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Abstract 

A study of the intrapulmonary pharmacology and immunology of 
tuberculosis therapy 

Andrew Duncan McCallum  

 

Background: Shorter, more efficacious, treatments for pulmonary tuberculosis (TB) are required. 
Knowledge of the contributions of drug therapy and the immune system to TB cure will inform 
efforts to optimise treatment. 

This study investigates whether antibiotic exposure at the site of infection determines the rate of 
bacterial clearance and clinical treatment response; and whether impaired alveolar macrophage 
function in HIV-infection limits the ability of the immune system to eradicate TB. 

Methods: Malawian adults with microbiologically-confirmed pulmonary TB were recruited to a 
longitudinal cohort study. Participants received standard first-line therapy, and supplied serial 
sputum samples to assess TB bacillary elimination in the sputum.  Two-month sputum culture status 
was recorded, and rates of failure or relapse to one-year post-treatment. 

Plasma and intrapulmonary samples were collected at 8 and 16 weeks into treatment, and drug 
concentrations measured. Population PK modelling generated estimates of drug exposure in plasma, 
epithelial lining fluid (ELF), and alveolar cells.  

Alveolar macrophage function was assessed using quantitative flow cytometry-based reporter bead 
assays, and ELF cytokine levels measured by ELISA. 

Results: 157 participants were recruited. Despite weight-based dosing, peak plasma concentrations 
of first-line drugs were low relative to therapeutic drug monitoring targets. All 4 drugs achieved 
higher concentrations in ELF and alveolar cells, with isoniazid and pyrazinamide 20 and 50-fold 
higher in ELF than plasma respectively. Ethambutol concentrations were highest in alveolar cells. 

Rifampicin and isoniazid AUC/Cmax in plasma and ELF were related to treatment response across 
several endpoints. Peak concentrations of both drugs in plasma were associated with a shorter time 
to sputum culture negativity, and more favourable final outcomes. AUC/Cmax in ELF were associated 
with more rapid bacillary elimination, shorter time to sputum culture negativity, and for rifampicin 
Cmax in plasma, more favourable late outcomes.  

HIV infection modulated alveolar macrophage innate immune functions in pulmonary TB. Interferon-
γ concentrations in ELF remained high out to 4-months of treatment in HIV-infected participants, 
with corresponding high superoxidative burst activity and blunted phagocytosis. Initiation of 
antiretroviral therapy in new HIV diagnoses, with a degree of immune reconstitution, may contribute 
to ongoing pulmonary inflammation in co-infected patients.  

Conclusions: Higher plasma and ELF rifampicin and isoniazid drug concentrations in pulmonary TB 
are associated with improved treatment response. Combining agents with good intra- and extra-
cellular drug penetration may be important when designing new regimens for TB. 

TB/HIV co-infection is associated with alterations in the innate immune environment within the 
lungs that may reflect impaired control of TB infection. Ongoing efforts to expand test-and-treat and 
target hard to reach groups may reduce the number of late presenters with TB/HIV co-infection. 
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1 General introduction 

1.1 Tuberculosis: the global picture 
 

“The remedies are in our own backyards” 

Selman Waksman, 1949 

 

Tuberculosis is an ancient disease. Given its geographic distribution, the genus Mycobacterium may 

be over 150 million years old [1]. One member, Mycobacterium ulcerans, typically exists in tropical 

and subtropical wetlands, habitats that were last in contiguity during the Jurassic period. In East 

Africa, members of the Mycobacterium tuberculosis complex, the agents responsible for tuberculosis 

(TB) disease, emerged from a broader progenitor species up to 3 million years old, contemporaneous 

with early hominids, and co-evolving with their human host [2]. Modern strains of Mycobacterium 

tuberculosis (Mtb) are likely the clonal progeny of a single common ancestor originating 20 – 35,000 

years ago [2].   

TB has claimed its’ victims throughout known history and much of prehistory. It was a disease of the 

ancient world, being found in the mummies of Egypt and Peru, and likely entering the biblical record 

as the wasting disease schachepheth; it was a disease of the classical world, known to Hippocrates 

and the classical Greeks as phthisus; and it was a disease of the medieval period known as scrofula, 

treated by the ‘royal touch’ as late as the reign of Queen Anne [3, 4].   

By the late 18th Century, a tuberculosis epidemic was sweeping across Western Europe. The 

Industrial Revolution brought immense social and economic upheaval as huge numbers of individuals 

moved from country to towns for work. The cramped and polluted cities provided perfect conditions 

for the spread of TB, such that mortality rates leapt to 1,121 / 100,000 by 1771-1780 [5]. Before 

1730, nearly 15% of all deaths in London were due to TB [5]; by 1810, deaths rates from TB were to 

reach a peak of 25% before declining as standards of living improved [6]. As the epidemic spread, 

efforts to characterise and understand the disease were redoubled. René Laennac, best known for 

the invention of the stethoscope, was to classify and describe the pathogenesis of pulmonary and 

extrapulmonary TB in detail in D’Auscultation Mediate in 1819, only to succumb to TB himself at the 

age of 45 (the diagnosis aided by one of his own stethoscopes) [3]. 

In 1882, our understanding of tuberculosis, and indeed infectious diseases, leapt forward with 

Robert Koch’s presentation of Die Aetiologie der Tuberculose to the Berlin Physiological Society. For 

the first time, the tubercle bacillus was recognised, and he provided convincing evidence of the 

communicable nature of the disease. He later went on to demonstrate that Mtb met all of his 

famous postulates for establishing a causative relationship between microbe and disease [3]. With 

this knowledge, TB was registered as a notifiable disease, and patients were encouraged to enter 
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sanitoria for rest, nutrition, and clean air, while their bodies fought the infection. While sanitoria 

may have had some benefit for those with minimal disease [7], perhaps unsurprisingly, the efficacy 

of clean air and rest in treatment of TB was limited. A large study in 1923 found that the mortality of 

untreated smear-positive patients was 61% in sanatoria, comparted with 81% of those cared for at 

home [8].  

The middle of the 20th century saw a revolution in the treatment of TB, infectious diseases, and even 

in clinical trial design. In 1943, Albert Schatz, a graduate student in soil microbiology, identified a 

compound from the bacteria Streptomyces griseus that stopped the growth of Mtb [9]. The 

compound he named streptomycin; the era of chemotherapy for TB was born. The efficacy of 

streptomycin in the treatment of pulmonary TB was demonstrated in 1948 in a pioneering 

randomised controlled trial [10], followed by the development of “triple therapy” with the addition 

of isoniazid and para-aminosalicylic acid in 1955 [11]. By the 1980’s, rifampicin-containing regimens 

had shortened treatment to 6 months with a relapse rate of less than 3% by 36 months, with the 

British Thoracic Society recommending the use of the standard first-line regimen still in use today 

[12-15]. With fully oral, efficacious, affordable short-course therapy available, tuberculosis seemed 

destined to be a disease of the past. 

The latter half of the 20th century witnessed a resurgence in TB, with the World Health Assembly 

declaring a Global Health Emergency in 1993 [16]. The HIV pandemic drove an upsurge in TB 

incidence, peaking in 2005-6, and now only gradually declining. By 2016, 1.6 million lives were lost to 

the disease, and TB overtook HIV as the leading cause of death worldwide [17]. In this one year 

alone, 10.4 million individuals were estimated to have fallen ill with TB, and nearly half a million 

cases of multi-drug resistant TB (MDR-TB) cases occurred [17, 18]. As has been the status quo for 

many years, the WHO African Region remained burdened with the highest incidence of both diseases 

worldwide [17-19]. Although containing only 13% of the global population, the African Region had 

25% of the world’s TB cases, and nearly double the average burden of disease: 254 cases per 

100,000 compared with 140 per 100,000 globally.   

With the Millennium Development Goals (MDG) behind us, 2015 saw us looking forward to 2035 and 

the vision of ‘a world free of TB’. The End TB Strategy rests on 3 pillars: integrated, patient-centred 

care and prevention; bold policies and supportive systems; and intensified research and innovation 

[20]. By 2020, more than 90% of all notified TB cases should be successfully treated, and by 2035, TB 

deaths should have reduced to 95% of 2015 levels. This will not be achieved on the current trajectory 

- an annual decline in incidence of 1.5% [17] – and safer, easier, and shorter treatment regimens for 

active TB will be required. Efforts to optimise TB treatment must be informed by knowledge of the 

contributions of drug therapy and the immune system to successful treatment, and form the basis of 

this thesis.   
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1.2 Tuberculosis: The African perspective 
 

Africa, in particular sub-Saharan Africa (SSA), was hit hardest by the TB epidemic. Of the 30 TB/HIV 

high burden countries (HBCs) accounting for 97% of the estimated global number of HIV-infected TB 

cases, 22 are in Africa [21]. Malawi, despite having a relatively small population, was comfortably 

included in the top 20 lists by both absolute numbers and rates. With an incidence of 159 / 100,000 

population, TB added further strain to an already overstretched health service [17, 18].  

2015 saw the end of the MDGs. While the MDG target of reducing TB incidence rates was reached 

globally, the target of reducing TB prevalence and mortality by 50% compared with 1990 was not 

met in Africa (Figure 1.1) [18]. TB prevalence reduced by 42% globally since 1990, with the African, 

Eastern Mediterranean, and European Regions falling short of target. While Europe was experiencing 

a rapid reduction in TB mortality after a peak in the late 1990s, mortality reduction in the African 

Region was slow and trending towards a plateau (Figure 1.2). An overwhelming 90% of total TB 

deaths, and 80% of HIV-uninfected TB deaths, occurred in the African and South-East Asian Regions 

in 2014. Malawi, with 42 deaths per 100,000 population (HIV-infected cases), exceeded the global 

average of 21 per 100,000 at the end of the MDG period.   

 

 

Figure 1.1: Global trends in estimated rates of TB incidence (1990-2014), and prevalence and mortality rates 
(1990-2015)  
The panel on the left shows estimated TB incidence rates including HIV-infected TB (green line), and estimated 
incidence rate of HIV-infected TB (red line).  The centre and right panels show the trends in global prevalence 
and mortality rates from 1990 to 2015.  The dashed lines represent the Stop TB Partnership targets of a 50% 
reduction by 2015.  Shaded areas represent uncertainty bands.  Mortality excludes TB deaths among HIV-
infected people.  [18] 
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Figure 1.2: Estimated TB mortality rates 1990-2015 by WHO region 
Estimated TB mortality excludes deaths among HIV-infected people.  Shaded areas represent uncertainty bands.  
The dashed lines represent the Stop TB Partnership targets of a 50% reduction by 2015 compared to 1990.  [18] 

 

1.3 TB and HIV: the “cursed duet” 
 

The risk of developing TB disease in people living with HIV (PLHIV) is estimated to be 26 times that of 

those who are not infected with HIV [18]. HIV co-infection exists in nearly a third of all TB cases in 

the African Region, accounting for as many as 74% of incident TB cases among PLHIV worldwide [17, 

18]. The combined epidemics of TB and HIV in SSA significantly contributed to the region’s failure to 

achieve the MDG targets on mortality reduction. 

HIV infection impairs the cellular immunity key to TB control, such that co-infected individuals are 

more likely to activate latent disease [22], or to experience more rapid clinical progression of TB 

disease after infection with Mtb [23, 24]. Indeed, co-infected individuals are estimated to have a 10% 

annual risk of developing TB disease [22, 25, 26], compared with a 10-20% lifetime risk in HIV-

uninfected individuals [27, 28]. Furthermore, those with HIV are more likely to have TB relapse or 

reinfection after previous TB treatment [29-36]. Genetic analysis suggests that exogenous re-

infection rather than endogenous reactivation accounts for more cases of recurrent TB in HIV-

infected individuals, suggesting that these individuals are more predisposed to developing TB disease 

on exposure to Mtb [30, 33].   

The presentation of TB disease differs in HIV-infected individuals, and is closely related to CD4 count 

[37]. At lower CD4 counts, symptoms may be minor [38], or even absent [39, 40]. Non-specific 

clinical features can make diagnosis challenging, with smear-negative, extra-pulmonary and 

disseminated disease seen more commonly in PLHIV [41, 42]. A meta-analysis of post-mortem 

studies in adult HIV-infected patients dying in hospitals in sub-Saharan Africa identified that 43.2% 
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(pooled estimate; 95% CI: 38.0-48.3) of patients had evidence of TB at post-mortem [43]. TB was 

disseminated in 87.9% (82.2-93.7) of cases, and undiagnosed at time of death in nearly half of adult 

HIV/AIDS-related deaths.  

WHO advocates a 4-part symptom screen as part of intensified TB case-finding in PLHIV: any of 

current cough, fever, night sweats, or weight loss. With an overall sensitivity of 78.9% (95% CI: 58.3–

90.0), specificity of 49.6% (95% CI: 29.2-70.1), and negative predictive value of 97.7% (95% CI :97.4-

98.0) at 5% prevalence of TB among PLHIV, use of this algorithm will identify a proportion of 

individuals needing further diagnostic evaluation for TB, and is of particular use in resource-limited 

settings [44]. Evaluation of symptom screening in PLHIV suggests that this may still miss a sizeable 

fraction of TB cases, particularly in HIV-infected pregnant women, indicating that further adjuvant 

diagnostic tools will be needed to help identify TB in PLHIV [45, 46]. 

Despite poorer treatment outcomes, TB treatment remains the same regardless of the patient’s HIV 

status. With increasing availability of anti-retroviral therapy (ART), important decisions regarding the 

‘when’ and ‘what’ of HIV therapy need to be made. Subgroup analysis of three major trials have 

shown a consistent benefit of early ART – within 2 weeks of TB treatment – in those with CD4 counts 

of less than 50 cells/mm3 [47-49]. The optimal timing of ART at higher CD4 counts remains uncertain. 

A meta-analysis has shown that starting ART before or during TB therapy will reduce the risk of death 

by nearly three-fifths [50]. Furthermore, consideration must be given as to the choice of ART 

regimen: important drug-drug interactions (DDIs) between TB and HIV medications exist that may 

reduce drug efficacy or increase the risk of toxicity. Rifampicin is the most potent inducer of 

cytochrome P450 enzymes, and may reduce patient exposure to ART, particularly nevirapine and 

protease inhibitors, to sub-therapeutic levels, risking virological failure [51].  This is particularly 

challenging in resource-limited settings such as Malawi, where options for second-line ART are 

limited. 

 

1.4 TB treatment targets: research priorities 

1.4.1 Global targets 
 

Although considerable progress has been made in TB control since the 1990s,  the WHO End TB 

Strategy goal of ‘a world free of TB’ by 2035 [20] will not be achieved without further improvements 

to the routinely used antibiotic regimens for both drug susceptible and resistant disease. Alongside a 

95% reduction in mortality compared to 2015 levels, End TB seeks to achieve a 90% reduction in TB 

incidence, and complete prevention of catastrophic costs due to TB for TB-affected families by 2035 

[20]. Goal 3 of the United Nations Sustainable Development Goals (SDGs) aims to end the TB 

epidemic by 2030 [52]. 
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In response to these challenges, the last 20 years have witnessed considerable activity in TB 

therapeutics, with repurposing of existing antibiotics, and development of entirely new 

pharmaceutical compounds. However, selection of appropriate doses of many agents, and 

construction of the most efficacious combination regimens present ongoing questions. Clinical 

pharmacokinetic (PK) and pharmacodynamic (PD) studies may help resolve these, and will be 

discussed further in the following sections.  

 

1.4.2 Shorter treatment for TB 
 

Patients infected with Mtb without any evidence of antibiotic resistance require 6 months of 

multidrug therapy to treat uncomplicated drug-sensitive disease (DS-TB) [53]. Adherence of every 

patient to 6 months of chemotherapy has proved impossible for public health services to support 

[54], and is exacerbated by significant toxicity and problematic DDIs when combined with ART [51]. 

Poor adherence and complex polypharmacy lead to unfavourable outcomes and it has become 

apparent that shorter TB treatment is needed [53]. Mathematical modelling suggests that shortening 

effective chemotherapy to 2 months would reduce TB incidence by up to 20%, and mortality by up to 

25%. More modest gains could be achieved by treatment abbreviation to 4 months [55-57].  

To date, attempts to shorten treatment for DS-TB have been unsuccessful. Pre-clinical data, and 

studies of time-to-culture conversion suggested that fluoroquinolone-containing regimens have 

treatment-shortening potential [58], yet relapse rates were in the region of 20% when tested in 

clinical trials [59-61]. A trial of shorter treatment for patients with non-cavitatory disease on baseline 

chest X-rays and negative sputum cultures at 2 months had to be stopped due to an increased risk of 

relapse [62]. 

Linked to failures in DS-TB therapy, a marked increase has been observed in the incidence of MDR-

TB, caused by Mtb bacteria which are resistant to both rifampicin and isoniazid. The estimated 

number of MDR-TB cases worldwide rose from 250,000 in 2009 to 480,000 in 2015 [63]. Extensively 

drug resistant (XDR-) TB, with super-added resistance to injectable second line drugs and 

fluoroquinolones comprises 10% of MDR-TB cases. MDR-TB typically requires treatment 

prolongation to 18-20 months, although the WHO has approved the use of a 9-12-month regimen in 

some circumstances [64, 65]. The second line drugs used for MDR-TB carry additional toxicities so 

the need for faster, cleaner therapy is even stronger than in drug susceptible disease. Ultimately, 

detailed interrogation of antibiotic exposure-response relationships may accelerate development of 

shorter, less toxic therapy for all forms of TB. 

 

 



Chapter 1  General introduction 

  Page 7 

1.4.3 Addressing TB treatment failure 
 

In contrast to many other infectious diseases, failure to culture TB at the end of treatment does not 

necessarily indicate cure [66]. After 2 months of treatment, most patients do not have culturable TB 

in their sputum, yet require a further 4 months of therapy to prevent relapse [67]. The early British 

Medical Research Council (BMRC) studies identified that recurrent TB after treatment completion 

was a significant problem necessitating prolonged follow-up [15]; and as such, the composite 

outcome of failure at end of treatment and relapse after treatment completion became the gold 

standard endpoint for clinical trials of tuberculosis therapy [15, 66]. In contrast to the good 

treatment outcomes seen in the original clinical trials, TB cure rates in high-burden countries are 

sub-optimal [18, 47, 68]; and rates of recurrence after treatment completion are high in those with 

TB-HIV co-infection [31, 36, 69, 70]. Alongside shorter therapies, research must optimise existing TB 

treatment to reduce the unfavourable outcomes of relapse, acquired drug resistance, and death.   

Understanding why patients relapse after a full course of treatment is essential to reducing the 

morbidity and mortality of recurrent TB disease, and the considerable personal and economic costs 

of retreatment and MDR regimens. There are multiple explanations for poor treatment outcomes, 

from programmatic (treatment delivery, adherence), to clinical (toxicity, drug-drug interactions, 

extent of disease), to pre-clinical and bench science (PK, PD, drug resistance, immunology). 

Understanding host factors, drug exposure at the site of infection, and mycobacteriological factors 

driving treatment response will form the basis of the remainder of this thesis. 

