 7.3. Treatment outcomes 

categorised by the number of key drugs prescribed during the interval between the 

Day 0 and the Day 14 sputum collections are shown in Table 7.3. People who did 

not complete treatment due to loss to follow-up (63/400) were excluded from 

treatment outcome analyses. There were 15% (52/337) adverse outcomes 

constituting: 4 deaths due to TB; 6 cases of disease recurrence after successful 

treatment (all of whom were prescribed first-line treatment for drug-susceptible 

TB); 7 treatment failures; and 35 patients who required treatment escalation. Most 

treatment escalation occurred because of resistance to isoniazid and/or rifampicin, 

as shown in Table 7.3. Thus, treatment escalation was most likely in patients who 

had evidence of resistance to one or more of the key drugs provided. 

 

Figure 7.3 Pie chart of treatment outcomes 
Participants who suspended treatment due to loss to follow-up (n=63) were 
excluded. 

 
Table 7.3 Treatment outcome categorised by the number of key drugs 
prescribed during the interval between the Day 0 and the Day 14 sputum 
collections. People who did not complete treatment due to loss to follow-up 
(n=63) were excluded from this analysis. Note “key drugs” were considered to be 
rifampicin, isoniazid and a fluoroquinolone to which the patient’s TB was 
susceptible; n=sample size; and percentages are for the data in each column. 

 2 key drugs  
n=276 

1 key drug 
n=44 

0 key drugs 
n=17 

Long-term cure 94% (259) 57% (25) 5.9% (1) 
Treatment escalation 1.1% (3) 39% (17) 88% (15) 
Failed treatment 1.4% (4) 4.5% (2) 5.9% (1) 
Died 1.4% (4) 0 0 
Recurrence 2.2% (6) 0 0 

 

Long-term cure
85%

Death 1%

Treatment escalation
10%

Treatment failure
2%

Recurrence 2%

Adverse outcome
15%
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Day 14. The median number of days of treatment received before the Day 14 

sample collection was 14 days and 95% (379/400) of participants had received 13-

16 days of treatment. Table 7.4 shows the proportion of positive results at Day 14 

and the proportion of alert results at Day 14 in FDA microscopy (21%, 84/400), ZN 

microscopy (32%, 126/400) and culture (30%, 118/400). Figure 7.4 shows that 

58% (235/400) of samples were negative in all tests, and out of the 165 samples 

that had any positive result, 62% (102/165) were positive in 2 or more tests. At 

the time of Day 14 sputum collection, 41% (156/379) of patients reported having 

a frequent cough, and 2.9% (11/385) stated that their symptoms had worsened.  

 

Table 7.4 Day 14 laboratory results and reported symptoms (N=400) 
For the definition of “alert” results in Ziehl-Neelsen (ZN) microscopy, fluorescein 
diacetate (FDA) microscopy and colony forming units (CFU) in culture please see 
Methods. Note 95% CI= 95% confidence intervals. 
Day 14  n % (95% CI) 
Positive ZN microscopy 160 40% (35%, 45%) 
ZN microscopy alert result 126 32% (27%, 36%) 
Positive FDA microscopy 96 24% (20%, 28%) 
FDA microscopy alert result 84 21% (17%, 25%) 
Positive culture 173 43% (38%, 48%) 
CFU in culture alert result 118 30% (25%, 34%) 
Frequent cough (≥hourly) 156 41% (36%, 46%) 
Worsened symptoms 11 2.9% (1.4%, 5.0%) 

 
Figure 7.4 Venn diagram of day 14 laboratory results 
For the definition of “alert” results in Ziehl-Neelsen (ZN) microscopy, fluorescein 
diacetate (FDA) microscopy and colony forming units (CFU) in culture please see 
Methods. 

 
n=235 (58%)  no alert results in ZN, FDA & Culture

ZN alert
n=25
6%

FDA alert
n=5
1%

CFU alert
n=36
9%

ZN, FDA & CFU alert
n=58
14%

ZN &FDA alert
n=20
5%

ZN & CFU alert
n=23
6%

ZN & FDA alert
n=1

0.25%
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2-month NTP laboratory result. A total of 85% (306/362) of all participants 

received first-line treatment for more than 2 months and did not later become lost 

to follow-up. Within this group with analysable data, 3.2% (10/306) still had ZN 

microscopy-positive and 2.9% (9/306) culture-positive results from the 2-month 

sample collected by the NTP.  