 

1.5 Capturing TB treatment response 

1.5.1 Recording programmatic outcomes 
 

Collection of TB data forms part of a country’s health information system, and is reported to both 

national TB control programmes (NTPs) and the WHO. As such, standardised outcome definitions are 

required to allow data to be compared within and between NTPs and enable monitoring of 

programme performance [71]. These definitions are discussed further in Chapter 2, but ultimately 

programmatic outcomes will differ from those required in clinical trials evaluating different 

regimens. The WHO treatment outcomes above do not consider the possibility of post-treatment 

relapse, nor do they distinguish between death due to TB or other causes. As such, alternative 

endpoints must be used when evaluating TB treatment response in clinical trials.  
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1.5.2 Late treatment outcomes: the gold standard 

 

The early BMRC studies and subsequent clinical experience have shown TB relapse after treatment 

completion to be a significant problem [15] necessitating adoption of relapse-free cure 18-24 

months after treatment initiation as the gold standard endpoint for definitive Phase III trials of new 

therapies [15, 66]. However trials of this duration, or longer for MDR-TB, are complicated and 

expensive to complete [65]. In highly endemic settings, particularly with high rates of HIV co-

infection, TB re-infection risks contaminating this endpoint unless careful molecular fingerprinting 

can be undertaken to distinguish between true relapse and re-infection [30, 33].  

 

1.5.3 Early treatment outcomes: choice of surrogates 
 

Despite the urgent need for ‘ultra-short’ TB treatment and the availability of new compounds to 

evaluate, efficient conduct of clinical trials remains difficult. As such, clinical PK-PD analyses based on 

earlier efficacy outcomes in Phase II trials may help to compare novel combinations of drugs and 

dosages using fewer patients over a shorter timeframe so that only candidate regimens with the 

greatest efficacy and treatment shortening potential advance to Phase III evaluation. For this to 

work, these early outcomes should reliably predict relapse. A selection of treatment efficacy 

outcomes is described in Table 1.1.   

Traditionally, for DS-TB patients with pulmonary TB, sputum culture conversion (SCC) from ‘positive’ 

to ‘negative’ at two months is used to represent treatment efficacy [72-74].  However, this simple 

biomarker shows only modest correlation with late outcomes [66, 75, 76]. In recent years, attention 

has shifted towards weekly sputum sampling to more accurately record the ‘time to culture 

conversion’ and provide more information on the anti-bacterial effect of therapy over the entire 

study period than binary measurement at a single time-point [77-79]. Modern studies have also seen 

a gradual move from microbiological treatment monitoring on solid (e.g. Lowenstein-Jensen [LJ]) 

media to liquid culture (e.g. the Mycobacterial Growth Indicator Tube [MGIT] system) because liquid 

Mtb culture is easier, provides faster results and converts to ‘negative’ later during therapy [80-82]. 

It is generally believed that TB relapse is driven by drug-tolerant bacteria which survive despite 

antibiotic therapy [53]. Therefore, whilst the pharmacodynamics of distinct bacterial phenotypes in 

different media are incompletely understood [83], it seems intuitive that liquid culture systems 

which revive ‘persister’ organisms for longer will provide better surrogates of final outcomes [84, 

85]. However, liquid culture will still fail to capture a significant proportion of these persister bacilli. 

The use of exogenous culture filtrate or resuscitation-promoting factors has shown that 

expectorated sputum may contain many drug-tolerant, differentially-culturable TB bacilli, that will 

still not be detected using standard liquid culture techniques [86, 87]. 
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Timing of outcome 

measurement 

Outcome 

measurement 

Strengths Weaknesses 

Late  

(typically the end of post-

treatment follow-up) 

Treatment failure or 

post-treatment 

relapse 

1. Clinically relevant 

 

2. Gold standard endpoint 

for stable cure in Phase III 

clinical trials 

1. Studies are very long and 

expensive to conduct 

 

2. Unless careful molecular tests 

can be undertaken the endpoint of 

relapse may be contaminated by 

TB re-infection in highly endemic 

settings, especially with high rates 

of HIV co-infection 

Early 

(typically 2 months for DS-

TB, may be 24 weeks for 

MDR-TB) 

Sputum culture 

conversion (SCC) * at 

a defined endpoint 

1. Results are simple to 

understand and interpret 

 

2. Only requires sputum 

sampling at 2 time-points 

1. Only modest correlation with 

late outcomes 

 

2. Binary data do not use all 

possible information (e.g. 2-month 

results cannot discriminate 

between patients who are culture 

negative at 8 weeks, even if one 

culture converted at 2 weeks and 

the other at 6 weeks) 

Time to SCC * 1. Results are simple to 

understand and interpret 

 

2. Provides more 

discriminatory data than 

SCC  

1. Correlation with late outcomes 

has not been well validated 

 

2. Frequent sputum sampling 

required; wider sampling windows 

reduce the accuracy of the 

measurement 

Statistical modelling 

of bacterial 

elimination rates 

from serial 

quantitative 

bacteriology data †  

1. Provides information on 

antimicrobial efficacy 

across the whole sampling 

time, even on patients 

who do not convert to 

negative 

 

2. Allows multi-phase 

patterns of bacterial 

clearance to be assessed 

1. Correlation of estimated 

summary parameters from mixed 

effects modelling with late 

outcomes has not been well 

validated 

 

2. Data analysis is computationally 

complex to perform 

 

3. Results are not always simple to 

understand and interpret  

Table 1.1: Treatment efficacy outcomes used in clinical PK-PD studies and clinical trials for tuberculosis 
 * SSC or ‘time to SCC’ data can be generated using solid or liquid culture media; culture conversion is often later 
in liquid culture systems. † Quantitative bacteriology data can be generated from log10CFU/ml counts on solid 
media or time to positivity results in liquid culture systems 

 

Newer methods to monitor TB treatment response and set early outcome measures for PK-PD 

studies involve use of serial quantitative bacteriology to chart the decline in Mtb bacillary load. In 

solid media, incubation of homogenised sputum onto on selective agar plates (e.g. Middlebrook 

7H10 or 7H11) allows the number of colony forming units (usually expressed in log10CFU/ml) in each 

expectorated patient sample to be counted [88-90]. For liquid culture, the time to positivity (TTP) 

after inoculation of processed sputum into MGIT tubes provides an inverse measure of bacillary load 

(usually expressed in hours or days) because shorter delay until detection of growth represents 

higher bacterial burden [89, 91-93]. Early bactericidal activity (EBA) studies lasting up to 14 days 

directly report changes from baseline in log10CFU/ml counts or TTP [84, 94-96], whilst studies 

extending out for 8-12 weeks may deploy statistical modelling techniques to summarise evolving 
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patterns of bacillary clearance over a longer period [58, 89, 97]. Separate elimination rates can be 

reported for distinct ‘early bactericidal’ and ‘sterilising’ phases of treatment [72, 74, 77] and 

correlation has been described between sterilisation phase rate coefficients and long-term DS-TB 

outcomes (Figure 1.3) [89]. More data are required to validate those relationships.  

 

 

Figure 1.3: Modelling bacillary elimination from sputum 
A: Biphasic bacillary elimination from sputum.  Serial counts of viable bacillary load over TB treatment reveals a 
biphasic response suggesting the existence of at least 2 subpopulations. Initially, multiplying extracellular 
bacteria in log phase growth are killed rapidly by the ‘early bactericidal activity’ (EBA) of anti-TB drugs – the α-
slope; thereafter, surviving bacteria in varying states of non-replicating persistence are eliminated more slowly 
by the ‘sterilising activity’ of the regimen – the β-slope.  The slow sterilisation phase is one of the main 
determinants of the length of treatment.  Adapted from [65]. 
B: Sterilising activity of a regimen determines the duration of treatment.  The sterilising activity reflects the 
effectiveness of a regimen to eliminate non-replicating persister organisms.  Different rates of bacillary 
elimination (β-slope) mean that for some, 6 months of therapy will be more than needed to completely eradicate 
Mtb, whereas for others this would be insufficient.  For all 3 regimens in this example, all subjects are below the 
limit of detection of Mtb into the continuation phase.  
C: Binary endpoints (2-month culture conversion) will not capture the dynamics of bacillary elimination.  
Regimens with good EBA and poor SA may achieve culture conversion by 2 months, but the poor activity against 
persister organisms risks later relapse.  Those with poor EBA, but good SA may still be culture positive at 2 
months, but the rate of bacillary elimination during the later stages of treatment completely eradicates the Mtb.  
Adapted from [77].  
D: Baseline bacillary load determines treatment outcome.  For the 2 examples with lower baseline bacillary 
loads (green and yellow), both patients achieve negative cultures at month 2, but the poorer SA in the yellow 
regimen leads to late failure.  In the 2 patients with higher baseline bacillary loads (orange and red), neither are 
culture negative by month 2.  The orange patient appears to have had a successful outcome at end of treatment 
(below the limit of detection) but has an early relapse; whereas the red patient is still culture positive at end of 
treatment.  Adapted from [77]. 
EBA: early bactericidal activity; SA: sterilising activity; RHZE: intensive phase therapy (rifampicin, isoniazid, 
pyrazinamide, ethambutol); RH: continuation phase therapy (rifampicin, isoniazid) 
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Presently, no early TB outcome measure convincingly predicts long-term relapse and there is no 

consensus on which to use. This is demonstrated by the recent failure of thee multi-centre phase III 

trials to shorten drug-susceptible TB treatment from 6 to 4 months by inclusion of a fluoroquinolone 

[59-61] despite promising results from Phase II clinical studies which used end-points of 2-month SCC 

[81, 98, 99], time to culture conversion [99] and bacillary elimination rate [58]. Therefore, PK-PD 

studies relating antibiotic exposure to early outcomes must be aware of the potential limitations to 

their findings. Future clinical PK-PD analyses may be crucial to development of better treatment 

response biomarkers.  

 

1.6 Drug therapy for TB 

1.6.1 First-line anti-tuberculosis therapy for DS-TB 
 

Standard “short course” TB treatment for new patients comprises an intensive phase of 2 months 

with 4 drugs daily (RHZE: R – rifampicin, H – isoniazid, Z – pyrazinamide, E – ethambutol) followed by 

a continuation phase of 4 months with 2 drugs (RH). These drugs are typically supplied in fixed-dose 

combinations (FDCs), allowing for ease of prescription, and reducing the risk of drug resistance due 

to episodes of monotherapy when drugs are supplied individually [100]. FDCs of anti-TB drugs 

appear in the WHO Model List of Essential Medicines at the doses recommended in Table 1.2 below. 

A complete 6-month course from the Global TB Drug Facility costs around $40 per person [63]. 

 

Drug Recommended daily dose 

Dose and range 

(mg/kg body weight) 

Maximum  

(mg) 

Rifampicin (R) 10 (8-12) 600 

Isoniazid (H) 5 (4-6) 300 

Pyrazinamide (Z) 25 (20-30) - 

Ethambutol (E) 15 (15-20) - 

Streptomycin (S) * 15 (12-18) - 

Table 1.2: Recommended doses of first-line anti-tuberculosis drugs for adults 
* Patients aged over 60 years or weighing less than 50 kg may not be able to tolerate more than 500–750 mg 
daily. From [100]. 

 

The standard first-line regimen is recommended for all new TB patients (no prior history of TB 

treatment, or previously received less than one month of treatment) with a few exceptions where 

the risk of drug resistance requires a different choice of regimen [100]. New patients in areas with a 

high prevalence of isoniazid resistance in new patients may have ethambutol added to rifampicin 

and isoniazid in the continuation phase, and new patients with active TB after contact with a patient 

with drug-resistant TB should be prescribed a regimen based on the drug susceptibility test (DST) of 

the source case while their own DST results are awaited.  
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The standard regimen applies to patients with extrapulmonary TB, with the exceptions of TB of the 

central nervous system, bone or joint, for which some expert groups recommend treatment 

prolongation to 9 or 12 months [101, 102]. In TB meningitis, ethambutol is replaced by streptomycin 

during the intensive phase [100]. In addition, adjunctive corticosteroids may reduce the risk of death 

in TB meningitis and pericarditis [103-105]. Where previous guidelines indicated that ethambutol 

could be omitted in HIV-uninfected patients with non-cavitatory, smear-negative pulmonary or 

extrapulmonary TB, this recommendation has been removed [100].  

Standard regimens for those previously treated for TB depend on the likelihood of MDR-TB, given 

that previous TB treatment is a strong determinant of drug resistance [106]. Retreatment regimens 

are chosen at a country level by NTPs based on rates of MDR-TB, the routine and timely availability 

of DST, and whether retreatment is for treatment failure (higher risk of MDR-TB) rather than relapse 

or default [100]. In Malawi, rates of drug resistance are low [107]. In new cases, rates of MDR or 

rifampicin resistance was estimated at 0.75% (0-1.6), and 6.4% (3.8-8.9%) in previously treated cases 

[63]. Xpert MTB/RIF is recommended to screen for MDR-TB in cases of recurrent TB, and where 

unavailable, empiric MDR-TB treatment advised for those whose previous treatment has failed [105]. 

At the time of the study, those with recurrent TB after relapse or default were prescribed a 

retreatment regimen of 3 months of RHZE with the addition of the injectable streptomycin for the 

first 2 months, followed by 5 months of RHE if no resistance identified. While this regimen is shorter 

and less toxic than standard MDR-TB regimens, the requirement for 2 months of inpatient stay for 

patient and guardian is associated with catastrophic household costs [108].     

 

1.6.2 Development of first-line anti-tuberculosis therapy 
 

The work of the Tuberculosis Research Unit of the BMRC, and its collaborators, were instrumental in 

the development of shorter regimens for TB in the period 1946-1986. Through the introduction of 

randomised clinical trials to the development of regimens, treatment was abbreviated from 18 

months or more to 6 months, and made available in even the poorest of countries [15]. This work 

has been comprehensively summarised in detail by Fox et al [15], but some of the key steps in 

building todays regimen are detailed below. 

Until the middle of the 20th century, treatment options for tuberculosis were limited to surgery, 

nutrition, and environmental measures. In 1944, both para-aminosalicylic acid and streptomycin 

were shown to have anti-mycobacterial activity, and were subsequently included in the first 

combination therapy for tuberculosis [9, 109, 110]. Isoniazid, a nicotinamide analogue, followed in 

1952, and remains in the first line regimen in use today [111]. The combination of streptomycin, 

isoniazid, and para-aminosalicylic acid for 1-2 years was the first “curative” regimen for TB, with 

relapse rates as low as 4% [15], and remained the standard treatment for TB for nearly 15 years 
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[112]. Combination therapy as a strategy to reduce the emergence of drug-resistance was identified 

early in the development of antituberculosis chemotherapy [113, 114], and by the 1960s, a two 

phase model of therapy was proposed [115]. An “intensive phase” of three or more drugs would 

rapidly reduce the bacillary burden without the emergence of resistance, followed by a prolonged 

“continuation phase” where one or more drugs killed any quiescent, residual organisms. 

Animal studies had suggested that rifampicin and pyrazinamide had high sterilising activity, and 

potential for rapid sputum conversion [15]. In 1970, trials in East and Central Africa added rifampicin 

or pyrazinamide to 6-month regimens with SH, achieving relapse rates of 3% and 8% respectively by 

2 years of follow up compared to 29% with SH alone, and comparable to existing regimens using 2 

months of SH and thioacetazone (T), followed by 16 months of ST [116-118]. Follow on studies 

looked to shorten the duration of the expensive drugs rifampicin and pyrazinamide, and found that 

an initial phase containing 2 months of rifampicin and pyrazinamide achieved favourable culture 

conversion and relapse rates [119-121]. Continuation of pyrazinamide beyond the first two months 

of therapy did not reduce the rate of relapse, suggesting it was only active in the first months of 

treatment [14, 122].  

By the 1990s, the US Public Health Service had shown that 6 months of RH, with 2 months of 

pyrazinamide was as effective as 9 months of RH [123]. In the UK, the British Thoracic Society 

demonstrated that 6 months of RH supplemented with ZE during the intensive phase was as 

effective as regimens containing streptomycin and pyrazinamide [124], with the added benefit of 

offering completely oral-based therapy without the toxicity of streptomycin. In 2004, the efficacy of 

daily 2RHZE/4RH was demonstrated in a multicentre randomised trial [125], and remains the 

standard first-line regimen recommended by the WHO [100].  

 

1.6.3 Pharmacology of first-line anti-tuberculosis drugs 

 

1.6.3.1 Rifampicin 

Rifampicin, a rifamycin, is a first-line bactericidal drug that inhibits bacterial DNA-dependent RNA 

polymerase [126]. By binding to the beta subunit of RNA polymerase essential for DNA transcription, 

rifampicin interferes with protein synthesis required for survival of the bacterium [127].  

The rifamycins were discovered in the late 1950s; a new class of molecules with antibiotic activity in 

the secretions of the soil bacteria Streptomyces mediterranei [128]. Chemical modification of the 

natural metabolite rifamycin B led to the discovery of rifamycin SV, initially used for the intravenous 

or topical treatment of some gram-positive or biliary infections [129]. Further modification yielded 

rifampicin, an orally available analogue with antimycobaterial properties in vitro [129, 130]. By 1970, 

rifampicin was added to streptomycin and isoniazid in the BMRC East and Central Africa trials, 
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demonstrating considerable treatment shortening properties [117]. Omission of rifampicin from the 

continuation phase led to relapse rates above 30% [13, 14]. 

The pharmacokinetics of rifampicin are highly variable, with up to 10-fold inter-individual variability 

in maximum plasma concentration (Cmax) and half-life (T1/2) [131, 132]. Most PK studies measure 

total drug concentration, assuming equilibrium between protein-bound and protein-unbound 

fractions. As it is the protein-unbound fraction that exerts pharmacological effect at the site of action 

[133], the extent of protein binding will have a bearing on concentration-response relationships 

[134]. Rifampicin may be up to 80% protein-bound [135], mainly to albumin, however there may be 

considerable variation in the degree of protein binding in states of undernutrition, and ultimately the 

extent of drug exposure [134]. Agents with high plasma protein binding may experience clinical 

failure when total drug concentration monitored rather than the unbound fraction [136]. 

Rifampicin is readily absorbed and distributes well throughout body tissues and fluids [126, 135]. 

Absorption is affected by administration with food, taking longer to reach maximal plasma 

concentration, but the extent of absorption is not affected [137-139]. Variable absorption has been 

described, with subgroups with short or long absorption lag phases [131, 140]. After a single dose, 

rifampicin has 90-95% bioavailability [126], dropping to around 68% after 3 weeks of treatment 

[141], indicating autoinduction of first pass effect [142]. As a potent enzyme inducer, rifampicin 

induces its’ own metabolism, such that the plasma half-life drops from 2.3-5 hours at treatment 

outset to 2-3 hours with repeated administration [126]. This is associated with increased elimination 

of rifampicin and its’ metabolite 25-desacetylrifampicin into the bile over time on treatment [143]. 

Biliary excretion of rifampicin occurs after hepatocellular uptake, primarily mediated by organic 

anion-transporting polypeptide 1B1 (OATP1B1) coded for by the gene SLCO1B1 [144, 145]. Recent 

reports from South Africa and Uganda suggest that SLCO1B1 single nucleotide polymorphisms (SNPs) 

are more common in African patients and associated with reduced rifampicin exposure [146, 147]. 

However, recent reports from Malawi and South India have been unable to show a PK effect, and 

may be due to the relative rarity of the SNPs in these populations [148, 149].  

Alongside OATP1B1, rifampicin is a substrate for the drug transporter, P-glycoprotein (P-gp) [150]. By 

binding to and activating the pregnane X receptor, rifampicin induces multiple phase I (including 

cytochrome P450, particularly CYP3A4) and phase II drug metabolising enzymes, and drug 

transporters such as P-gp [135, 150]. Consequently, plasma rifampicin concentrations reduce on 

treatment from a combination of induction of drug transporters and enzyme induction.  



 

  

  

Drug Chemical class, mechanism of action, 

role in TB treatment 

Mechanism of 

resistance 

Pharmacokinetic profile [126, 151] Key plasma pharmacokinetic 

indices  

RIFAMPICIN 

 

 

RIFAMYCIN 

Inhibits DNA-dependent RNA 

polymerase preventing protein 

synthesis [126, 127] 

Early bactericidal and sterilising activity 

[94] 

Mutation in RNA 

polymerase subunit 

beta (rpoB): 

conformational change 

and defective 

rifampicin binding 

[152] 

ABSORPTION: Rapid absorption; 90-95% bioavailability (single dose); ~65% 

bioavailability (multiple doses) [141] 

DISTRIBUTION: Extensive distribution (discolours body fluids); 80-90% 

protein bound 

METABOLISM: Undergoes enterohepatic circulation; desacetylation into 

active form; CYP450 inducer 

EXCRETION: 30% urine; 65% faeces                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          

10 mg/kg 

Cmax: 4-6 µg/ml 

Tmax: 2-3 hours 

T1/2: 2-5 hours  

(↓ after repeated doses) 

AUC0-24: 20-40 mg.h/l [131, 153-

155] 

MIC: 0.03-0.5 µg/ml [156] 

ISONIAZID 

 

 

NICOTINAMIDE DERIVATIVE 

Interferes with cell wall synthesis 

Bactericidal in high doses 

Mutation in 

mycobacterial 

catalase-peroxidase 

KatG [157] 

ABSORPTION: Rapid absorption; 40-80% bioavailability (lower in fast 

acetylators due to a higher first pass effect) 

DISTRIBUTION: Extensive distribution; negligible protein binding 

METABOLISM: Acetylation (genetically determined); fast acetylators – rapid 

metabolism; slow acetylators – slow metabolism  

EXCRETION: 75-95% in urine 

5 mg/kg 

Cmax: 3-6 µg/ml 

Tmax: 0.75-2 hours 

T1/2: 1.5 hours fast acetylators;  

4 hours slow acetylators 

AUC0-∞: 15-30 mg.h/l [154, 155, 

158, 159] 

MIC: 0.03-0.25 µg/ml [156] 

PYRAZINAMIDE 

 

 

NICOTINAMIDE DERIVATIVE 

Unknown mechanism 

Active at acidic pH [160] 

De-energises Mtb cell membrane 

potential [161] 

Interferes with fatty acid synthesis [162] 

Inhibits trans-translation in non-

replicating organisms [163] 

Mutations in 

pyramidinase gene 

(pncA) [161] 

ABSORPTION: Well absorbed; 73% bioavailability 

DISTRIBUTION: Widely distributed (including cerebrospinal fluid); 5% 

protein-bound 

METABOLISM: Hydrolysed and hydroxylated to 5-hydroxy-pyrazinoic acid 

(active form) 

EXCRETION: Metabolites renally excreted; 3% excreted unchanged 

25-35 mg/kg 

Cmax: 30-50 µg/ml 

Tmax: 1-3 hours 

T1/2: 9 hours  

AUC0-∞: 250-500 mg.h/l [154, 

155, 158, 164] 

MIC: 6-50 µg/ml (at pH 5.5) 

ETHAMBUTOL 

 

 

ETHYLENEDIAMINE 

Inhibits cell wall synthesis [165] 

Bacteriostatic 

Mutations in embCAB 

operon encoding 

arabinosyl-

transferases [166] 

ABSORPTION: Well absorbed; 80% bioavailability 

DISTRIBUTION: Well distributed (except cerebrospinal fluid); 10-40% 

protein-bound 

METABOLISM: 15% metabolised to aldehyde and dicarboxylic metabolites  

EXCRETION: Unchanged in urine 

25 mg/kg 

Cmax: 2-5 µg/ml 

Tmax: 2-3 hours 

T1/2: Biphasic: 2-4, then 12-14 

AUC0-∞: 20-30 mg.h/l [154, 155, 

158, 167] 

MIC: 0.5-8 µg/ml [156] 

Table 1.3: Pharmacology of first-line anti-tuberculosis drugs  
Summary of the mechanisms of action and resistance, PK profile and key PK indices. Estimated PK indices from TB patients at steady state where available. Wild-type MIC distributions shown. 
Adapted from [126, 151, 168], additional references in table.     
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Rifampicin is metabolised by B-esterases in liver microsomes into 25-desacetylrifampicin, an active 

metabolite with up to 50% of the activity of rifampicin against clinical isolates [169-171]. Human 

arylacetamide deacetylase (AADAC) is responsible for this transformation, and while pre-clinical 

studies have implicated SNPs in the AADAC gene in significantly reduced rifampicin clearance [172], 

clinical PK studies from Malawi were unable to identify a pharmacogenetic effect of this 

polymorphism [148]. Plasma concentrations of 25-desacetylrifampicin may only be around 10% of 

rifampicin concentrations, but may vary considerably between patients [173, 174]. Rifampicin is 

progressively metabolised to 25-desacetylrifampicin though enterohepatic cycling, and excreted in 

the faeces [151]. 

Rifampicin is one of the most potent enzyme inducers known to man, and is responsible for 

numerous clinically-significant DDIs due to increased drug metabolism or transport [175]. Full 

enzyme induction after starting rifampicin is reached after 1 week, and baseline activity restored 2 

weeks after discontinuing rifampicin [175]. Rifampicin co-administration may significantly reduce 

concentrations of multiple drug classes, including oral contraceptives, warfarin, calcium-channel 

blockers, statins, glucocorticoids, and opiates, necessitating dose adjustments [150, 175, 176]. DDIs 

are particularly problematic when rifampicin is co-administered with ART [51]. Rifampicin may 

reduce nevirapine concentrations by up to 55% [177-179], and co-administration of rifampicin and 

nevirapine has been associated with greater risk of virological failure and death compared to 

efavirenz-containing regimens [180]. Rifampicin has not been consistently shown to reduce efavirenz 

concentrations, and is the current non-nucleoside reverse transcriptase inhibitor recommended in 

TB-HIV co-infection [181].  

Perhaps more challenging are DDIs between rifampicin and protease inhibitors in second-line ART 

[181]. Rifampicin-protease inhibitor co-administration may reduce plasma protease inhibitor 

concentrations by up to 95% [51, 182], and be associated with unacceptable toxicity [51, 183, 184]. 

Switching to alternative rifamycins, such as rifabutin or rifapentine, may be associated with fewer 

DDIs than rifampicin, but are less available in resource-limited settings [51, 100]. Alternatives to 

protease inhibitors with minimal drug interactions are in development [185], and may become major 

alternatives to existing ART [186]. In the meantime, a strategy of double-dose boosted lopinavir for 

patients on TB treatment requiring second-line ART may be a suitable regimen to limit the effect of 

DDIs in these settings [187].  

Rifampicin is generally well tolerated at therapeutic doses, but is associated with gastrointestinal 

upset (nausea, vomiting, abdominal pain), pruritis, and (benign) discoloration of body fluids [102]. 

Administration in those with chronic liver disease, poor nutrition, alcoholism, or advanced age, may 

be associated with hepatoxicity [126], whereas moderate rises in transaminases are common and 

without clinical significance [100, 188].   
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1.6.3.2 Isoniazid 

Isoniazid (isonicotinic acid hydrazide) is a nicotinamide derivative first tested in humans in 1952 

[189-191]. Isoniazid is a prodrug which requires activation by the Mtb catalase-peroxidase enzyme 

KatG [192]. The activated isoniazid causes irreversible inhibition of the enoyl reductase carrier 

protein (inhA), essential to produce mycolic acids required for the mycobacterial cell wall [192, 193]. 

As such, isoniazid is bactericidal against rapidly dividing organisms, but bacteriostatic against slowly 

dividing organisms [126]. Nitric oxide generated by KatG oxidation of the hydrazine nitrogens further 

contributes to the antimycobacterial role of isoniazid [194].  Mutations in the katG gene of Mtb 

confer resistance to isoniazid though reduction or loss of activity of the catalase-peroxidase [157]. 

Rapid emergence of isoniazid resistance during monotherapy was identified in the earliest trials of 

isoniazid treatment [191], and prompted the use of triple-drug therapy (2SHT/16HT) to reduce the 

risk of acquisition of resistance [15, 195, 196]. 

The pharmacokinetics of isoniazid are also highly variable [159]. Mutations in the enzyme system 

required for its’ elimination results in trimodal elimination (fast, intermediate, slow) [197], with 

differences in acetylisoniazid excretion noted as early as 1953 [198]. Isoniazid clearance is driven by 

N-acetyltransferase 2 in the liver and small intestine, regulated by the polymorphic NAT2 gene [199, 

200]. SNPs in several NAT2 alleles confer acetylation phenotype [200, 201]. Low drug exposure in 

fast acetylators may be associated with increased risk of treatment failure, relapse or acquired drug 

resistance, whereas high exposure in slow acetylators may be associated with toxicity [201]. 

Currently, assignment of NAT2 phenotype is complex and must be inferred by genotyping for 

multiple SNPs and performing haplotype analyses. However, studies in European bladder cancer 

patients have identified a single common tag-SNP (rs1495741), which could predict the overall 

phenotype [202]. Recent work from Malawi suggest that the rs1495741 tag-SNP may be 

conveniently deployed for to simplify NAT2 phenotype assignation when interpreting data on 

isoniazid containing regimens in clinical trials [Sloan et al, unpublished data]. 

After an oral dose, isoniazid is rapidly absorbed, and achieves peak plasma concentrations within 1-2 

hours [126, 169]. Administration with food may reduce the bioavailability of isoniazid, reduce the 

Cmax, and increase the Tmax [137, 203]. Isoniazid undergoes first pass metabolism in the 

gastrointestinal tract and liver, reducing bioavailability though presystemic elimination [204]. This 

effect is greater in fast acetylator patients [205], such that slow acetylators may achieve higher Cmax 

concentrations [140]. Acetylator status alters the half-life of isoniazid, with rapid acetylators having 

an elimination half-life of approximately 50% of slow acetylators [126, 155, 197].  

Isoniazid is minimally protein bound and distributes well into tissues [126, 206], with a peripheral 

volume of distribution as high as 1730 l [159]. Isoniazid appears to achieve concentrations in 

cerebrospinal fluid comparable to plasma [207], and in lung epithelial lining fluid and alveolar cells 

[208, 209]. As a small polar molecule, isoniazid appears to achieve homogenous distribution across 

the caseum, interstitium, and cavity of lung lesions in explant samples from TB patients [210]. 
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Isoniazid achieves rapid reductions in the bacillary load (EBA) in the first few days of treatment [90, 

211], and this may in part be due to the extensive tissue distribution. After 3 days of treatment, 

isoniazid activity decreases due to the development of katG mutations and the production of 

mycobacterial efflux pumps [212].     

Adverse events attributed to isoniazid may occur in up to 5.4% of patients, with risk of toxicity 

associated with acetylator status [126]. Peripheral neuropathy is more common in slow acetylators 

[126, 213], and can be prevented by supplemental vitamin B6 (pyridoxine) [214, 215]. Isoniazid 

competitively inhibits activation of pyridoxine into coenzymes required for protein metabolism and 

production of some neurotransmitters [214]. Optic neuritis, psychosis, and convulsions, are rarer 

complications of isoniazid treatment, and may necessitate withdrawal [100].  

Hepatotoxicity occurs in up to 3% of patients aged over 50 years, and risk was increased with regular 

alcohol consumption [216]. Hepatotoxicity has been related to acetylator status [217], and the 

production of toxic metabolites [218]. Isoniazid is more likely to be associated with hepatotoxicity 

than rifampicin, but the risks were increased when prescribed together [219]. Enzyme induction by 

rifampicin may increase the generation of toxic metabolites [220]. 

 

1.6.3.3 Pyrazinamide 

Pyrazinamide is an unusual drug used exclusively in combination therapy for tuberculosis. First 

synthesized in 1936, it was not until 1952 that its’ anti-tuberculous activity was noted in mouse 

models [161, 221, 222]. Testing in humans followed immediately, and was found to be effective 

against TB [223]. Hepatotoxicity in the early human studies prevented its’ inclusion in the early trials 

of combination therapy, partly due to the high initial doses chosen (3 g per day) [224-226]. In the 

1970s, pyrazinamide was reappraised in the trials of potential short-course regimens due to the 

limited evidence from earlier studies suggesting accelerated sputum culture conversion, and good 

sterilising activity in animal models [15]. Inclusion of pyrazinamide to 6-month SH-based regimens, 

with or without rifampicin, achieved relapse rates of 4-8%, and sputum culture conversion rate of up 

to 83% [15, 118, 121]. Further trials explored the minimum duration of pyrazinamide required for 

relapse-free cure, identifying that there was no treatment benefit in extending pyrazinamide therapy 

beyond the first 2 months of therapy [13, 14, 122]. 

Despite its’ central role in reducing treatment duration from 9-12 months to 6 months, 

pyrazinamide’s mechanism of action is incompletely understood. It has no anti-TB activity under 

normal culture conditions at near-neutral pH [227], no activity in guinea pig models of TB [223], and 

minimal early bactericidal activity in TB patients [90]. Its’ ability to shorten treatment suggests it 

works primarily as a sterilising agent, mainly between 15 and 56 days of therapy [84, 228].  

Pyrazinamide is preferentially active against semi-dormant, non-growing Mtb [161]. It is a prodrug, 

and requires conversion to pyrazinoic acid (POA) by bacterial nicotinamidase/pyrazinamidase [161, 
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229]. It appears to be active against TB only at acidic pH, which may occur during active 

inflammation early in treatment [160, 161]. Cytoplasmic POA has no antimycobacterial activity, is 

excreted, and in acidic conditions converted to the uncharged protonated POA (HPOA) [161]. HPOA 

permeates the cell and accumulates in the cytoplasm. The protons brought in with HPOA acidify the 

cytoplasm and inhibit key enzyme pathways, de-energise the cell membrane potential and affect 

membrane transport functions, ultimately killing the mycobacterium [161]. This mechanism of action 

explains the greater activity of pyrazinamide against non-replicating Mtb. Acid-facilitated uptake of a 

weak acid is non-specific, but Mtb is unable to counteract the effect of influx due to a deficient POA 

efflux mechanism [161]. This efflux system is downregulated in dormant bacilli, with consequent 

accumulation of HPOA in the cytoplasm [161]. Alternative mechanisms of action include inhibition of 

fatty acid synthase [162], or though inhibition of trans-translation in non-replicating organisms [163]. 

Resistance is linked to highly diverse mutations in the pyrazinamidase gene (pncA) required for 

conversion of pyrazinamide to POA [161, 229]. 

The pharmacokinetics of pyrazinamide appear to be less variable than for the other first-line drugs 

[155]. The drug is rapidly absorbed, with Tmax increasing from 1 to 3 hours with co-administration 

with a high-fat meal [126, 230, 231]. Studies in South Africa have suggested a bimodal distribution in 

absorption rate [164]. It is metabolized mainly in the liver and excreted in the urine [100]. 

Pyrazinamide has a plasma half-life of approximately 10 hours making it suitable for once-daily 

dosing [232]. The drug is widely distributed (volume of distribution 29 l [164]), achieving near-plasma 

concentrations in the CSF [207] and alveolar cells [233]; and seemingly concentrating in lung lining 

fluid [233]. Systemic exposure to the metabolite POA is approximately 20% of that of pyrazinamide 

[232]. Pyrazinamide has a pH-dependent MIC against Mtb [161], limiting the usefulness of 

pharmacokinetic indices using MIC as a measure of drug sensitivity.  

Polyarthalgia is one of the commonest side effects of pyrazinamide therapy, secondary to inhibition 

of renal tubular secretion of uric acid, and may require treatment with allopurinol [100]. Dose should 

be reduced in patients with renal failure, typically to thrice-weekly administration [100]. 

Hepatotoxicity discouraged pyrazinamide use after the earliest studies in humans, but is less 

common when used at 25-35 mg/kg for only the first 2 months of treatment [126]. 

 

1.6.3.4 Ethambutol 

Ethambutol, an ethylenediamine, was developed in response to increasing resistance to first-line 

drugs [234]. Ethambutol was discovered in 1961 when screening synthetic compounds in mice for 

protection against the H37Rv strain of Mtb [235]. Trials in humans soon followed, but “toxic 

amblyopia” was noted at doses of 60-100 mg/kg in nearly half of patients [236]. MRC trials using 

ethambutol at doses as low as 6 mg/kg followed, and found ethambutol to be as effective as para-

aminosalicylic acid when combined with isoniazid, and better tolerated [237, 238]. Further work 

demonstrated that ethambutol could replace intramuscular streptomycin [124, 239, 240]. 
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Combination therapy with rifampicin and isoniazid enabled treatment shortening to 9 months [241]. 

Ethambutol features as an intensive phase medication in the WHO-approved first-line regimen [100], 

primarily for the protection it offers companion drugs (particularly rifampicin) against the 

development of resistance where undiagnosed mono-resistance is present [242]. Ethambutol is 

bacteriostatic rather than bactericidal, and works by inhibiting transfer of mycolic acids into the 

bacterial cell wall [165]. Mutations in the embCAB operon encoding arabinosyltransferases confers 

ethambutol resistance [166]. 

Ethambutol is well-absorbed after oral administration, but takes between 2 and 3 hours to achieve 

maximal plasma concentrations [243-245]. Co-administration with food delays absorption and 

reduces the Cmax [243]. Oral bioavailability is around 80% [244, 246], and the drug is 10-40% bound 

to plasma proteins [169, 246]. Over 75% of ethambutol is excreted unchanged in the urine, making it 

a useful anti-tuberculosis medication in liver disease [126, 169, 246, 247]. Renal clearance of 

ethambutol is up to 5 times higher than creatinine, indicating the role of active renal tubular 

secretion in ethambutol elimination [246]. Consequently, ethambutol dosing should be adjusted in 

renal disease [100, 242]. 

Population-PK studies have shown that ethambutol distributes well, with a central and peripheral 

volume of distribution of 82 l and 623 l respectively [167]. A notable exception is cerebrospinal fluid: 

ethambutol penetrates inflamed meninges, but does not have demonstrated efficacy in TB 

meningitis [248-250]. The WHO recommends that streptomycin replace ethambutol in TB meningitis 

[100]. In the lung lining fluid, ethambutol appears to equilibrate with plasma, and concentrate within 

the alveolar cells [251]. 

Adverse events are rare with ethambutol treatment at standard doses [100]. The risk is development 

of retrobulbar neuritis, with reduced visual acuity or loss of red-green colour discrimination [100, 

102]. This effect is dose-related, and ocular assessment is recommended before and during 

treatment [100, 252]. The difficulty of assessing ocular toxicity in children previously discouraged the 

use of ethambutol in children under 5 years of age, but was reassessed due to toxicity concerns with 

thiacetazone [253]. Extensive experience of ethambutol in children does not suggest an increased 

risk of ocular adverse events [254, 255], and paediatric dosing was recently revised upwards (to 15-

25 mg/kg) to achieve concentrations similar to adult targets, though still falling short [256, 257]. 

 

1.7 PK-PD studies in optimising TB therapy 
 

The clinical trial sequence that resulted in current short course chemotherapy for DS-TB was 

completed by 1985, and moved directly from Phase I studies of restricted scope to pivotal Phase III 

trials [258]. Modern PK-PD tools and population pharmacokinetic analysis had not yet been 
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established [53].  Consequently, correlation between drug concentration and therapeutic effect was 

incompletely evaluated. 

Subsequent pre-clinical experiments have derived summary PK measures, including the maximum 

drug concentration (Cmax) or area under the concentration-time curve (AUC), from murine or hollow 

fibre system (HFS) models of TB disease [259-265]. These parameters may be expressed relative to 

the minimum inhibitory concentration (MIC) of each antibiotic for the infecting Mtb isolate, and 

related to the rate of bacterial clearance from the model. Results suggest that the efficacy of 

rifampicin, isoniazid, pyrazinamide and ethambutol are driven by AUC/MIC [261, 263-265]. For 

rifampicin, isoniazid and ethambutol there is also a relationship between efficacy and Cmax/MIC [263-

265]. Data from retrospective meta-analyses contend that the PK-PD indices associated with efficacy 

in HFS studies are also relevant to clinical disease [266]. 