 

Predictors of adverse treatment outcome. A Day 14 alert result in FDA 

microscopy was associated with a 3.0-times relative risk of adverse outcome (95% 

CI=1.9, 4.9, p<0.0001, Figure 7.5). Adverse outcome was also associated with 

Day 14 alert results for ZN microscopy (relative risk=1.6, 95% CI=1.0, 2.7, 

p=0.05) but not for culture (p=0.1, Figure 7.5). Symptom assessment at Day 14 

and 2-month NTP ZN microscopy and culture positivity in were also associated with 

adverse outcomes (Figure 7.5). As shown in the tables and figures, Day 14 

symptom worsening and 2-month ZN microscopy or culture positivity had the 

highest relative risks in predicting adverse outcomes but were so rare that they 

would infrequently have the capacity to influence patient care and had such wide 

confidence intervals that their relative risks did not differ significantly from FDA 

microscopy, so they are not described further here. 

 

Test performance to predict treatment outcome. Figure 7.6 and Table 7.5 

show how each test performed for predicting adverse outcome. An alert result in 

FDA microscopy had the best accuracy (true positive and true negative results, 

78%, 95% CI=73%, 82%) out of all Day 14 laboratory tests: with a specificity of 

85% (95% CI=80%, 89%) and sensitivity of 42% (95% CI=29%, 57%). As shown 

in Figure 7.6, the low sensitivity of all Day 14 and 2-month tests would miss the 

majority of individuals who later had an adverse treatment outcome. Figure 7.7 

shows that the positive and negative post-test probability of each of the Day 14 

and 2-month markers were similar to the pre-test probability and therefore had 

limited capacity to provide clinical benefit.  
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Discussion 
 
This study evaluated changes over the first 14 days of TB therapy in FDA sputum 

microscopy for predicting treatment outcome. Compared with previous research 

(including that described in Research Chapter 3), the current study used simplified 

sputum collection and FDA testing assessed under experimental conditions that 

were similar to routine clinical operations. An alert result in FDA microscopy 14 

days after starting treatment was associated with a higher risk of adverse clinical 

outcome. This had greater potential clinical utility than the other microbiological 

and clinical tests assessed at Day 14 or at 2 months of treatment, which is 

noteworthy because microbiological conversion at 2 months is currently widely 

used in clinical practice. However, none of these tests performed well enough to be 

recommended as a stand-alone screening or diagnostic test for predicting adverse 

treatment outcome.  

 

In this study we collected sputum pairs during all treatment schemes, including 

during rifampicin resistant TB treatment. There is evidence that microbiological 

response to second-line treatment for rifampicin resistant treatment is generally 

slower than for first-line treatment and treatment schemes for isoniazid resistant 

TB.209–211  We found that in this setting where standardised treatment schemes 

were provided, Day 14 microbiological responses were influenced by the number 

of key drugs provided and resistance of M. tuberculosis to these key drugs leading 

to treatment escalation, rather than the actual treatment scheme itself. Thus, 

measuring microbiological response at Day 14 cannot reliably identify resistance to 

any one drug within a treatment scheme consisting of multiple drugs, and is in 

keeping with a recent study in Mali that demonstrated that microscopy positive 

results with FDA or ZN at 2 months of treatment performed poorly in identifying 

rifampicin resistance.212 However the need for tests performed after weeks or 

months of treatment to identify those at risk of resistance is being reduced by the 

increasing availability of drug susceptibility results at the time treatment 

commences.  

 

FDA microscopy results at Day 14 of treatment predicted adverse outcome. The 

most frequent adverse outcome was treatment escalation due to drug resistance. 