Alongside this thought-provoking pre-clinical PK-PD work sits a growing body of population PK 

literature revealing up to 10-fold inter-individual variability in plasma PK indices for first-line anti-

tuberculous drugs [131, 159, 164, 167], with PK variability accounting for a proportion of 

unfavourable outcomes even amongst patients who do not miss doses of medication [267]. Studies 

comparing drug concentrations (particularly the Cmax of rifampicin) to a pre-defined reference range 

invariably show antibiotic exposure to be unpredictable and lower than expected [155, 268], giving 

rise to the argument that more detailed clinical PK-PD studies are needed to delineate the 

contribution of inadequate antibiotic exposure to unfavourable outcomes. Two potential benefits 

are cited for this approach; 1) improved knowledge of the PK-PD drivers of treatment success may 

enable early phase clinical trials to predict whether doses escalation of key agents could facilitate 

treatment shortening in new standardised regimens; and 2) greater understanding of early PK-PD 

targets linked to long-term cure may permit therapeutic drug monitoring (TDM) and intensification 

of therapy for patients at high risk of unfavourable outcomes. 

 

1.7.1 Clinical PK-PD study design 
 

A generic design to provide an overview of clinical PK-PD studies in TB is outlined in Figure 1.4. For 

illustration, only the current 6-month treatment regimen for DS-TB is shown but timescales and 

regimens may be adapted for MDR-TB. PK-PD studies nested within early phase clinical trials may 

compare multiple drugs and dose combinations.  
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Figure 1.4: Generic study design for clinical PK-PD studies in tuberculosis  
Procedures to generate PK parameters are shown in green. Procedures to generate PD parameters and study 
outcome measures are shown in red.  PK-PD parameters which may be related to study outcome measures are 
shown in yellow.  PTB: pulmonary tuberculosis, R: rifampicin, H: isoniazid, Z: pyrazinamide, E: ethambutol. 
Number before drug combinations denotes intended duration of therapy in months. Other abbreviations are as 
described in the main text. a TB cultures to determine early efficacy measures may be set up in solid or liquid 
culture. b Treatment failure is normally defined as persistently positive sputum cultures until the end of TB 
therapy. c Relapse is normally defined as cure (negative sputum culture) at the end of TB therapy but reversion to 
positive cultures with the same Mtb strain as the baseline isolate during post-treatment follow-up. From [269]. 

 

Blood sampling for plasma or serum PK assays are generally drawn after daily medications have 

reached a steady state concentration cycle, typically after at least 14 days of therapy. Intensive PK 

sampling to establish the AUC for the 24 hours after dosing (AUC0-24) is costly and labour intensive 

because a minimum of six or seven blood samples must be collected at carefully recorded time-

points. All specimens should be promptly centrifuged so that plasma or serum can be harvested and 

frozen at -80oC, prior to batched analysis by high performance liquid chromatography (HPLC) and 

mass spectrometry. For studies in TB endemic, resource-poor countries bioanalysis often requires 

cold shipment to distant laboratories. Novel approaches to measuring drug exposure or activity in 

resource-limited settings include the use of dried blood spot methods to store and transport samples 

[270], urine colorimetry to detect low rifampicin exposure [271], or even co-culturing patient’s Mtb 

isolate with their plasma on treatment in liquid culture to give an indication of the relative activity of 

the treatment regimen [272]. For some anti-tuberculous drugs (e.g. amikacin [273], kanamycin [273], 

moxifloxacin [274] and linezolid [275] in MDR-TB) limited sampling strategies have sought to 

determine which single time-point measurements best represent more complex PK indices. For 

other antibiotics (e.g. rifampicin) Bayesian statistical techniques have been deployed to calculate 

AUCs from sparse sampling strategies (often 2-3 blood draws) [276]. Potential drawbacks to the 

Bayesian approach are the need for prior intensive PK data from the same population and reliance 
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on sophisticated computer software [168]. There is also a lack of consensus on optimum sparse 

sampling time-points for some drugs [277, 278].      

As with pre-clinical studies, it is recognised that antibiotic PK parameters such as AUC and Cmax 

should be related to the MIC of each drug for the infecting Mtb isolate. In fact, lack of detailed 

epidemiological data on MIC distributions for Mtb from most high-incidence TB settings [156, 279, 

280] makes calculation of AUC/MIC and Cmax/MIC more important for clinical pharmacology studies 

than for murine or HFS models. Mtb MIC assay plates covering most first and second line anti-

tuberculous drugs are available which may expand access to PK-PD testing for TB patients [281-283]. 

Selection of appropriate outcome measures after establishing PK-PD parameters of interest remains 

challenging, as discussed above.  

 

1.7.2 Existing clinical PK-PD data 

 

Table 1.4 describes published studies which have adopted a PK-PD approach to relate plasma or 

serum antibiotic exposure to DS-TB treatment efficacy in adults. The collective results are difficult to 

interpret; some studies report an association between PK variability and treatment response [284-

291] whilst others do not [292-296]. No PK-PD markers consistently emerge as potential predictors 

of efficacy in Phase II clinical trials, or targets to inform TDM strategies in clinical practice.  

 

Author, year and 

site  

N= PK sampling  PK 

parameters 

MICs  Outcome measures Results 

Narita, 2001, 

USA [293] 

69 RH 

2, 6 h 

Cmax No Late: TB recurrence 

(presumed relapse) 

after completion of 

therapy 

No effect of R or H PK on 

treatment outcome 

Weiner, 2003, 

USA [285] 

133 Rp, H 

1, 2, 5, 24 h 

Cmax 

AUC0-12h 

No Late: Composite 

outcome of treatment 

failure and relapse 

Lower Rp and H AUC0-12h 

associated with poor 

outcome 

Weiner, 2003, 

USA [284] 

102 Rp, H 

1, 2, 3, 6, 24 

h 

 

Cmax 

AUC0-12h 

AUC0-24h 

No Late: Composite 

outcome of treatment 

failure and relapse 

Development of 

rifamycin resistance 

Lower Rb AUC0-24h associated 

with poor outcome and 

development of 

antimicrobial resistance 

Lower H AUC0-12h associated 

with poor outcome and 

development of rifamycin 

resistance  

Ribera, 2007, 

Spain [296] 

22 RH 

0.5, 1.5, 2, 

3, 4, 6, 8, 12 

h 

Cmax 

AUC0-24h 

No Late: Composite 

outcome of treatment 

failure and relapse 

No effect of R or H PK on 

outcome 

Chang, 2008, 

Hong Kong [292] 

72 R only 

2, 4 h 

Cmax No Early: 2-month SCC No effect of R PK on 2-

month SCC 

Chideya, 2009, 

Botswana [286] 

225 RHZE 

1, 2, 6 h 

Cmax 

AUC0-6h 

No Late: Composite 

outcome of treatment 

failure or death 

during therapy 

Low Cmax for Z (<35 mg/l) 

associated with poor 

outcome 
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Burhan, 2013, 

Indonesia [287] 

167 RHZE 

2 h * 

 

C2h No Early: 2-month SCC 

Additional post-hoc of 

≥ 1 positive sputum 

culture at 4, 8 or 24 

weeks 

No effect of R, H or E PK on 

2-month SCC 

Low C2h for Z (<35 mg/l) 

associated with ≥ 1 positive 

sputum culture at 4, 8 or 24 

weeks 

Pasipanodya, 

2013, South 

Africa [288] 

142 RHZ 

0.5, 1, 1.5, 

2, 2.5, 3, 4, 

6, 8 h 

Cmax 

AUC0-24h 

No Early: 2-month SCC 

Late: Composite 

outcome of treatment 

failure, death and 

relapse  

Low Cmax for Z (<58.3 mg/l) 

most strongly associated 

with reduced 2-month SCC  

Low AUC0-24h for R (<13 

mg.h/l), H (<52 mg.h/l) and Z 

(<363 mg.h/l) associated 

with poor long-term 

outcomes 

Chigutsa, 2014, 

South Africa 

[289] 

154 RHZE 

4-8 samples 

over 7 h 

Cmax 

AUC0-24h 

Yes Early: 8-week sputum 

bacterial elimination 

rates †  

Low Cmax for R (<8.2 mg/l) 

and low AUC0-24h/MIC (<11.3 

mg.h/l) associated with 

slower bacterial elimination 

Prahl, 2014, 

Denmark [290] 

32 RHZE 

2 h 

C2h No Late: Treatment 

failure 

Treatment failure more 

common with low C2h of 

both R (<8 mg/l) and H (<3 

mg/l) 

Requena-

Méndez, 2014, 

Peru [295] 

113 H 

2, 6 h 

C2h No Late: Composite 

outcome of treatment 

failure and relapse 

No effect of H PK on 

outcome 

Sloan, 2014, 

Malawi [89] 

133 RHZE 

2, 6 h 

Cmax 

AUC0-6h 

No Early: 2-month SCC 

Early: 8-week sputum 

bacterial elimination 

rates ‡  

Late: Composite 

outcome of treatment 

failure and relapse 

Lower AUC0-6h for H and Z 

associated with reduced 2-

month SCC 

Low AUC0-6h for H (<15 

mg.h/l) associated with 

slower bacillary elimination 

Lower AUC0-6h for H 

associated with poor long-

term outcomes 

Mah, 2015, 

Canada [291] 

134 RH 

1-2, 6 h 

Cmax No Early: 2-month SCC Low Cmax of H (<3 mg/l) 

associated with reduced 2-

month SCC 

Park, 2015, South 

Korea [294] 

413 RHZE 

2 h 

C2h No Early: 2-month SCC 

Late: Composite 

outcome of treatment 

failure and relapse 

No effect of R, H or E PK on 

2-month SCC or late 

outcome 

Table 1.4: Summary of PK-PD studies to evaluate antibiotic exposure-treatment efficacy relationships in 
adults with DS-TB 
* Full PK profile done on a subset of 9 patients  
† Bacterial elimination rates based on time to event modelling from liquid culture data [297] 
‡ Bacterial elimination rates based on mixed effects modelling from solid and liquid culture data [89] 
Rp: rifapentine, H: isoniazid, Rb: rifabutin, Z: pyrazinamide, E: ethambutol. Other abbreviations are as described 
in the main text. 

 

There are several potential explanations for these mixed results. Pharmacological variability is one of 

many factors influencing TB treatment [168] and may have varying impact in different settings. The 

published studies suffer from considerable heterogeneity in design and execution. Most reported 

antibiotic concentrations at one or two time-points only, reducing the accuracy of Cmax and AUC 

calculations. Only one related PK indices to MICs from infecting Mtb isolates [289]. A wide range of 

early and late treatment outcomes measures were used. Treatment failure and relapse are relatively 

rare events so small cohorts may have been insufficiently powered to demonstrate the effect of 
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antibiotic exposure on unfavourable outcome rates; and in general, few studies are powered with 

PK-PD analyses as the primary outcome. Finally, the majority were single-arm observational studies 

which may have diminished their ability to detect relationships with treatment efficacy; for example, 

most of inter-individual variability in rifampicin concentrations in African settings was at the lower 

end of the likely exposure-response curve [155, 268], making it difficult to demonstrate the 

incremental benefit of higher concentrations on steeper sections of the curve. Standardisation of 

clinical PK-PD study design may provide clarification and facilitate meta-analysis of data from 

different sites [298, 299].   

While modern PK-PD methods may improve TB treatment, more work is required to translate PK-PD 

data into practically useful information for researchers and clinicians. The next sections will provide 

specific examples of ongoing work where PK-PD studies are proving beneficial. 

 

1.7.3 Ongoing PK-PD work in DS-TB 

 

DS-TB compromises 95% of TB cases worldwide, with a public health approach required to manage 

large numbers of patients in low resource settings. Therefore, the main utility of PK-PD work in DS-

TB will likely be for development of new, dose-optimised, standard regimens rather than individual 

patient TDM. 

The clearest example of an antibiotic for which dose and exposure-response relationships require re-

analysis is rifampicin, a key sterilising mycobacterial RNA synthesis inhibitor which is critical for 

achieving relapse-free cure with current DS-TB regimens [15, 125]. 

The current rifampicin dose (10 mg/kg once daily) was selected in the 1960s to facilitate 6-month 

treatment whilst minimising expense [300]. Even when costs dropped, toxicity concerns discouraged 

dose escalation. However, pre-clinical experiments now suggest that increased rifampicin doses (up 

to 160 mg/kg/day) may be tolerable and could shorten treatment [260, 264, 301, 302]. Monotherapy 

studies in humans have demonstrated a steeper fall in bacterial load over 2-14 days with modest 

dose increases [84, 303], and a systematic review of trials including rifampicin doses up to 20 mg/kg 

showed an association between higher doses and faster SCC [300]. In 2015, a maximum tolerated 

dose study from Cape Town reported rifampicin dosing up to 35mg/kg without any limiting toxicity 

so further work, beginning at 50mg/kg is planned [304]. Data from Bolivia, Nepal and Uganda 

corroborate the absence of rifampicin toxicity to 20mg/kg [305]. The accumulative evidence 

illustrates a need for new clinical PK-PD studies of high dose rifampicin use.   

Intensive PK sampling and analysis from the Cape Town study showed that increased rifampicin 

doses caused “super-proportional” increases in plasma antibiotic exposure; doubling the dose from 

10 to 20 mg/kg was associated with a more than four-fold increase in AUC0-24h, the average AUC0-24h 
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at 35 mg/kg was almost 10-fold higher than with standard dosing and the lowest recorded AUC0-24h 

and Cmax increased with almost every dose step [304].  Although not powered to detect differences 

in microbiological efficacy, there was a trend towards faster day 14 sputum bacterial clearance rates 

on solid and liquid media at 35 mg/kg than at lower doses and the AUC0-24h of rifampicin at day 14 

was a better predictor of 14-day bactericidal activity than the dose administered (either in ‘mg’ or 

weight-adjusted as ‘mg/kg’) [304].  

A further Multi Arm Multi Stage randomised Phase II trial of several novel treatments for DS-TB 

(including high dose rifampicin, moxifloxacin and the experimental compound SQ109) in South Africa 

and Tanzania has since shown reduced time to sputum culture conversion on liquid media at 

rifampicin 35 mg/kg across a period of 12 weeks. A 20 patient PK sub-study from that cohort 

confirmed that rifampicin dose escalation has a “super-proportional” plasma drug exposure effect 

[306]. Emerging evidence suggests that these higher doses are associated with more rapid sputum 

sterilisation [307, 308]. Additional PK-PD insights may be gleaned from further Phase II trials on the 

efficacy of high dose rifampicin (www.clinicaltrials.gov NCT00760149 in Tanzania). 

Whilst these data are encouraging, caution is required. Most high dose rifampicin studies excluded 

HIV co-infected patients or selectively recruited ART-naïve individuals with high CD4 counts. Severely 

immunocompromised HIV patients may be at higher risk of poor drug absorption or adverse events 

and, as rifampicin is a potent inducer of cytochrome P450 enzymes, higher doses may present an 

increased challenge in the management of drug-drug interactions. Future clinical PK-PD studies 

should investigate exposure-response on TB outcomes in this vulnerable population [51]. 

Furthermore, the notorious unreliability of early PD markers at predicting relapse precludes 

confidence that rifampicin dose escalation will permit treatment shortening until completion of 

definitive trials. One Phase III study, (RIFASHORT, NCT02581527) has recently started recruiting with 

experimental regimens containing 1200 mg and 1800 mg of rifampicin (20-30 mg/kg for 60 kg 

adults). Whilst these data will be valuable it remains to be seen whether this level of dose escalation 

is enough, particularly as current PK-PD and toxicity data suggests scope to go higher. 

PK-PD and dose escalation studies have been undertaken on other rifamycins. Rifapentine produces 

higher serum concentrations than rifampicin after 10 mg/kg oral dosing and has a longer half-life (15 

hours, compared to 2-3 hours for rifampicin) [168]. Dose increases to 20 mg/kg have been tolerated 

by healthy volunteers, although the rises in plasma AUC0-24h associated with higher doses were not 

super-proportional [309]. Clinical trials including rifapentine are ongoing (TBTC Study 31, 

NCT02410772). Rifabutin is sometimes substituted for rifampicin in patients with high DDI risk 

because it is less potent inducer of cytochrome P450 enzymes [80, 310]. Its absorption is variable in 

HIV patients [311] and toxicities (including leucopenia and uveitis) are concentration dependent. 

TDM is highly recommended and dose increases may be problematic. 
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Alongside the rifamycins, administration of pyrazinamide for the first 2 months of treatment is key to 

the sterilising efficacy of 6-month first line regimens for DS-TB [15, 122, 161]. Pyrazinamide primarily 

exerts anti-tuberculous activity in acidic conditions.  Whilst EBA studies with pyrazinamide 

demonstrated poor independent bactericidal activity over 14 days, it enhanced the activity of other 

drugs [84] and some clinical PK-PD studies have shown that reduced exposure is associated with 

poor late outcomes [286-288]. The population PK profile of pyrazinamide is more stable than 

rifampicin or isoniazid so predictable plasma concentrations are usually achieved [164, 268, 312]. 

The currently recommended dose is 20-30 mg/kg. Concerns about side-effects of arthralgia and 

dangerous hepatotoxicity have stifled calls for dose escalation. However, pre-clinical data suggest 

that doses up to 60 mg/kg could improve efficacy [261]. A meta-analysis of dose-toxicity 

relationships in clinical studies reported that, although arthralgia is dose-related, higher dose 

pyrazinamide did not significantly increase hepatotoxicity and some adverse liver events may be 

idiosyncratic [313]. Computer simulations suggest that modest pyrazinamide dose increases (up to 

40 mg/kg) alongside higher dose rifampicin may accelerate 2-month SCC. Clinical trials with nested 

PK-PD analyses and toxicity monitoring are planned to test this proposition.  

Pharmacological lessons on optimal dosing and drug-drug interactions may yet emerge from the 

Phase III fluoroquinolone trials which failed to shorten DS-TB therapy [59-61]. A PK sub-study of the 

OFLOTUB trial [59] identified that gatifloxacin exposure decreased with rifampicin, isoniazid, and 

pyrazinamide co-administration; and that double-dose gatifloxacin may optimise the bactericidal 

effect and reduce the probability of resistance [314]. Similarly, drug-drug interactions between 

rifampicin and isoniazid and moxifloxacin reduce moxifloxacin Cmax and AUC by 32% and 31% 

respectively [315]. Refinement of fluoroquinolone dosing though PK-PD studies may improve 

outcomes in future trials.   

 

1.7.4 Intra-individual PK variability and special populations 
 

Rather than poor adherence, pre-clinical and mathematical models predict that inter-individual PK 

variability accounts for a large proportion of therapeutic failures [267, 316].  In experimental hollow 

fibre systems modelling plasma PK with poor adherence, therapy failure was only encountered when 

non-adherence was ≥60% [267].  Even with perfect adherence, 1% of patients would develop MDR-

TB due to PK variability alone. Wide inter-individual variability in the plasma exposure of some anti-

tuberculous antibiotics partly underpins the rationale for clinical PK-PD studies [131, 159, 164, 167]. 

Co-morbidities, concomitant medications, dietary intake and genetic factors regulating drug 

metabolism all contribute. Greater understanding of the role played by genotype may identify 

patients at high risk of low exposure, potentially focussing TDM and earlier intervention to improve 

outcomes. Patient genotypes for drug metabolising enzymes and transporters may explain up to 30% 

of PK variability for all drugs [317, 318].   
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Isoniazid clearance is driven by N-acetyltransferase 2 enzymes in the liver and small intestine, 

regulated by the polymorphic NAT2 gene [200]. Low isoniazid exposure in fast acetylators may be 

associated with increased risk of unfavourable outcomes and acquired drug resistance; while high 

exposure in slow acetylators may be associated with toxicity [201]. Given the dominant effect of 

NAT2 genotype on isoniazid exposure, practicing clinicians and researchers should consider 

categorising patients by acetylator status. 

Genotypic drivers of rifampicin variability are less clear. Recent reports from South Africa and 

Uganda suggest that SNPs in SLCO1B1 are more common in African patients and associated with up 

to 28% reduction in rifampicin AUC0-24h in homozygotes [146, 319]. However, given extensive 

population diversity in SLCO1B1 polymorphism carriage [320], these findings have not been 

replicated in India, Tanzania, or Malawi [149, 321]. 

Some PK variability is associated with physiologically distinct, but previously neglected populations 

where a strong case exists for separate PK-PD studies and clinical trials. Foremost amongst these are 

children.  Previously, paediatric dosing and duration of first-line TB therapy were extrapolated on a 

mg/kg basis from adult studies, but this resulted in lower plasma concentrations than the adult 

population.  In 2010, the WHO recommended increased doses of all 4 first line TB drugs [256]. Few 

PK studies have been performed to assess the impact of these adjustments. Emerging data from 

South Africa and Malawi indicate that rifampicin exposures remain low [257, 322]. A cohort 

evaluation of 161 Indian children aged 1-15 has suggested that a low Cmax for rifampicin (<3.01 mg/l) 

or pyrazinamide (<38.01 mg/l) predicted late outcomes of treatment failure or death [323]. There is 

almost no clinical PK-PD information on second-line drugs for MDR-TB in paediatric populations. 

Although the evidence is debateable, patients with HIV co-infection [155, 324] diabetes mellitus 

[325] and pregnant women [326] may also have unusual PK-PD profiles, necessitating detailed sub-

studies to clarify the role of TDM and altered antibiotic dosing. Systematic use of early TDM with 

dose correction in diabetic patients has shown potential to shorten time to sputum culture 

conversion [327]. 

 

1.7.5 PK-PD at the site of disease 

 

All the PK-PD data described hitherto report antibiotic exposure in peripheral blood, but TB is not 

primarily a bloodstream infection. In pulmonary TB, Mtb exists within discrete microenvironments: 

intracellular organisms within granuloma macrophages; free extracellular organisms in caseum, 

cavities and airways; and in apparently ‘normal’ interstitial lung tissue (Figure 1.5) [328]. It is 

improbable that unbound drug passively equilibrates between blood and all tissue compartments so 

investigation of relationships between peripheral blood and lesion PK-PD is important. Advantages 

and disadvantages of clinically focussed methods for this are outlined in Table 1.5. 
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Sampling site Advantages Disadvantages 

Plasma/serum Ease of repeat sampling 

Multiple / rich PK sampling possible 

Most existing data for comparison is from these 

samples 

 

Far from site of infection 

Unclear relationship with outcome 

Wide inter-individual variability  

Bronchoalveolar 

lavage 

‘Near infection’ samples - alveolar macrophages 

and epithelial lining fluid 

Can be paired with rich plasma/serum sampling 

Models of intrapulmonary exposure can be 

developed using population modelling techniques 

Invasive procedure 

Single time point sampling 

Sample from alveoli and bronchioles rather than 

within granuloma 

Drug loss due to efflux when sampling 

Differential penetration depending on inflamed / 

non-inflamed lung / different lobes 

Sampling retrieves mixture of macrophages, T-

lymphocytes and epithelial cells 

Lung explant 

studies (see 

1.7.5.2) 

Can assess spatial drug penetration 

Can combine with spatial data on drug 

susceptibility profile and MIC  

Only possible in patients requiring lung resection 

(either severe disease or a sub-set of MDR-TB 

patients) 

Single time point drug concentrations 

Cerebrospinal 

fluid 

(for TB 

meningitis) 

Accessible 

Can be paired with rich plasma sampling 

Models of CSF drug exposure can be developed 

using population modelling techniques 

Invasive procedure 

Single time point sampling 

Traumatic tap will contaminate samples 

Table 1.5: Pharmacokinetic sampling sites 

 

1.7.5.1 Intrapulmonary PK-PD 

The simple premise that the unbound drug will passively equilibrate between plasma and lesion is 

unlikely to hold true when we consider the complexity of TB pathology. The presence of a blood-

alveolar barrier impedes the free diffusion of antimicrobials into the lung in a similar, though 

presumably less robust, manner to the blood-brain barrier [329, 330]. Tight junctions between 

alveolar epithelial cells prevent the passive diffusion of antimicrobials down a concentration gradient 

and these molecules must use the transcellular route [329]. Influx and efflux transporters acting 

across this barrier will either facilitate or impede the passage of drugs into the pulmonary secretions 

[331, 332]. Infection and inflammation may further modulate the distribution of drugs into the 

alveolar space by disrupting this barrier: previous infections and fibrous scarring can reduce the 

diffusion of antimicrobials, whereas the increased permeability seen in active inflammation may 

facilitate the passage of both free and protein-bound antimicrobials [333, 334].  

The physicochemical properties of the antimicrobial will also affect its’ distribution.  The blood-

alveolar barrier will favour the diffusion of small and lipophilic molecules by the transcellular route 

[335]. Pyrazinamide, as a small polar molecule, will preferentially accumulate within the acellular 

caseum rather than in inflammatory cells [328]. The degree of protein-binding will determine the 

extent of pulmonary penetration.  In vivo, antimicrobials exist in both free and protein-bound forms, 

with only the unbound antimicrobial fraction at the target site responsible for its’ therapeutic effect 

[331]. Protein binding is often reversible, and typically the free fraction of antimicrobial will 

dissociate from the protein beforehand to cross the blood-alveolar barrier [330]. As a result, there 

may be a lag in pulmonary penetration of highly protein-bound antimicrobials [331]. Albumin 
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concentrations in the epithelial lining fluid (ELF; approximately 3.7 mg/ml) are considerably lower 

than those in plasma (approximately 40 mg/ml), with potential impact on protein-bound 

antimicrobials such as rifampicin [329, 336]. 

Following administration, antimicrobials are subject to biotransformation by all organs and tissues of 

the body - in the gut lumen, in plasma, within membranes, on first pass though the liver – and thus 

some degree of metabolism may already have occurred before the drug is distributed to the 

pulmonary compartment [53]. Metabolism by Clara cells in the lung may affect local concentrations, 

with these cells containing a large proportion of the pulmonary complement of CYP450 enzymes 

[337, 338].   

Alveolar macrophages (AMs) represent more than 95% of the cells retrieved in BAL, and are the 

major host cell niche for intracellular Mtb [339]. Understanding antimicrobial penetration into these 

cells is crucial to explaining how antituberculosis treatment (ATT) works at the site of infection. 

Activation of AMs due to inflammation may further modulate intracellular drug concentrations 

through active transport and efflux systems [53, 330].  Intracellular accumulation at the site of 

infection supports the argument that peripheral measures of drug concentration may not 

adequately explain drug exposure-response relationships in pulmonary TB. 

 

1.7.5.2 Measuring intrapulmonary drug concentrations 

One novel approach is to generate spatial drug penetration information by performing matrix-

assisted laser desorption/ionization (MALDI) mass spectrometry on dissected tissue from patients 

undergoing lung resection surgery for antibiotic-refractory disease [53, 340]. Early results suggest 

excellent rifampicin and pyrazinamide penetration into the central necrotic caseum of TB 

granulomas but peripheral intracellular accumulation of moxifloxacin [210].  These data may explain 

why rifampicin and pyrazinamide are critical DS-TB sterilising agents but treatment shortening trials 

with moxifloxacin were unsuccessful [60, 61]. An alternative approach using microdialysis on ex vivo 

pulmonary cavities from patients with MDR-TB shows excellent penetration of levofloxacin into 

cavity walls, and a good correlation between serum and cavitatory concentrations [341]. From a PD 

perspective, lung resection studies have shown differing drug susceptibility patterns in Mtb isolates 

from different pulmonary cavities of the same patient [342, 343] and mathematical models suggest 

that bacilli in compartments with low antibiotic penetration develop higher MICs. Overall, this 

advanced PK-PD work on resected lung tissue is beginning to generate very detailed information on 

the extent and consequences of antibiotic exposure at the site of infection. A disadvantage of these 

experiments is that they are only possible on a small sub-set of unusual and highly selected patients 

with very severe TB and particularly distorted lung anatomy.   

An alternative means of ‘near infection’ PK sampling is the use of bronchoalveolar (BAL) lavage to 

sample ELF and AMs. Given the invasive nature of this procedure, all previous BAL studies were 
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conducted on small numbers of healthy volunteers with single time-point sampling (Table 1.6). 

Single dosing will not capture the PK at steady state, and single time-points will not fully capture 

drug exposure – AUC or Cmax. Results show extensive variability in the pulmonary penetration of first-

line drugs. In ELF, isoniazid concentrations appeared low in relation to likely MICs for clinical Mtb 

isolates and projected rifampicin AUC/MIC measurements appeared insufficient to suppress 

resistance in a high proportion of subjects [208, 233, 251, 344, 345]. AM/ELF concentration ratios 

ranged from 0.1 to >20, with rifampicin, ethambutol, and fluoroquinolones concentrating most 

effectively within cells suggesting considerable antimicrobial activity will reside within the 

macrophage [53, 251, 346]. Difficulties for BAL-based studies are the potential clinical hazard and 

infection control risks associated with performing bronchoscopies on sick patients and the need to 

collect luminal specimens rather than those directly from granulomas.   

Measurement of intrapulmonary drug concentrations using BAL is technically challenging, and there 

are several important limitations to consider. To account for dilution of ELF by saline, the urea 

dilution measurement is typically used to calculate the volume of ELF obtained. Urea concentration 

in the ELF can be compared to that in plasma, enabling a dilution factor to be estimated and thus the 

volume of ELF obtained by sampling [347]. It is assumed that in conditions of equilibrium, plasma 

and BAL concentrations of urea should be approximately equal [330]. Given that BAL fluid must 

dwell in the lungs for a period to gather the distal alveolar lining [330], urea diffusion from blood and 

interstitium to BAL will potentially lead to a 100-300% increase in the estimate of ELF volume after 

only 1 minute of stagnation [348]. Shorter dwell times and pooling of BAL aliquots may minimise this 

effect.  

Drug efflux adds further variability to antimicrobial measurements in ELF and AM, reducing the 

measured concentrations in macrophages and increasing the extracellular free concentrations. Due 

to dilution of ELF with saline during the lavage process, the extracellular antimicrobial concentration 

may fall by 100-fold, and rapid effusion of antimicrobial from the AM follows [349]. Drug efflux and 

cell lysis may be minimised by rapid centrifugation and placing the sample on ice after collection 

[349, 350]. After centrifugation, AM from the pellet suspension can be counted in a haemocytometer 

for use in the calculation of intracellular drug concentrations.  

One of the major limitations of the previous studies of intrapulmonary PK for TB drugs (Table 1.6) 

has been the use of single time-point sampling, preventing estimation of AUC and Cmax. Sparse 

intrapulmonary PK data from individual samples taken at different time-points in different 

individuals can be pooled with rich plasma sampling to enable development of a population PK 

model using Bayesian methods. 

 



 

 

Drug Author, year 
and site  

N= Dosage regimen  Plasma PK 
sampling time 
(hours post 
dose) 

Plasma 
concentration 
(µg/ml, mean ± 
SD)  

BAL PK 
sampling time 
(hours post 
dose) 

ELF 
concentration 
(µg/ml, mean ± 
SD) 

ELF/plasma 
penetration 
ratio (mean ± 
SD) 

AM concentration 
(µg/ml, mean ± 
SD) 

AM/plasma 
penetration 
ratio (mean ± 
SD) 

R
IF

 

Ziglam, 2002, 
UK [346] * 

12 600 mg OD x 1 dose 2-5 15.5 ± 1.41 (SE) 2-5 5.3 ± 0.67 (SE) 
 

0.34 251.8 ± 65.92 16.26 

Conte, 2004, 
USA [345] † 

10 M HIV – 

10 F HIV – 
10 M HIV + 
10 F HIV + 

600 mg OD x 5 doses 
600 mg OD x 5 doses 
600 mg OD x 5 doses 
600 mg OD x 5 doses 

4 
4 
4 
4 

9.6 ± 7.5 
10.9 ± 4.4 
6.5 ± 2.4 
9.6 ± 6.4 

4 
4 
4 
4 

1.9 ± 2.2 
1.8 ± 1.3 
1.4 ± 1.0 
3.0 ± 1.6 

0.2 ± 0.2 
0.2 ± 0.2 
0.2 ± 0.2 
0.2 ± 0.2 

6.8 ± 5.4 
13.5 ± 7.1 
6.4 ± 2.4 
14.4 ± 6.6 

0.9 ± 0.5 
1.5 ± 1.0  
0.9 ± 0.5 
1.5 ± 1.0 

Katiyar, 2008, 
India [209] ‡ 

6 
6 

500 mg OD x 1 dose 
30 mg OD INH x 1 dose 

NR 
NR 

6.96 
0.45 

NR 
NR 

31.29 
2585.2 

NR 
NR 

1.04 (µg/106 AM) 
117.55 

NR 
NR 

IN
H

 

Conte, 2002, 
USA [208] † 

10 M HIV – FA  

10 F HIV - FA 
10 M HIV + FA 
11 F HIV + FA 
10 M HIV - SA 
10 F HIV - SA 
10 M HIV + SA 
9 F HIV + SA 

300 mg OD x 5 doses 
300 mg OD x 5 doses 
300 mg OD x 5 doses 
300 mg OD x 5 doses 
300 mg OD x 5 doses 
300 mg OD x 5 doses 
300 mg OD x 5 doses 
300 mg OD x 5 doses 

4 
4 
4 
4 
4 
4 
4 
4 

0.17 ± 0.21 
0.59 ± 0.69 
0.47 ± 0.38 
0.71 ± 0.8 
0.87 ± 0.81 
1.03 ± 0.73 
1.08 ± 0.81 
1.43 ± 1.0 

4 
4 
4 
4 
4 
4 
4 
4 

1.0 ± 1.55 
1.21 ± 1.72 
0.82 ± 0.79 
1.78 ± 1.7 
3.28 ± 4.68 
5.86 ± 6.92 
2.15 ± 1.90 
1.96 ± 1.7 

1.2 ± 1.9 
1.2 ± 1.9 
1.2 ± 1.9 
1.2 ± 1.9 
3.2 ± 8.1 
3.2 ± 8.1 
3.2 ± 8.1 
3.2 ± 8.1 

1.1 ± 2.73 
7.92 ± 6.72 
3.08 ± 4.55 
1.05 ± 1.6 
3.83 ± 8.94 
1.93 ± 3.68 
0.95 ± 1.70 
1.06 ± 2.0 

NR 
NR 
NR 
NR 
NR 
NR 
NR 
NR 

Katiyar, 2008, 
India [209] ‡ 

6 
6 

250 mg OD x 1 dose 
15 mg OD INH x 1 dose 

NR 
NR 

3.75 
0.25 

NR 
NR 

7.25 
1601 

NR 
NR 

0.95 
90.88 

NR 
NR 

O’Brien, 1998, 
USA [351] § 

6 300 mg OD x ≥ 5 doses 2 4.9 ± 0.8 2 0.44 ± 0.24 NR NR NR 

P
ZA

 

Conte, 1999, 
USA [233] † 

10 M HIV - 
10 F HIV - 
10 M HIV + 
10 F HIV + 

1000 mg OD x 5 doses 
1000 mg OD x 5 doses 
1000 mg OD x 5 doses 
1000 mg OD x 5 doses 

4 
4 
4 
4 

20.1 ± 6.2 
23 ± 5.8 
16.4 ± 5.42 
25 ± 7.1 

4 
4 
4 
4 

443 ± 180 
535 ± 297 
406 ± 198 
340 ± 167 

22 ± 11.8 
22 ± 11.8 
22 ± 11.8 
22 ± 11.8 

21.8 ± 18.6 
22.3 ± 21 
12.2 ± 10.2 
12.2 ± 17 

0.83 ± 0.7 
0.83 ± 0.7 
0.83 ± 0.7 
0.83 ± 0.7 

Katiyar, 2008, 
India [209] ‡ 

6 
6 

1250 mg OD x 1 dose 
75 mg OD INH x 1 dose 

NR 
NR 

111.4 
1.46 

NR 
NR 

1240 
18381 

NR 
NR 

34.32 
1010.67 

NR 
NR 

ET
H

 

Conte, 2001, 
USA [251] † 

10 M HIV - 
10 F HIV - 
10 M HIV + 
10 F HIV + 

15 mg/kg OD x 5 doses 
15 mg/kg OD x 5 doses 
15 mg/kg OD x 5 doses 
15 mg/kg OD x 5 doses 

4 
4 
4 
4 

2.3 ± 0.7 
1.9 ± 0.6 
2.4 ± 1.0 
1.7 ± 0.7 

4 
4 
4 
4 

2.6 ± 1.7 
1.9 ± 0.6 
2.2 ± 1.0 
1.9 ± 0.5 

 44.7 ± 14.2 
44.5 ± 15.6 
46.0 ± 17.0 
82.0 ± 39.4 

 

Table 1.6: Summary of intrapulmonary PK studies to evaluate antibiotic exposure in adults 
* patients undergoing diagnostic bronchoscopy. † volunteers with or without AIDS. ‡ healthy volunteers. § patients with pulmonary TB.  SD: standard deviation, SE: standard error, OD: once daily, 
NR: not recorded, INH: inhaled, FA: fast acetylators, SA: slow acetylators 
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1.7.5.3 Extrapulmonary PK-PD 

15-20% of TB cases are extra-pulmonary. Penetration of antibiotics to other infection sites may differ 

from the lungs. Specific PK-PD studies have been completed in TB meningitis, where treatment 

regimens derived from data on pulmonary TB do not account for the extent of drug penetration 

across the blood-brain barrier. Isoniazid, pyrazinamide, and the fluoroquinolones reach 

cerebrospinal fluid (CSF) in high concentrations, whereas streptomycin does not [249].  Interestingly, 

for fluoroquinolones both “low” and “high” CSF drug exposures are associated with poorer 

outcomes, and intermediate exposures are associated with less death and disability [352]. It is 

possible that more extensive breakdown of the blood-brain barrier with severe disease explains the 

link between higher drug exposure and poorer outcomes.  

CSF rifampicin exposure is lower than plasma  [207] and Phase II clinical trial of rifampicin (13 mg/kg) 

intravenously alongside moxifloxacin, isoniazid, pyrazinamide and corticosteroids in Indonesia 

identified a survival benefit from higher CSF rifampicin concentrations, with substantially lower 6-

month mortality in patients receiving the higher dose [353, 354].  Conversely, a Phase II trial in 

Vietnam, using oral rifampicin (15 mg/kg) and levofloxacin (20 mg/kg) did not improve survival [355].  

More studies are needed to determine whether rifampicin dose escalation, perhaps allied to 

intravenous administration, does improve outcomes [304, 356].  

 

1.8 Host pulmonary immune function and successful TB control 
 

No discussion of response to TB treatment would be complete without consideration of the host 

response to infection. The last section of this general introduction discusses the central role of the 

alveolar macrophage in the natural history of TB disease and immune response to infection, and the 

interplay between drug treatment and host response. 