However, the relationship between FDA microscopy results and adverse outcome 

is likely to also be influenced by other causes of poor treatment response such as 

treatment adherence, which is an important factor that was not characterised in 

this study. Review of the participants’ treatment cards revealed that adherence 

over the first 14 days was almost perfect, but these data are not currently available 
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for formal analysis. Other factors causing poor treatment response such as 

malabsorption, drug interactions, pharmacokinetics, drug quality, and persister 

mycobacterial populations can also contribute to poor treatment response, 

persistent illness and relapse even in participants on seemingly appropriate 

therapy, but are harder to identify.213,214 These factors also vary with time, thus a 

single test early in treatment was previously thought to be unlikely to be able to 

predict outcomes months to years later. This was supported by evidence from drug 

trials that shortened treatment regimen for patients who had microbiological 

conversion at 2 months which was followed by frequent relapses in TB disease.215  

Remarkably, ZN microscopy at Day 14 significantly predicted adverse treatment 

outcome, contrasting with our previous findings.20 This difference between our 

current versus previous research could be explained by differences in sample 

timing, sputum collection, sample storage, sample processing, or because these 

acid-fast stains stain different elements of mycobacteria (auramine DNA and RNA 

versus ZN staining mycolic acids in the cell wall).216 These contrasting findings in 

acid-fast microscopy results during early treatment warrant further investigation. 

 

By two months of treatment, continued conventional sputum microscopy or culture 

positivity i.e. lack of conversion to negative, are used in clinical practice to identify 

patients likely to have treatment failure or relapse of disease. Compared to other 

reports, in the present research there were very few positive conventional sputum 

microscopy or culture results at 2 months of treatment. This could be explained by 

Peru’s excellent NTP, heterogeneity in study populations or due to patients who 

became lost to follow-up being excluded from treatment outcome analyses.217  

Despite this, the low sensitivity and poor post-test probability of 2-month sputum 

microscopy or culture conversion as a prognostic marker for adverse treatment 

outcome is in agreement with results from a meta-analysis.217 Although evidence 

shows the poor performance as prognostic markers for adverse outcome, 2-month 

conventional sputum microscopy and culture conversion continue to be widely used 

in clinical practice, because they trigger clinical reassessment, medication review, 

additional laboratory testing; and serve as useful indicators of NTP 

performance.218,219 However, 2-month conventional sputum microscopy and culture 

conversion misses the majority of cases that have an adverse treatment outcome, 

and focuses limited resources to those who do not require it. In comparison to 2-

month conventional microscopy and culture conversion, FDA microscopy at Day 14 

had higher sensitivity, acceptable specificity, and similar post-test probabilities. 

Self-reported cough frequency and symptoms worsening at Day 14 also predicted 

adverse outcome with similar performance to the laboratory tests. Thus, future 
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research may aim to create and validate a composite predictor combining FDA 

microscopy with symptoms at Day 14 to better identify those at risk of an adverse 

treatment outcome. 

There is little evidence to guide clinicians when drug resistance has been excluded 

but TB disease is not improving despite seemingly appropriate treatment. Often in 

this scenario, first-line treatment with 2 key drugs may be prolonged or changed 

empirically to second-line treatment. Adjunctive corticosteroid use has been shown 

to increase clinical improvement within one month.220 There is also interest in the 

use of doxycycline and metformin that have potential to limit or prevent lung 

damage.221,222 Therefore, in conjunction with finding biomarkers to predict poor 

response to treatment, more research is required regarding what to do once these 

patients have been identified.  

There are several limitations to this study. Firstly, the universal use of rapid drug 

susceptibility testing and prompt second-line treatment provision in Peru caused 

few patients to continue inappropriate first-line therapy for rifampicin resistant TB 

until the Day 14 sample was collected. This important improvement in clinical care 

limited the statistical power of this study to assess inadequate treatment response 

in this context. Furthermore, clinical outcomes such as death, treatment failure and 

disease recurrence were rare, preventing independent analysis of predictors of 

each type of adverse treatment outcome. We therefore propose evaluating FDA 

microscopy and symptoms assessment on a larger scale in diverse settings where 

rapid drug susceptibility testing is not universally provided, and/or adverse 

treatment outcomes are more common. Another limitation is that we were not able 

to carry out drug susceptibility testing for other drugs provided in the treatment 

regimens, particularly pyrazinamide. These drugs may have contributed to clinical 

response, although early bactericidal activity studies have shown that isoniazid and 