 

1.8.1 Alveolar macrophage function 

 

Phagocytosis, literally “eating-cell process”, emerged as a means of acquiring nutrients in single-

celled organisms [357]. On encountering a target particle, protists engulf the particle to create an 

intracellular phagosome. Digestive enzyme-containing lysosomes fuse with the phagosome, creating 

a phagolysosome in which the particle was broken down to release nutrients for metabolic processes 

within the cell. In multicellular organisms, this process evolved further as a mechanism to remove 

cell debris, kill pathogenic microorganisms, and generate antigens to present to the adaptive 

immune system [357]. Through these additional capabilities, professional phagocytes represent one 

of the first lines of defence in the innate immune system. 
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AMs are specialised phagocytes residing in the pulmonary alveolus; a major interface between the 

body and the outside world. The lungs are constantly exposed to inhaled particulates, including 

microbes, and thus the AM must be able to phagocytose and kill bacteria, and where unable to do 

this completely, recruit an immune response [358]. The AM differs from inflammatory macrophages 

adapted for antimicrobial host defence; its responsiveness must be tightly regulated to minimise 

damage to the delicate gas exchanging alveolar structures though immune mediator release [339]. 

The AM has a key role in the natural history of TB infection as the first effector cell of the innate 

immune system encountered by inhaled Mtb. 

 

1.8.1.1 Phagocytic capacity 

Phagocytosis is an essential step in microbial host defence. Pattern recognition receptors (PRR) on 

the plasma membrane of AMs are the first receptors to encounter, recognise, and facilitate 

internalisation of pathogens [359]. Pathogens are identified though conserved molecular patterns in 

microorganisms (pathogen-associated molecular patterns), and on internalisation, initiate 

inflammatory signalling and antimicrobial pathways [359, 360]. Furthermore, pathogen identification 

activates pathways that boost antigen presentation to lymphocytes, enhancing the adaptive immune 

response [357, 360]. Cytokine feedback from activated lymphocytes further promote intracellular 

antimicrobial activity within the phagosome and ability to stimulate T cells [357]. The majority of 

inhaled pathogens will be recognised, ingested, and degraded by this first-line innate immune 

defence without development of signs or symptoms of disease [359]. 

Considerable heterogeneity exists within macrophage populations. In contrast to ‘classically 

activated’ inflammatory macrophages, ‘alternatively activated’ macrophages such as the AM have 

high levels of IL-10 expression and possess anti-inflammatory and immunoregulatory roles [358, 

361]. These cells do not produce large amounts of potentially-damaging oxidants, and instead 

secrete some anti-inflammatory cytokines [339]. AMs are specially-adapted for their environment 

with a large surface area, and a range of cell-surface receptors to enable ingestion of a diverse range 

of particles. They possess a generous complement of secondary lysosomes for the enzymatic 

digestion of phagocytosed particles, further demonstrating their key phagocytic role [358]. 

Impairment of AM phagocytic function may be associated with disease. Exposure to cigarette smoke 

is associated with reduced macrophage phagocytic capacity, and has been linked to increased risk of 

respiratory infections and progression of chronic respiratory disease [362, 363]. In diabetes, reduced 

expression of CD14 and macrophage receptor with collagenous structure (MARCO) impaired sentinel 

activity and phagocytosis of Mtb resulting in poor TB control in animal models [364]. HIV infection 

preferentially infects small alveolar macrophages, and has been associated with reduced phagocytic 

capacity [365]. 
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1.8.1.2 The superoxide burst 

The superoxide burst is one of the key antimicrobial weapons in the macrophage’s armamentarium. 

On phagocytosis of pathogens, the enzyme nicotinamide adenine dinucleotide phosphate (NADPH) 

oxidase is activated, starting a chain of reactions leading to the production of reactive intermediates 

with potent antimicrobial activity [357, 366]. NADPH reduces oxygen to superoxide, superoxide 

dismutase converts superoxide to hydrogen peroxide, and superoxide may further bind to iron and 

nitric oxide intermediates, releasing hypervalent iron and peroxynitrite [357, 367]. Generation of the 

phagolysosomal superoxide burst causes oxidative cytoplasmic injury, DNA damage, and potentially 

disrupts the outer membrane allowing the permeation of degradative enzymes [368, 369]. In vitro 

experiments using beads coated with oxidation-sensitive fluorochromes has shown the oxidative 

burst in macrophages to be short-lived, with maximum activity 25-30 minutes following phagocytosis 

[370]. Furthermore, macrophages activated by exposure to lipopolysaccharide (LPS) or interferon-γ 

(IFN-γ) had increased rate and extent of oxidation, indicating that immune-modulation can enhance 

the phagosomal antimicrobial activity of macrophages [370, 371]. Infection of macrophages with 

Mtb may be associated with enhanced generation of the oxidative burst [372]. 

Patients suffering from Chronic Granulomatous Disease are deficient in components of the NADPH 

oxidase pathway and are susceptible to recurrent pyogenic infections, particularly with 

Staphylococcus aureus, demonstrating the importance of this pathway in host defence [373]. 

Alveolar macrophages exposed to carbon particulates in biomass smoke leads to particulate loading 

of the macrophage, with dose-dependent impairment of phagocytosis and reduced oxidative burst 

capacity [374]. Individuals exposed to household smoke have a higher incidence of pneumonia and 

TB, and may be partly explained by these defects in the innate immune defence against infection 

[374].  

HIV is associated with increased risk of respiratory infection [375]. Alveolar macrophages can be 

subdivided into small and large populations based on size, and exhibit differential function [365]. HIV 

preferentially infects small alveolar macrophages, and may be associated with impaired 

phagocytosis, whereas large alveolar macrophages in HIV-infected individuals have impaired 

superoxide burst. Furthermore, given that HIV RNA may be isolated from alveolar macrophages of 

patients on suppressive ART, functional impairment may persist even on treatment [376]. Taken 

together, these data suggest that the superoxide burst is an essential defence against 

intrapulmonary pathogens.   

 

1.8.1.3 Bulk proteolysis 

Alongside the superoxide burst, hydrolysis of ingested materials serves to degrade biological 

materials, and generate epitopes from internalised pathogens for presentation to T cells [357]. On 

activating the adaptive immune response, cytokine release from activated lymphocytes feedback on 

macrophages, further improving their ability to stimulate T cells and kill pathogens [357, 371].  
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Interestingly, macrophages activated with IFN-γ demonstrate a marked reduction in proteolytic 

activity within the early phagosome, whereas late phagolysosomes retain degradative capacity [377]. 

Limited proteolysis has been implicated in optimal antigen presentation [378], and this suggests that 

under stimulation with IFN-γ, the macrophage optimises functions required for the adaptive immune 

response. Indeed, dendritic cells represent specialised antigen-presenting cells, and show reduced 

resting proteolytic function compared to macrophages, supporting the argument that reduced 

proteolysis favours epitope generation [357]. In contrast, resting macrophages may have increased 

proteolytic activity, as they are required to be highly degradative, but are not required to be 

generate an immune response. While optimising antigen presentation by downregulating 

proteolysis, activated macrophages ensure microbial kill by enhancing the magnitude of the 

superoxide burst [357, 370]. 

Previous work in Malawi demonstrated that HIV infection may impair proteolytic function in both 

small and large macrophages, and was not restricted to HIV-infected macrophages [365]. This may 

reflect high levels of IFN-γ in the lungs of asymptomatic HIV-infected individuals [379]. 

 

1.8.2 The site of infection: Mtb survival within the macrophage 
 

The alveolar macrophage can efficiently remove routinely encountered microbes, but may fail to do 

so for host-adapted intracellular organisms [339]. The role of the macrophage in the natural history 

of TB infection is therefore twofold and contradictory: contain and kill the TB, but also act as the 

growth niche for its’ survival [380].  

Upon inhalation, Mtb enters and survives within the macrophage by circumventing the cellular 

immune response though several pathways. Firstly, Mtb interacts with PRRs on the surface of 

alveolar macrophages, initiating signalling cascades that facilitate its phagocytosis [381]. 

Complement and mannose receptors on the surface of the macrophage bind to opsonised Mtb or 

surface mannosylated liparabinomannan respectively, with more virulent Mtb strains showing 

greater receptor affinity [382]. Once internalised, Mtb can induce peroxisome proliferator-activated 

receptor gamma (PPAR-γ), a negative regulator of macrophage activation [383]. Through increasing 

expression of lymphocyte-function antigen-1 (LFA-1) and intercellular adhesion molecule-1 (ICAM-1), 

infected cells increase adhesion and limit trafficking to sentinel lymph nodes, delaying priming of the 

adaptive immune response [384]. Furthermore, by decreasing expression of complement receptors 

CR3 and CR4, further phagocytosis is reduced, potentially maintaining the intracellular niche for 

longer [384].  

Secondly, internalised Mtb secretes macromolecules that interfere with phagolysosomal fusion [385-

388]. Secreted tyrosine phosphatases, such as protein tyrosine phosphatase (PtpA), bind to 

macrophage vacuolar-H+-ATPase (V-ATPase) and exclude it from the phagosome [389]. Delivery of V-
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ATPase to the phagosome is essential for the rapid acidification of the phagosome, and by blocking 

this step, Mtb can evade some of the antimicrobial pathways described above, including superoxide 

burst, and proteolytic destruction [389, 390]. Some Mtb may even translocate from phagosome to 

cytosol [391]. By avoiding phagosomal maturation, Mtb escapes destruction, but also prevents 

efficient epitope generation and antigen presentation by the macrophage.   

Thirdly, Mtb appears to be able to inhibit assembly of NADPH oxidase, required for generation of the 

superoxide burst. Nucleoside diphosphate kinase (Ndk) produced by Mtb can inhibit NADPH oxidase 

assembly, reducing the generation of reactive oxygen species and microbial kill [392]. In addition, 

Ndk may reduce the apoptotic response to Mtb, an important step in priming the adaptive immune 

response [393]. Ndk knockdown significantly reduces Mtb survival in vitro and in vivo [392]. 

Fourthly, by attenuating macrophage antigen presentation functions, infected macrophages can 

evade host immune surveillance. Typically, epitopes created by limited proteolysis would be loaded 

onto cell surface MHC II for presentation to T helper cells [390]. T cell activation results in generation 

of cytokines optimising macrophage antimicrobial activities, and recruitment of effector T cells with 

cytolytic activity [390]. Mtb-infected macrophages can down modulate the steps required for 

antigen presentation though inhibition of MHC II gene expression [394], impairment of MHC II 

trafficking and maturation [390, 395], and reduced autophagy and antigen presentation [390]. 

Finally, Mtb-infected macrophages may be able to escape clearance though apoptosis. Apoptosis is a 

tightly regulated form of cell death, whereby infected cells are broken down into membrane-bound 

apoptotic bodies, that would be recognised and removed by professional phagocytes by 

efferocytosis [390]. When the burden of intracellular bacilli overwhelms the AM’s capacity for 

phagolysosomal killing, induction of controlled cell death though apoptosis may aid killing of 

intracellular bacteria [396, 397]. Virulent strains of Mtb can reduce the extent of macrophage 

apoptosis, escaping this mechanism of control [398]. Furthermore, Mtb seems able to tip the 

macrophage into a necrotic death pathway, enabling infection of neighbouring cells where apoptosis 

would not [399]. Mtb-infection appears to alter the normal function of the alveolar macrophage to 

preserve its’ growth niche. Through its interaction with macrophage PRRs, virulent Mtb enters its 

intracellular niche, and activates cellular pathways that allow for its replication and survival before 

protective immune responses are completely activated. 

 

1.8.3 The site of infection: Mtb survival within the lung 

 

TB survives within complex lesions in the lung, with the pathological hallmark being the granuloma: 

the outcome of the local interplay between the bacterium and the host response (Figure 1.5). The 

granuloma is the interface between the innate and acquired responses, and is essential in containing 
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the growth of intracellular Mtb and limiting dissemination [339]. However, the view that granuloma 

formation walls off and limits bacillary spread is likely an oversimplification.  

Infected AMs secrete TNF-α, IL-12, and chemokines, encouraging cellular influx and developing the 

early granuloma [400, 401]. In spite of this cellular influx, Mtb disseminates outside the lung early in 

infection, but rarely causes signs of disease in this early phase, except in infants and those with HIV 

co-infection [402]. The development of the acquired immune response is preceded by the presence 

of Mtb in the draining lymph nodes, and expression of Mtb antigens in the lymph nodes [403, 404]. 

Early infection is a dynamic process, with accumulation of inflammatory cells, but also migration of 

host cells into and out of the developing granuloma [402]. Heavily-infected dendritic cells appear to 

form the earliest link with the draining lymph node, and express MHC II [403, 405]. These cells 

present bacterial antigen to T cells for the priming and expansion of antigen-specific T cells [406]. 

However, Mtb appears to subvert this process, promoting expansion of regulatory T cells in the 

lymph node, a suppressive population that limits effector T cell priming [407]. As a result, generation 

of the adaptive immune response to Mtb infection is delayed, occurring 7-9 days after initial 

infection [402]. On arrival, the high bacterial burden and complex mix of pro-inflammatory and anti-

inflammatory cytokines, conspire to impair T cell functionality and further reduce the host’s ability to 

eradicate the infection [408]. Consequently, Mtb has time to develop an established lung lesion 

before T cells arrive in sufficient numbers to limit bacterial growth [403, 404]. 

The migration of effector T cells to the infected lung results in the development of an organised 

granuloma of macrophages, lymphocytes, and fibroblasts [406]. Central to Mtb control are the CD4+ 

T (TH1) cells, the importance of which is underscored by the effect of HIV-induced CD4+ T cell 

depletion. Close proximity and signalling between CD4+ T cells and infected AMs is a necessary 

component of the acquired immune response, and has been highlighted using mouse models. In 

chimeric mouse models in which some phagocytes express MHC II and others do not, the Mtb 

intracellular bacillary load was significantly higher in macrophages unable to express MHC II [409]. 

MHC II signals the presence of intracellular pathogen to CD4+ T cells though the display of pathogen-

derived peptides, leading to IFN-γ release from the T cells.  IFN-γ activates the macrophage, 

improves its’ antimicrobial activity, and thus inhibits Mtb intracellular replication [339, 410].  For this 

to occur, direct contact between infected macrophage and Mtb-specific CD4+ T cell in the granuloma 

is required. Alongside IFN-γ, CD4+ cells release cytokines such as IL-17 to mediate the recruitment of 

TH1 cells to the lungs on Mtb challenge [411, 412]. They also seem to help determine the 

architecture of the developing granuloma: HIV-infected individuals have disorganised granulomas, 

associated with loss of Mtb containment [413]. 

Within the granuloma, CD4+ and CD8+ T cells are found in abundance in the granulomatous-fibrotic 

layer and in lymphoid aggregates within the granuloma, in close association with macrophages and 

multinucleate giant cells [414]. In contrast, these T cells are notably absent from the necrotic zone of 
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non-cavitating lesions and the luminal surface of open cavitating lesions, where cell-associated Mtb 

is seen in large numbers [414]. In the former, the close association between macrophage and T cells 

results in an efficient immune response, with control of Mtb replication. In the latter, macrophages 

and T cells do not co-localise, with the likelihood that luminal phagocytes remain permissive for 

bacillary growth [414].  

 

Figure 1.5: The pulmonary site of TB infection  
Inhaled Mtb in airborne droplets initially infects alveolar macrophages. Infected cells migrate into the 
interstitium, interact with tissue macrophages and circulating monocytes, initiate activation of the immune 
system, and begin formation of a cellular granuloma. While initially vascular, over time a central avascular 
caseum develops, surrounded by a mantle of macrophages, lymphocytes, and an external fibrous cuff. The 
amorphous core of caseous debris contributes to the destruction of the vasculature, and eventually liquefies and 
necroses. Cavities are created where lesions with necrotic centres open into airways.  Containment of the Mtb 
infection is lost with the rupture of the granuloma; viable, infectious MTB spill into the airways and multiply 
rapidly in the extracellular environment out with effective immune control. Figure from [328]. 
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In contrast to CD4+ cells, the place of CD8+ (cytotoxic) cells in Mtb defence is less well resolved.  

CD8+ cells identify and kill cells they recognise as ‘foreign’ by several mechanisms: production of 

proteins that result in lysis or apoptosis of target cells, mediating death signalling though the FAS 

ligand, or generation of TNF [406]. The result of these pathways is apoptosis of the infected cell, 

reducing Mtb viability. In support of this, knockout mice lacking β2-microglobulin are unable to 

generate CD8+ T cells, and succumb rapidly to Mtb following infection [415]. This may be partly 

explained by their role in cytolysis of infected macrophages, and direct killing of Mtb [416].   

The architecture of the gas exchanging tissues in the lungs is at risk of damage from an over-zealous 

inflammatory response to infection, and must therefore be kept in careful balance. Tight control of 

the pro-inflammatory response may be at the expense of loss of sterilising immunity. An excessive 

neutrophilic response to infection results in tissue damage though release of granule contents, and is 

kept in check by IFN-γ and the acquired immune response [406]. IFN-γ inhibits CD4+ production of 

the cytokine IL-17, limiting neutrophilic infiltration [417]. Regulatory T cells (CD4+CD25+) at the site 

of infection produce IL-10 and transforming growth factor-β, immunosuppressive cytokines that 

further limit the extent of inflammation [418]. Ultimately, for most individuals, the arrival of the cell-

mediated response does not result in resolution of TB infection, or sterilisation of the lesions. 

Instead, bacillary growth stabilises, the bacteria adopt a quiescent, non-replicating state, and a 

period of stalemate between immune activity and bacillary load develops [386].     

The outcome of the primary infection is largely determined by cell-mediated immunity: in 90-95% of 

those infected, successful granuloma formation and T cell-dependent activation of macrophages 

controls Mtb multiplication and a period of latency follows.  For a minority, immune activity results 

in successful sterilisation of the infection and mineralisation of the lesion [386].  For others, the 

natural history of pulmonary TB takes a different course, with localised caseation, necrosis, and 

rupture of the granuloma releasing viable bacteria into the airways: active TB disease [386].   

The host immune response to TB infection described above is complex, but does not consider the 

additional modulating effect of drug therapy on immune control of infection. Few data exist 

describing the interplay between the immune microenvironment in the lung and TB therapy. By 

debulking the disease, drug therapy may reduce the pro-inflammatory environment in the lung, and 

improve alveolar macrophage clearance of infection. Furthermore, immune reconstitution in HIV-

infected patients starting ART can be expected to alter the immune microenvironment in the lung 

through CD4+ T cell reconstitution. The last section of this thesis will explore these key AM functions 

after initiation of treatment, and the interplay with HIV co-infection and ART. 
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1.9 Hypotheses 
 

The development of shorter, more effective, regimens for the treatment of tuberculosis represents a 

priority for research. Characterising the compartmental pharmacology and local immunology in the 

lungs of patients receiving treatment for pulmonary TB may inform the selection of drugs or 

optimisation of doses for new therapies, and provide key insights into the causes of poor treatment 

outcomes on standard therapy. 

Our hypotheses are: 

1. Predictive PK-PD science:  Antibiotic exposure at the site of infection may determine the 

rate of bacterial clearance and clinical treatment response in TB patients. 

2. Immunological dysfunction: HIV and/or Mtb impair alveolar macrophage function, despite 

therapy, and impair the ability of the immune system to eradicate Mtb.  

The remainder of this thesis will describe a clinical study describing firstly the intrapulmonary 

pharmacokinetics of anti-TB therapy and associated pharmacodynamic response, and secondly, the 

function of the alveolar macrophage in TB infection and its’ contribution to TB control in a cohort of 

Malawian adults receiving treatment for pulmonary TB.  

 

1.10 Research questions 
 

This study aimed to address the hypotheses above by answering the following research questions: 

1. What is the relationship between the plasma and intrapulmonary pharmacokinetics of anti-

TB therapy? 

2. What is the relationship between intrapulmonary pharmacokinetics and TB treatment 

response? 

3. How does alveolar macrophage function change over time on anti-TB therapy; and how is 

this related to TB treatment response? 
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2 Clinical study design 

2.1 Overall design 
 

The SPITT Study (Studying the intrapulmonary Pharmacology and Immunology of Tuberculosis 

Therapy) was a prospective cohort study of 160 adult patients on standard first-line therapy for 

pulmonary TB. Fifty subjects participated in a bronchoscopy sub-study in which intrapulmonary anti-

TB drug pharmacokinetics and cellular immunology were assessed in detail. Patients were recruited 

and managed by a study team based at Queen Elizabeth Central Hospital (QECH), the Malawi-

Liverpool-Wellcome Trust Clinical Research Programme (MLW), and the University of Malawi College 

of Medicine (CoM).  

The study was performed in urban Blantyre, Malawi; a country with a high TB/HIV burden in South-

Central Africa [63]. Recruitment and follow-up occurred between January 2016 and October 2018. 

Adult patients with microbiologically-confirmed pulmonary TB (PTB) were referred to the study by 

the TB Officers of the Malawi National Tuberculosis Control Programme (NTP) for screening and 

enrolment. TB drug prescribing and standard programmatic management continued under the NTP 

throughout the study period. 

Potential participants were profiled at baseline, and returned for 4 visits during the intensive phase 

of TB therapy to submit sputum samples. The last of these visits coincided with a research 

bronchoscopy and rich plasma PK sampling for the participants in the Intrapulmonary Arm, repeated 

2 months later in the middle of the continuation phase of therapy. The remaining participants 

followed the same sampling schedule, but simply returned for sparse plasma PK sampling. Two-

month sputum culture conversion was recorded as a binary outcome at the end of the intensive 

phase of treatment. Participants were followed up for one year after treatment completion, with 

WHO treatment outcome and rates of bacteriologically- or clinically-defined failure or relapse 

recorded. A schematic of the study design is shown in Figure 2.1. 



 

 
 

 

 

 

Figure 2.1: Study schematic 
R: rifampicin; H: isoniazid; Z: pyrazinamide; E: ethambutol.
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2.2 Description of study site 

2.2.1 Socioeconomic and health indicators in Malawi 
 

Malawi is a small country in South-Central Africa, bordered by Mozambique, Zambia, and Tanzania 

(Figure 2.2). It had a total population of 17,215,000 in 2015, and ranks amongst the world’s most 

densely populated and least developed countries [419, 420]. By 2008, population density was 

estimated at 139 persons per square kilometre, with further increases projected due to a high total 

fertility rate of 4.4, and low contraceptive prevalence rate of 59.2% in married women [420, 421]. 

Almost 48% of the population are younger than 15 years old [422]. 84.8% of the population live in a 

rural setting, with as many as 85% of the population involved in agricultural activities, predominantly 

low productivity subsistence farming [422]. 

 

 

Figure 2.2: Location of Malawi within Africa, and location of Blantyre within Malawi 
The panel on the left shows Malawi, blue, within south-central Africa. The panel on the right shows the 28 
administrative districts of Malawi, with the location of Blantyre City highlighted. From [423] 

  

Poverty remains a major problem for Malawi, with 50.7% of the population at the national poverty 

line and 25% defined as ‘ultra-poor’ [424]. The economy has been heavily dependent on aid from 

external funders. In 2009, donor funding was frozen due to corruption concerns and economic 

mismanagement, with Malawi’s development budget dropping by nearly 80% [424]. By 2016, Gross 
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Domestic Product was increasing at 2.7% per year, a marked reduction from the 8% growth seen in 

2007-2008, and inflation was running at 23.5%  [419, 424]. Gross National Income per capita was 

only $320 in 2013 [424]. Malawi ranks at 170 out of 187 countries on the Human Development Index 

(0.481); a composite statistic of life expectancy, education, and per capita income indicators. 

Life expectancy at birth is low - 60 years for females, 57 for males – but increased by 14 years 

between 2000 and 2012 [420, 424]. Under-five mortality remains high at 64 deaths per 1,000 live 

births, but considerable gains have been made from 245 deaths per 1,000 live births in 1990 [420, 

424]. Maternal mortality too has fallen, from 957 deaths per 100,000 live births in 1990 to 634 in 

2015 [420, 424]. By 2014, the Government of Malawi was allocating 11.4% of their budget to health, 

falling short of the 15% target from the Abuja Declaration [420, 424]. Significant improvements in 

health had been made by 2015, with Malawi achieving half of the MDGs, including those targets for 

reducing child mortality, and combatting HIV, AIDS, malaria, and other diseases [424].  

 

2.2.2 HIV and TB control in Malawi 
 

Malawi is burdened with a high HIV prevalence, with 10.6% of 15-49 year olds testing positive for 

HIV [420]. HIV incidence per 100,000 population fell from 956 in 2000 to 211 by 2013, mainly due to 

the natural evolution of the epidemic and successful implementation of prevention measures [420]. 

HIV/AIDS remains the leading cause of death however, killing over 40,000 people in 2012 [424]. HIV 

prevalence and density is high in the Southern Region of Malawi, and particularly in the urban 

districts of Blantyre, Zomba, and Lilongwe [425]. 

The Malawian National AIDS Commission (NAC) has achieved considerable success in reducing AIDS-

related deaths, largely through the rapid expansion of the ART programme, and earlier provision of 

ART [425]. By the end of 2014, 67% of those eligible for ART were on treatment, with 69% of those 

ever initiated on ART retained alive on treatment [425]. While this falls short of the UNAIDS 90-90-90 

targets (90% of people living with HIV know their status; 90% of people diagnosed on ART; and 90% 

of those on ART virally suppressed, by 2020), ongoing progress in provision of HIV testing and 

counselling and renewed focus on key populations can be expected to improve Malawi’s 

performance against these indicators [420, 425]. The progress to date has been achieved in part 

through rolling out ART services to peripheral health centres, and task-shifting from clinicians to 

nurses, counsellors, and HIV diagnostic assistants: a new cadre of health worker [425]. 

In 2013, first-line ART was switched to tenofovir, lamivudine, and efavirenz (Regimen 5A) [425]. This 

addressed concerns of toxicity with the previous regimen (stavudine, lamivudine, nevirapine), and 

enabled safe co-administration with TB therapy. 93% of those on ART were taking Regimen 5A by 

2014, with nearly 91% of those classified as having > 95% adherence based on pill counts and self-

reported missed doses [425].   
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Accompanying the HIV epidemic, Malawi was hit hard by the resurgent TB epidemic in the region 

[63]. Total TB incidence was estimated at 193 cases per 100,000 population in 2015, with 104 cases 

per 100,000 population TB/HIV co-infected (54%) (Figure 2.3) [63]. 93% of TB cases knew their HIV 

status. Mortality was estimated at 13 deaths per 100,000 population, rising to 38 per 100,000 

population in the TB/HIV co-infected population [63]. As of 2016, only 10% of the TB budget was 

funded domestically [63]. 

TB diagnosis and management in Malawi is managed by the NTP of the Ministry of Health. The NTP 

recommends that all TB suspects submit sputum for smear microscopy, especially among HIV-

infected individuals having TB symptoms of any duration, or HIV-uninfected suspects with a cough 

lasting 2 weeks or more [105]. Rapid molecular testing (Xpert MTB/RIF) has been introduced to some 

hospitals and larger health centres, and was prioritised in smear-negative TB suspects, hospitalised 

TB suspects, and confirmed retreatment cases or MDR-TB suspects for rapid identification of genetic 

rifampicin resistance [105]. A single sputum sample with only one bacilli detected (acid fast or 

fluorescent) in a TB suspect is sufficient for classification as a smear-positive case, and an indication 

for treatment [105]. In 2015, 75% of notified new and relapse cases were pulmonary, of whom, 58% 

were bacteriologically-confirmed [63]. 

Only 0.75% of new TB cases were found to have rifampicin-resistant or multidrug-resistant TB, and 

6.4% of previously treated cases [63]. Low rates of primary resistance to first line TB drugs was a 

prerequisite for this study to prevent confounding of clinical endpoints and rates of bacillary 

elimination by unidentified MDR-TB cases, and for safety of staff performing research bronchoscopy 

in these patients. 

Treatment of TB at the community level is coordinated by specialised health surveillance assistants, 

the TB officers (TBOs). TBOs register patients in the district TB register, and provide drugs (Table 

2.7). New TB cases are generally managed on an outpatient basis from the local health centre. Since 

1984, Malawi has implemented a directly observed treatment, short-course (DOTS) approach to TB 

management [426]. A treatment supervisor is assigned to each patient - either a health worker, 

volunteer, guardian, or trained member of the community – who watches the patient swallow the 

tablets through the whole course of treatment and monitors progress by marking administration on 

the patient’s TB treatment card [105]. Decentralisation of TB diagnosis and care and early adoption 

of DOTS have been instrumental in achieving success rates of 85% in new and relapse cases [63].  
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Figure 2.3: TB incidence and treatment success in Malawi, 2016 
The panel on the left shows the trends in TB incidence in the whole population, and the incidence of TB/HIV co-
infection. The panel on the right shows TB treatment success rates from 2000-2015. MDR/RR-TB: multidrug-
resistant/rifampicin-resistant TB; XDR-TB: extremely drug-resistant TB (not shown). From [63] 

 

By 2014, 90% of TB/HIV co-infected patients were receiving both TB treatment and ART, with 

approximately two-thirds already on ART by the time of TB diagnosis [425]. Provision of integrated 

TB/HIV care required close collaboration between the NTP and the National AIDS Commission, but 

has successfully enabled the creation of ‘one-stop shops’ for HIV and TB care [105, 425]. As such, 

TBOs are expected to provide HIV testing and counselling to all TB patients, initiate ART early in TB 

patients (within 2 weeks), and provide anti-TB drugs and ART in the same room, by the same person 

[105]. In HIV clinics, healthcare workers are trained to screen for TB in their HIV-infected patients 

[425]. 

 

2.2.3 Blantyre demographics 
 

Blantyre is the second largest city in Malawi, located in the Southern Region of the country. It had an 

estimated population of 850,000 in 2014, with as many as 65% living in informal urban settlements 

characterised by poor living conditions [427]. Ndirande, the most populous unplanned area, had a 

population of approximately 118,000 individuals [427]. In the Integrated Household Survey 2010-

2011, 7.4% of the Blantyre City population reportedly suffered from TB and/or HIV [422]. Uneven 

distribution of health facilities in the city results in residents in the informal settlements having the 

greatest difficulty accessing proper and affordable healthcare [427]. 

Poverty in Blantyre City stands at 24% [427]; with as many as 24% of the urban population reporting 

inadequate food, 20.7% inadequate housing, 34.9% inadequate clothing, and 32.3% inadequate 

health care [422]. Unemployment in Blantyre runs at 8%, and 36% of the economically-active 

population are self-employed and predominantly work in the informal sector [423, 427]. 
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2.2.4 Queen Elizabeth Central Hospital (QECH) and referral health centres 

 

QECH is the largest hospital in Malawi, based in central Blantyre. QECH houses the main TB Registry 

for the district, and a large TB ward with space for approximately 80 patients. TB suspects attending 

or inpatient in QECH have sputum smear microscopy or Xpert MTB/RIF testing performed in the 

main QECH laboratory, and are sent with their results to the TB Registry. Ambulant TB patients are 

typically referred to their local health centres for registration and treatment, while the QECH site 

registers and manages unwell patients and those on TB re-treatment regimens. The main study 

office was housed on the TB Ward by the TB Registry. 

Blantyre District (urban) had 6 health centres with TBOs providing TB registration and treatment - 

Bangwe, Chilomoni, Limbe, Ndirande, South Lunzu, and Zingwangwa - as well as the private / non-

governmental hospitals at Blantyre Adventist, Chitawira, Mlambe, and Mwaiwathu. A number of 

these facilities, including Ndirande, Bangwe, and Zingwangwa, were equipped with facilities to 

perform sputum smear-microscopy on site. Close liaison with the TBOs at these sites was required 

for referral of potential participants for screening. 

 

2.2.5 Participating laboratories 
 

2.2.5.1 MLW Immunology Laboratory 

The MLW Clinical Research Programme formed in 1995 as a partnership between the University of 

Malawi College of Medicine (CoM), the Liverpool School of Tropical Medicine (LSTM), the University 

of Liverpool (UoL), and the Wellcome Trust as the major funder. The main facilities are based on the 

QECH campus, a 5-minute walk from the TB Ward and study office. 

The main laboratories were renovated in 2016. All BAL processing and immunology work took place 

in the Immunology Laboratory. The laboratory was equipped with 3 Class 2 Biological Safety Cabinets 

(BSC), 2 flow cytometers, and equipment for tissue culture. A biosafety level-3 (BSL-3) laboratory 

was built during the 2016 refurbishment enabling cell infection experiments and manipulation of 

Mtb cultures, and a cell-sorter installed in 2017. 

 

2.2.5.2 MLW/CoM Hit TB Hard Laboratory 

All TB mycobacteriology (smears, Xpert MTB/RIF, MIC, MGIT culture) was performed at the “Hit TB 

Hard” laboratory. The laboratory is housed at the CoM, University of Malawi, and contains 2 Class 2 

BSCs in a dedicated mycobacteriology room. Sputum decontamination, smears, MGIT inoculation, 

isolate identification, and storage took place in this facility. In 2016, a modular BSL-3 laboratory was 

constructed at the same site. This housed the Becton Dickinson BACTEC MGIT 960 System, and was 
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where all manipulation of TB cultures occurred. The Hit TB Hard Laboratory participates in quality 

control through the UK National External Quality Assessment Programme. 

The Hit TB Hard Laboratory was a 15-minute walk from the study office. The laboratory messengers 

transported samples from the study office in a biohazard container daily. Samples were logged on 

arrival, placed in a fridge, and processed within 24 hours of collection. 

  

2.2.5.3 University of Liverpool Bioanalytical Facility 

RHZE PK assays were developed and performed at the Bioanalytical Facility (BAF), UoL. The facility 

houses 6 quadropole mass spectrometers, currently unavailable in Malawi, for precise measurement 

of drug concentrations.  

The BAF is managed by the Institute of Translational Medicine, in collaboration with LSTM, and 

receives infrastructural support for bioanalysis from the Liverpool Biomedical Research Centre 

funded by Liverpool Health Partners. The BAF is GCLP accredited.  

 

2.2.5.4 MLW Core Laboratory 

The MLW Core Laboratory was responsible for processing blood samples for full blood counts, CD4 

counts, urea and creatinine, and liver function tests. Samples were taken from the study office in a 

cooler box and transported to Specimen Reception at the back of the QECH site. Samples were 

processed on the same day and results uploaded onto the password-protected Laboratory 

Information Management Service. The Biochemistry and Haematology Laboratories participate in 

quality control through the UK National External Quality Assessment Programme. 

The Core Laboratory stored baseline plasma and serum samples at -80oC, and managed the archiving 

of clinical specimens obtained by the study. The Core Laboratory team also facilitated the shipment 

of samples to the UK for PK processing. 

 

2.3 Description of study team and collaborators 
 

The Principal Investigator (PI) was responsible for overall design, planning, and conduct of the study. 

The study involved the coordinated effort of a large team of individuals, summarised in Table 2.1. 
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Study Site Main Tasks 

Study Office, QECH 

Irene Sheha *, SPITT Research Nurse, 2016-2018 

Madalitso Chasweka *, SPITT/PERSIST† Research Nurse, 

2016-2017 

Alex Chitani *, SPITT Clinical Officer, 2016-2017 

Timothy Joseph *, Laboratory Messenger, 2016-2017 

Monica Matola *, Laboratory Messenger, 2016-2017 

Ken Kaswaswa, Fieldworker, 2017-2018 

• Screening and recruitment of study participants 

• Coordinating follow-up 

• Coordinating sampling days (plasma and 

bronchoscopy) 

• Clinical review of adverse events / unplanned 

visits 

• Sample delivery to participating laboratories 

• Tracing of patients 

MLW Immunology Laboratory, MLW 

Aaron Chirambo *, SPITT Laboratory Technician, 2016-

2018 

Leonard Mvaya *, SPITT/PERSIST† Research Assistant, 

2016-2017 

Dr David Cox *, MSc Student, 2017 

• Processing plasma, BAL, and exhaled breath 

condensate samples for PK assays 

• Running flow cytometry based reporter bead 

assays and cytokine ELISAs 

• Storage of plasma, BAL, and exhaled breath 

condensate samples  

• Running multiplex PCR on respiratory samples 

Hit TB Hard Laboratory, MLW/CoM 

Aaron Chirambo *, SPITT Laboratory Technician, 2016-

2018 

Doris Shani, Laboratory Manager, and team 

Mercy Kamdolozi, Laboratory Technician, 2017 

• Performing sputum smears and MGIT cultures 

• Performing sputum Xpert MTB/RIF 

• Sputum MIC for rifampicin, isoniazid, ethambutol 

• Storage of sputum samples 

Bioanalytical Facility, UoL 

Dr Laura Else, Facility Manager, 2015-2018 

Sujan Dilly-Penchala, Assay Development Lead, 2015-2018 

Dr Lisa Stone, Research Associate, 2015-2016 

• RHZE assay development – plasma, epithelial 

lining fluid, alveolar macrophages, and exhaled 

breath condensate 

• Performing PK assays 

Core Laboratory, MLW 

Brigitte Denis, Laboratory Manager, and team, 2016-2018 

Mavis Menyere, Senior Laboratory Technician, 2017 

Moses Saidi, Laboratory Technician, 2017 

Mazuba Masina, Laboratory Technician, 2017 

• Performing routine blood tests 

• Storage of plasma and serum samples 

• Assistance with sample shipment 

• Assistance with multiplex PCR 

Clinical Investigation Unit, QECH 

Sr Rose Malamba, CIU Manager, and team, 2016-2017 

• Assisting with research bronchoscopies 

Blantyre Health Centres 

Blantyre District Health Office and TB Officers, 2016-2017 

Srs Nyembezi Chinkhombe and Ruth Mbweza, TB Ward 

Managers QECH, and team 2016-2018 

• Identification and referral of TB patients meeting 

screening criteria 

• Assisting in locating patients lost to follow up 

Radiology Department, QECH 

George Mubisa, Head of Department, and team, 2016-

2017 

• Performing baseline chest X-rays 

Table 2.1: SPITT Study Team and collaborators 
* indicates personnel under direct supervision of the PI. † Some study members were shared with the PERSIST 
study, running at the same time in the CIU and Immunology Laboratory 
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2.4 Study timeline 
 

Laboratory work to optimise processing of BAL samples for LC-MS took place in Liverpool between 

April and June 2015. Further work to optimise and adapt the RHZE assay for plasma, epithelial lining 

fluid, and alveolar macrophages continued with the BAF between June 2015 and June 2017. 

Study design, protocol development, and ethics applications took place between January and 

September 2015. The PI received formal training in bronchoscopy from the Royal Liverpool and 

Aintree University Hospitals, and the Countess of Chester Hospital, in the 6 months prior to 

departure for Malawi. Development of standard operating procedures (SOPs), recruitment and 

training of study staff occurred between September 2015 and January 2016.  

Recruitment ran from January 2016 to April 2017. Patient follow-up concludes in October 2018. 

 

2.5 Patient flow 

2.5.1 Screening and enrolment 
 

Patients were identified and referred by TBOs at QECH and referral health centres in urban Blantyre. 

TBOs referred adult patients newly diagnosed with pulmonary TB (smear- or Xpert MTB/RIF-positive) 

to the study office at QECH for screening and enrolment.  