rifampicin are the main drivers of early mycobacterial killing in first-line 

treatment.77 Lastly, this study only included patients with initially sputum 

microscopy positive results, and FDA microscopy was only performed on samples 

that were ZN microscopy positive because as shown in Research Chapter 6, 95% 

of ZN microscopy-negative samples are also negative in FDA microscopy. Although 

adults with sputum paucibacillary pulmonary TB have milder disease, sputum 

scarce individuals (especially those co-infected with HIV) do have a high risk of 

adverse treatment outcomes, and therefore sputum based strategies are not 

appropriate in this population.176,223,224 
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In conclusion, this study demonstrated that FDA microscopy predicted adverse 

treatment outcome but not sufficiently enough to be recommended for informing 

clinical decision making. 
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GENERAL DISCUSSION 
 
Conventional sputum microscopy is the most frequently used laboratory test in TB 

care globally. However, this test poorly assesses infectiousness and early treatment 

response. FDA microscopy uses a viability stain, is relatively rapid, inexpensive and 

simple to perform and is believed to identify metabolically active cells. The 

objective of this body of work was to optimise sputum FDA microscopy and evaluate 

whether it provides clinically useful information complementary to the other tests 

that are widely used in TB care. 

 

FDA microscopy is believed to identify on a unicellular level metabolically active 

cells (including mycobacteria), because only these cells contain the functioning 

esterases that are required to convert FDA to a fluorescent form visible by 

microscopy.11 In contrast, culture quantifies replicating cells (including 

mycobacteria) that form colonies.37 The proof-of-concept study presented in 

Research Chapter 1 confirmed the hypothesis that quantitative results in FDA 

microscopy correlated with the proportion of sputum samples that had not been 

sterilised, and with the number of colonies derived from culture. This study 

suggested that FDA and culture were both identifying elements of “living” bacteria. 

In contrast, conventional acid-fast microscopy results with auramine staining were 

not affected by sterilisation. The aim of this study was to ensure that the laboratory 

techniques used were producing the expected results; similar findings have been 

reported before.16,44 

 

Transmission studies, including those using the guinea pig model, have 

demonstrated that patient infectiousness is weakly associated with conventional 

sputum microscopy positivity.50 Furthermore, a small minority of individuals (in one 

study less than 10% of patients) termed “super spreaders” are extremely infectious 

(in that study accounting for more than 95% of TB transmission).50,177 It was 

hypothesised that positive FDA microscopy would identify the most infectious 

people. The foundation study described in Research Chapter 2 recruited 35 

patients with strongly positive conventional sputum microscopy results before TB 

treatment. Their pre-treatment sputum samples demonstrated considerable 

variability in the proportions of FDA-stained M. tuberculosis between patients. This 

observation was similar to studies reporting the variable proportion of “fat and lazy” 

(also referred to as “persister-like”) M. tuberculosis phenotypes in pre-treatment 

sputum.47 After a median 6-years of follow-up, contacts of patients with low FDA 
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microscopy results in pre-treatment sputum were more likely to develop secondary 

TB. Moreover, contacts of patients who had low FDA microscopy results and 

numerous CFU in pre-treatment sputum had the greatest risk of developing 

secondary TB. This finding was unexpected, the opposite of the research 

hypothesis, and could be explained if persister-like M. tuberculosis were most 

infectious and because of their low metabolic activity were not identified by FDA. 

Although statistically significant even after adjusting for potentially confounding 

variables, this finding was fragile because only 9 patients were associated with 13 

cases of secondary TB disease in the 209 household contacts, so different results 

in only one TB-affected household had the potential to change the study 

conclusions. Indeed, this finding was inconsistent with the later, larger study 

described in Research Chapter 6 and discussed below. Furthermore a recent study 

in South Africa found no association between the number of persister-like M. 

tuberculosis present in sputa and culturable cough aerosols, which are a surrogate 

marker of infectiousness.183  

 

The 35 patients recruited in the foundation study described in Research Chapter 2 

also provided multiple serial sputum samples over the first 9 days of TB treatment 

for assessment with microscopy and culture.  During this time (2006-2007) it was 

policy to only offer drug susceptibility testing to individuals who were at high-risk 

of drug resistance.225,226 Therefore, another objective of this foundation study that 

is described in Research Chapter 3 was to evaluate whether FDA microscopy early 

in treatment could screen for patients likely to not be responding to first-line 

treatment due to drug resistance. Although some patients remain sputum 

microscopy and culture positive a month or more despite adequate treatment,227 

this study demonstrated that for patients with drug susceptible TB, 9 days of 

adequate first-line treatment was usually enough to reduce by 99% quantitative 

counts in both FDA microscopy and culture. This early treatment response was 

absent in patients later found to have MDR TB. Similar to the proof-of-concept 

study described in Research Chapter 1, conventional microscopy with auramine 

staining changed only minimally during early first-line treatment for drug 

susceptible TB. The rate of decline in bacilli counts in FDA microscopy and culture 

during early treatment were similar to findings from early bactericidal activity and 

serial sputum colony count studies monitoring response to isoniazid and 

rifampicin.77,79,88,89 These findings implied that quantitative FDA microscopy 

assessments could potentially be used as a biomarker to evaluate the efficacy of 

novel treatment regimens by providing rapid results and reducing overall 

costs.218,228  
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An important limitation of all sputum microscopy is its low diagnostic sensitivity, 

which can be increased by improving sample quality.99 During the preparation for 

the operational evaluation of FDA microscopy it was apparent that no grade-A level 

evidence existed regarding the optimal method to collect sputum, even though the 

importance of sputum collection techniques was acknowledged and various 

guidelines existed.36,98 Furthermore, the foundation study described in Research 

Chapters 2 and 3 utilised sputum collection techniques that were too complex, 

time-consuming and inconvenient for operational use. There was therefore a need 

to clarify optimal sputum collection techniques prior to further evaluation of FDA 

microscopy. The systematic review and pairwise meta-analysis presented in 

Research Chapter 4 demonstrated that compared to the globally practised ‘spot’ 

sputum collection, either providing instructions prior to spot collections or collecting 

a ‘pooled’ sputum sample over hours increased the odds of diagnosing TB in 

microscopy and culture by 1.6 to 1.8 times. Without the need for another study, a 

network meta-analysis using published data collected in the systematic review 

suggested that there was no difference in yield between instructed spot sputum 

collections and pooled sputum collections (as had been done in the foundation 

study). This review also demonstrated that sputum could be collected at any time 

of day and that early morning sputum collection (which can be a barrier in the 

patient care pathway) was unnecessary.21  

 

Previous FDA staining and microscopy protocols, as were used in the foundation 

study, presented multiple barriers for implementation as a routine test for 

laboratories in resource-constrained settings. Research Chapter 5 describes 

attempts to evaluate and optimise FDA staining. Evaluation of the different 

published protocols for FDA microscopy with WHO-approved low-cost LED 

microscopes demonstrated that: decontamination and centrifugation could be 

replaced with an acid-alcohol step, reducing equipment and reagent costs whilst 

improving biosafety. Furthermore, optimisation with an additional biosafety 

measure with phenol could be used without impacting FDA-stained slide quality; 

and a fluorescent quencher improved FDA microscopy reading. Data presented in 

this thesis show that FDA microscopy using the proposed SOP with one slide 

provided reliable and reproducible results. The optimised FDA protocol used 

equipment and reagents that other than FDA itself are readily available in clinical 

laboratories, and materials would cost $0.05 USD per slide. To ensure that clinical 

laboratories provide reliable service, quality assurance for microscopy is generally 

carried out by blind reading of externally prepared slides.160 The storage study 
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results described in Research Chapter 5 showed that quality assurance of FDA 

microscopy could be performed in a similar manner. With these refinements and 

assessments, FDA microscopy was ready for operational evaluation as a routine 

test in clinical sputum samples.   

 

Data presented in Research Chapter 6 indicated that the low sensitivity of sputum 

microscopy could be explained by the high concentrations of acid-fast bacilli 

necessary for a positive result because only a tiny volume of sputum is examined 

by microscopy, much less than is tested by culture or PCR. Concentrating samples 

with filters or centrifugation have been shown to improve the sensitivity of sputum 

microscopy, but also increase costs and biohazard.92 In conventional sputum 

microscopy positive pre-treatment samples there were significantly more ZN-

stained bacilli/ml compared to FDA-stained bacilli/ml (or compared to CFU/ml 

detected in culture). However independent of the differences in threshold of 

positivity and overall counts, there was a strong correlation between quantitative 

results in microscopy, culture and PCR suggesting that these tests were 

predominately identifying the same mycobacterial population in pre-treatment 

samples.  

 

The operational evaluation of FDA microscopy described in Research Chapter 6 

involved 4311 contacts of patients diagnosed with TB who were followed up for a 

median 3.5 years. This study demonstrated that higher mycobacterial load in pre-

treatment sputum assessed by ZN, FDA, culture or PCR all predicted increased risk 

of secondary TB in household contacts. This association between mycobacterial 

load and the risk of secondary TB is in keeping with results from other transmission 

studies,229 whereas the fact that ZN or PCR quantitative results had the strongest 

association is new knowledge. The results of this study clarified that these 

laboratory tests at the time of diagnosis had poor discriminatory value and 

performance for predicting secondary TB in contacts, despite the strong statistical 

association. Therefore, with this data we propose that the current policy to prioritise 

contact investigations for sputum microscopy positive patients be re-considered 

and replaced with validated simple assessments that take multiple factors into 

consideration such as indicators of TB risk and contact proximity scores.186,187 

 

Adverse treatment outcome (defined as treatment escalation, treatment failure, 

death or disease recurrence) was predicted by FDA microscopy results simplified 

to a binary variable indicating ‘no alert’ versus ‘alert’, 14 days after treatment 

commenced. Specifically, an ‘alert’ FDA microscopy result predicted treatment 
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outcome more reliably than Day 14 or 2-month conventional sputum microscopy 

or culture. The strong statistical associations demonstrated in Research Chapter 

7 for these early indicators of treatment response predicting adverse outcome were 

not sufficiently reliable to be used as clinical tools for identifying patients requiring 

additional care. Clinicians use 2-month microscopy or culture results to guide 

increased testing, treatment prolongation (although this policy was rescinded in 

the global guidelines published in 2010) or escalation to a second-line treatment 

regimen (not policy but common practice).217,230 However, evidence suggests that 

this strategy may not improve cure rates (because most adverse treatment 

outcomes occur in patients who had 2-month conversion), and may lead to almost 

half of patients who did not have 2-month conversion to inappropriately receive 

additional tests, medications or longer treatment duration, which risk increased 

costs and impaired adherence, health and quality of life.141,217,231  

 

FDA microscopy did strongly and consistently predict infectiousness and adverse 

treatment outcome, so has potential clinical utility if its performance is increased 

and/or it is used in conjunction with other clinical markers such as self-reported 

symptoms and cough monitoring. FDA microscopy predominately adds value to the 

interpretation of conventional sputum microscopy positive samples. Therefore, 

continuing investigations to improve the sensitivity of microscopy by sample 

concentration or automation allowing reading of more fields per slide may also 

improve FDA microscopy.92,232 Furthermore, the clinical role of FDA microscopy (or 

any sputum-based technique identifying viable M. tuberculosis) is dependent on 

enhancing our knowledge of TB pathogenesis. In particular, in vitro sputum testing 

mainly assesses extracellular M. tuberculosis expelled from lung cavities and there 

is a need to increase understanding of how this indicates the status of diverse 

mainly intracellular sub-populations of M. tuberculosis in vivo.233 With these 

potential improvements and increased knowledge, there may be a clinical role for 

FDA microscopy, warranting future evaluation in diverse TB endemic settings 
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CONCLUSION 
 
This body of work investigated solutions to improve microscopy to better aid 

decision-making during TB care. This generated new evidence optimising sputum 

collection techniques for TB diagnosis and defined a simplified and safer SOP for 

FDA microscopy. These methodological improvements were used to demonstrate 

that FDA microscopy done in the first days of TB treatment predicted both patient 

infectiousness and treatment outcome with similar or greater reliability than 

currently used laboratory tests. 
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