The study aimed to recruit 3 patients per week to ensure a manageable laboratory workload. Close 

collaboration with TBOs was required to meet this target, and monthly meetings with all the TBOs 

were used to review referral success. The study was initially going to recruit all patients from QECH 

at the point of treatment initiation, but it soon became apparent that successful decentralisation of 

TB diagnosis and care to local health centres meant that most ambulant pulmonary TB patients on 

first line treatment were managed outside QECH. While the aim was to recruit patients as close to 

the start of TB treatment as possible for the purposes of baseline sputum bacillary load and 

radiology, the study accepted screening visits up to 4 days after treatment initiation to allow patients 

from referral health centres time to attend.  

It was possible to obtain pre-treatment sputum smear, culture (MGIT), and time-to-positivity data 

for several enrolled participants through collaboration with Professor Liz Corbett and the Hit TB Hard 

study. Sputum samples are routinely collected from patients attending health centres around 

Blantyre to accompany their diagnostic sample, and processed at the MLW/CoM Hit TB Hard 

Laboratory for monitoring and evaluation purposes.  

Patients attending for screening were assessed using a questionnaire based on the inclusion and 

exclusion criteria below. Those meeting the inclusion criteria were provided with a patient 
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information sheet in English or Chichewa (the major language in Southern and Central Malawi) 

according to personal preference, and had the study protocol verbally described to them in detail by 

a study nurse. Those willing to participate were then asked to sign an informed consent form (ICF; 

Appendix A: Informed consent form), asking for general consent for data collection and sampling, 

and specific consent to ship samples overseas for PK measurement. Illiterate participants indicated 

their consent by a witnessed thumb print. Those not wishing to participate were referred to the NTP 

for ongoing clinical care. On signing the ICF, participants were allocated with a unique screening 

identifier and asked to provide a spot sputum sample for smear microscopy, Xpert MTB/RIF, and 

MGIT culture. Screening blood samples were taken to assess full blood count, urea, creatinine, 

bilirubin, ALT, and baseline CD4 count. A urinary pregnancy test (β-HCG) was performed on all 

female participants. The study sampling schedule is summarised in Figure 2.4 opposite.  

HIV testing is part of standard care for new TB patients, and Malawian NTP Guidelines advise that 

TB/HIV co-infected patients be started on ART within the first 2 weeks of TB treatment [105]. 

Counselling and offering HIV testing as a requirement for study participation was not a deviation 

from routine practice, and existing care pathways at QECH were used for care of those with TB/HIV. 

HIV testing was repeated by the TB Counsellor attached to the ward in those that did not have a 

documented negative test result taken in the preceding 3 months. HIV-infected individuals who were 

not yet on ART were referred for initiation of ART according to national guidelines, provided via the 

NTP.   

Potential participants were invited to return after 48-72 hours for the Baseline Visit and enrolment. 

The results of screening bloods and sputum smear and Xpert MTB/RIF testing were reviewed against 

the inclusion and exclusion criteria. Those eligible for recruitment were allocated a unique 

participant identifier, and went on to complete the Baseline Visit questionnaire, detailed below. 

Ongoing consent to participate was assessed at each visit and recorded in the electronic case report 

file (CRF). 
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Figure 2.4: Sampling schedule schematic 
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2.5.1.1 Inclusion criteria 

Patients were enrolled in the study based on a single sputum smear-positive result. This was 

performed by the NTP, and repeated by the study team at screening. Where sputum smear 

microscopy was not being performed by the NTP (due to intermittent staffing or power issues), Xpert 

MTB/RIF-positive results from the QECH Laboratory were accepted for inclusion. All participants had 

at least one sputum sample confirmed as Mtb-positive by either culture or molecular testing (Xpert 

MTB/RIF).  

Sputum smears were graded according to international guidelines [105, 428]. The grading scheme is 

included in Table 2.2 below. The full inclusion criteria are detailed in Table 2.3. 

 

Grading Interpretation 

‘0’ or ‘negative’ No bacilli seen in 100 fields * 

‘scanty’ or actual number counted 1 to 9 bacilli seen (either acid-fast or fluorescent) in 100 fields † 

‘1+’ 10 to 99 bacilli seen (either acid-fast or fluorescent) in 100 fields 

‘2+’ 1 to 10 bacilli seen (either acid-fast or fluorescent) per 1 field, check 50 fields 

‘3+’ > 10 bacilli seen (either acid-fast or fluorescent) per 1 field, check 20 fields 

Table 2.2: Grading of sputum smear microscopy results  
(IUALTD and NTP Guidelines [105, 428]) 
* At least 5 minutes should be taken to read 100 fields before reporting the slide as negative.  
† A finding of 3 or fewer bacilli in 100 fields does not correlate well with culture positivity. 

 

Inclusion criteria 

• Newly diagnosed pulmonary tuberculosis 

o Sputum smear-positive for acid-fast bacilli OR sputum Xpert MTB/RIF positive 

o Ultimately confirmed by culture and/or Xpert MTB/RIF 

• Commencing first-line standard anti-TB therapy 

• Age >18 years 

• Willing and able to give informed consent 

• Consent to, or written result of, HIV test 

• Negative serum pregnancy test (women of childbearing potential) 

• Ambulant 

Table 2.3: Inclusion criteria 

 

2.5.1.2 Exclusion criteria 

Given the exploratory nature of the study, and the requirement for bronchoscopy in some 

participants, stringent exclusion criteria were applied to safeguard the wellbeing of participants 

(Table 2.4). Published guidelines for bronchoscopy conduct were followed to ensure participant 

safety [429, 430].   

Microbiological-confirmation of TB was a requirement to participate in the study. Given the time for 

culture results to become available, patients would be enrolled and subsequently excluded should 

cultures fail to isolate Mtb, or no positive Xpert MTB/RIF samples available. 
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Exclusion criteria 

o Microbiologically-unconfirmed TB (no positive culture or Xpert MTB/RIF samples) 

o Significant anaemia (Hb <8 g/dl) 

o Significant renal dysfunction (serum creatinine >177 µmol/l (2 mg/dl)) 

o Significant hepatic dysfunction (total bilirubin >51 µmol/l (3 mg/dl), alanine transaminase > 200 IU/l) 

o Very poor clinical performance status suggestive of imminent mortality (WHO Performance Score 4) 

o Contraindication to bronchoscopy [430] 

o Absolute:  

▪ Unstable cervical spine 

▪ Unresponsive hypoxia 

▪ Unstable angina 

▪ Bleeding diathesis 

▪ Malignant cardiac arrhythmia 

o Relative: 

▪ Poorly cooperative patient 

▪ Any significant and uncontrolled general medical condition (excluding TB / HIV) 

o On ‘re-treatment’ regimen for TB or prior treatment for MDR-TB 

o Anticipated obvious difficulties with follow up 

Table 2.4: Exclusion criteria 

 

2.5.1.3 Withdrawal criteria 

Withdrawal criteria 

o Participant request 

o Participant lost to follow-up and untraceable by study staff 

o Participant transferred out of Blantyre and unable to attend follow-up 

o All cultures negative for Mtb 

o Baseline drug resistance to rifampicin identified by Xpert MTB/RIF 

o Adverse drug reactions requiring interruption of treatment 

o Poor adherence to therapy 

o Complications arising from TB (e.g. requiring steroids or surgery) 

o Death attributable to causes other than active TB 

o Pregnancy 

o Serious adverse event directly attributable to the research 

Table 2.5: Withdrawal criteria 

 

2.5.2 Study visits 
 

2.5.2.1 Baseline visit (BL) 

The Baseline Visit occurred immediately after enrolment, typically 3 days after the Screening Visit. 

Participants were administered a short questionnaire comprising a clinical history of the current TB 

episode, with details of their past medical history, HIV status and ART regimen, co-administered 

medications and socio-economic status. Participants graded their own health using a Likert-type 

scale (responses including “excellent”, “good”, “fair”, and “poor”), while the study nurses assessed 

the participant’s functional ability by their WHO Performance Status (Table 2.6). 

Participants received their TB prescription from the NTP, and the number of tablets prescribed was 

documented on the CRF. The NTP issues daily, fixed-dose combination (FDC) tablets containing 150 

mg rifampicin, 75 mg isoniazid, 400 mg pyrazinamide, and 275 mg ethambutol, according to the 

WHO-approved weight-adjusted treatment regimen for the initial 2 months of intensive therapy 
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(Table 2.7) [105].  Participants were advised to take their anti-TB therapy regularly at the same time 

each morning.  

 

Grade Performance status 

0 Fully active, able to carry on all pre-disease performance without restriction 

1 Restricted in physically strenuous activity but ambulatory and able to carry out work of a light or sedentary 

nature, e.g. light house work, office work 

2 Ambulatory and capable of all self-care but unable to carry out any work activities. Up and about more than 

50% of waking hours 

3 Capable of only limited self-care, confined to bed or chair more than 50% of waking hours 

4 Completely disabled. Cannot carry on any self-care. Totally confined to bed or chair 

5  Dead 

Table 2.6: WHO Performance Status  
Assessment of global clinical functional status was done according to the scale above [431]. 

 

 

 

Body weight (kg) 

Intensive Phase 

2 months 

[RHZE] 

[R150/H75/Z400/E275] 

Number of tablets 

Continuation Phase 

4 months 

[RH] 

[R150/H75] 

Number of tablets 

30-37 2 2 

38-54 3 3 

55-74 4 4 

75 and over 5 5 

Table 2.7: Weight-adjusted TB treatment regimen 
FDC tablets were prescribed by the NTP. 

 

Vital signs (pulse, respiratory rate, temperature, blood pressure, oxygen saturations), weight and 

height were recorded. Patients were then examined clinically by the PI or study clinical officer. 

Before completing the visit, contact details were recorded, and participants issued with a 100 ml 

wide mouth sputum collection pot and biohazard bag. Participants were given the date of their next 

sampling visit and advised to collect an overnight sputum sample beforehand, detailed below. 

Participants were sent for a posteroanterior chest X-ray to record baseline radiological extent of 

disease prior to departure. 

Participants were sequentially allocated to the Intrapulmonary Arm such that a maximum of 3 

research bronchoscopies were booked per week to accommodate the timetable of the Clinical 

Investigation Unit. If more than 3 subjects were enrolled in a week, these additional patients would 

enter the Plasma Arm. Once fifty patients had been allocated to the Intrapulmonary Arm, 

recruitment continued to meet the target sample size of 100 in the Plasma Arm. Participants were 

also allocated to a sampling block (Block 1 or 2) based on their participant identifier number. This 

determined the schedule for their Sputum Sampling Visits and PK sampling times. 
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2.5.2.2 Sputum sampling visits (S1-S4) 

Participants with odd-numbered participant identifiers (Block 1) returned on weeks 1, 3, 5, and 7 for 

Sputum Sampling Visits, whereas those with even-numbered participant identifiers (Block 2) 

returned on weeks 2, 4, 6, and 8 of therapy.  Creation of 2 staggered but balanced blocks avoided an 

unmanageable volume of laboratory work, whilst maximising the spread of sampling times. The last 

sample taken (week 7 or 8) was used for the 2-month culture endpoint.  

At the preceding visits, participants were issued with a sputum pot and biohazard bag. They were 

advised to rinse their mouth after their evening meal and before commencement of overnight 

sampling, and instructed on optimal cough technique. Participants were asked to collect an 

overnight sample between 6 pm the evening before the Sputum Sampling Visit and 6 am the 

following morning, or production of first morning sample (whichever was later). Samples were to be 

kept out of direct sunlight, and brought to the study office by 8 am. On receipt, samples were taken 

to the Hit TB Hard Laboratory where they were processed immediately for liquid culture (MGIT). 

During this visit, participants had a brief clinical review, and details of any change in therapy, HIV 

status, or ART regimen collected. The last of these visits (between weeks 7-8) coincided with a 

research bronchoscopy for those in the Intrapulmonary Arm, and sparse plasma PK sampling for 

those in the Plasma Arm (see below). 

 

2.5.2.3 Bronchoscopy visits (IPPK1 / IPPK2) 

Participants in the Intrapulmonary Arm were invited to return to QECH for 2 bronchoscopy sampling 

days, separated by 8 weeks. The first visit occurred between weeks 7-8 of the intensive phase 

(coinciding with Sputum Sampling Visit S4) for reasons of subject tolerability, operator safety, and to 

ensure the drugs had achieved steady state. The second visit occurred around weeks 15-16 of 

treatment. 

Participants were asked to attend the study office by 7 am, having fasted from midnight. Participants 

were asked to sign a specific bronchoscopy ICF (Appendix B: Bronchoscopy informed consent form), 

or indicate consent by witnessed thumb print. Vital signs were recorded – blood pressure, pulse, 

respiratory rate, oxygen saturation, and temperature. They were assessed for any contraindications 

to bronchoscopy by the PI, and the procedure only performed if safe to do so. 

 

2.5.2.3.1 Plasma sampling 

Rich plasma PK sampling occurred alongside BAL sampling. Participants were allocated by block to 

one of two plasma sampling sub-designs as below: 

Block 1:   0 0.5  1 3 5 (hours post-dose)  

Block 2:  0 2 4 6 8 (hours post-dose)  
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The first blood sample was taken at 7:30 am (time 0, pre-dose), at which point participants were 

observed to take their anti-TB therapy with a small volume of water. An intravenous cannula was 

inserted and flushed with heparin saline to avoid the need for repeated venepuncture. At each time 

point, blood was collected in 6 ml lithium heparin tubes, protected from light, and immediately 

transported on ice to the MLW Immunology Laboratory. Plasma was separated by centrifugation 

(1000 x g, 10 minutes) and stored at -80oC. Participants were not allowed to eat or drink until after 

their bronchoscopy. 

In addition to PK sampling, participants had blood taken at the time of bronchoscopy for 

measurement of plasma urea. This was compared to the urea concentration in BAL supernatant by 

the urea dilution method, described further in 5.2.2, enabling calculation of the volume of epithelial 

lining fluid [432]. 

 

2.5.2.3.2 Bronchoscopy sampling 

Participants were able to have a bronchoscopy 2 hours after taking their anti-TB drugs [429], the 

exact timing of which varied according to a pre-determined matrix based on an optimal design 

calculation. Participants either had an early (2 hours post-dose), middle (4 hours post-dose), or late 

(6 hours post-dose) bronchoscopy. This produced a composite profile matrix of BAL drug exposure, 

and aimed to capture the peak drug concentration (Cmax) for the components of anti-TB therapy in 

BAL.   

Bronchoscopy and BAL sampling occurred in the Clinical Investigation Unit (CIU) at QECH. The CIU is 

jointly managed through MLW and the Departments of Medicine and Surgery, QECH, and provides 

bronchoscopy, gastrointestinal endoscopy, spirometry, and induced sputum sampling for both 

research and clinical service. The CIU has safely performed over 2,500 research bronchoscopies in 

both healthy volunteers and in patients with a diagnosis of sputum smear-negative TB, while the 

LSTM Respiratory Infection Group has performed over 1,000 research bronchoscopies to date in the 

UK and Malawi [430]. The PI performed the bronchoscopies for the study. 

The CIU is well ventilated with 4 extractor fans to ensure continuous flow of air through the unit.  

Bronchoscopy staff used personal protective equipment during bronchoscopy (N95 masks, gowns, 

gloves, eye protection) and followed standard infection control procedures and CDC 

recommendations [433, 434]. From previous experience of bronchoscopy and induced sputum 

procedures on TB suspects, institutional infection control procedures are stringent. 

Bronchoscopy and BAL sampling were performed as previously described [430]. In brief, topical 

lidocaine was applied to the nasal and pharyngeal mucosa in semi-recumbent participants. A fibre-

optic bronchoscope (BF-1T260 EVIS Video Bronchoscope, Olympus, UK) was passed through the nose 

or mouth to the level of a sub-segmental bronchus of the right middle lobe. Mucosal anaesthesia 

using 2 ml aliquots of 2% lidocaine was applied at the larynx, trachea, right main bronchus, and right 
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middle lobe. Four aliquots of warmed sterile saline – 40 ml, 60 ml, 60 ml, and 40 ml – were instilled 

into the right middle lobe and aspirated with gentle hand suction. The dwell time was less than 10 

seconds. Samples were expelled into 50 ml Falcon Tubes held on melting ice, and transported to the 

laboratory for immediate processing after the last aliquot collected. Where appropriate and 

requested, intravenous midazolam was available for sedation. Participant’s oxygen saturation was 

monitored by pulse oximetry throughout the procedure, and participants were transferred to the 

recovery suite for further monitoring for 2 hours after the procedure. Participants could eat and 

drink an hour after the procedure providing their swallow had been assessed as safe, and were 

followed up by telephone call 48-72 hours after the bronchoscopy. 

 

2.5.2.4 Plasma pharmacokinetic visits (SPPK1 / SPPK2) 

As for participants in the Intrapulmonary Arm, participants in the Plasma Arm were invited to return 

to QECH for 2 plasma sampling days, separated by 8 weeks. The first visit occurred between weeks 7-

8 of treatment, the second during weeks 15-16. Participants were asked to arrive fasted, and were 

observed to take their anti-TB medications with a small volume of water. Those in Block 1 had blood 

samples taken 1 and 3 hours after their medications; those in Block 2 at 2 and 4 hours. Blood was 

collected in 6 ml lithium heparin tubes, protected from light, and immediately transported on ice to 

the MLW Immunology Laboratory. Sparse sampling from the Plasma Arm was undertaken for 

incorporation into the population PK model from the Intrapulmonary Arm, and used to predict the 

intrapulmonary concentrations for all cohort participants whether they had a bronchoscopy or not 

(Chapters 4 and 5).   

 

2.5.2.5 End of treatment visit (EOT) 

Participants attended at the end of 6 months of tuberculosis therapy for a short clinical review. 

Details of any change in therapy, HIV status, or ART regimen were collected, and a spot sputum 

sample submitted for smear-microscopy and liquid culture if expectorating. If smear or culture 

positive, the participant was referred back to the NTP for re-registration and re-treatment [105]. 

Blood was collected for end of treatment CD4 count. 

 

2.5.2.6 Follow up visits (FUP1 / FUP2 / FUP3 / EOS) 

Follow-up was arranged with the QECH study team 3, 6, 9, and 12 months after completion of 

therapy. Telephone follow up was offered to those unable to attend, or for whom it was impractical 

to do so, provided they remained clinically well. The 12-month follow-up visit was the end of study 

visit (EOS), following which subjects were released from the study. 

Participants were assessed for recurrent TB symptoms and asked to submit a sputum sample to test 

for TB relapse if they had a productive cough. These samples were processed by smear-microscopy 
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as for the EOT samples. Participants with recurrent infection were referred to the TB Registry for re-

treatment according to NTP guidelines [105]. 

 

2.5.2.7 Unplanned visits and adverse events 

Participants were encouraged to contact the study team directly in the event of any intercurrent 

illnesses, treatment complications, or drug side-effects over the course of treatment and follow-up. 

The PI or study clinical officer assessed subjects attending for unplanned visits in case any 

intervention was required. Details of adverse events and unplanned visits were logged in an 

electronic CRF and followed up to resolution. Where appropriate, initial investigations were 

requested and patients were referred to the relevant clinic for ongoing management. 

 

2.5.2.8 Loss to follow-up 

Minimising loss to follow-up over 18 months and multiple visits was a major challenge for this study. 

While the primary endpoint was at 2 months (see below), capturing rates of TB relapse in the year 

following treatment required active management of the cohort to minimise loss to follow-up. 

Understandably, several patients forgot to attend appointments, were too unwell to travel, or 

moved out of urban Blantyre to convalesce elsewhere. At enrolment, the study team recorded a 

written description of where the participant lived, along with a basic map. Mobile telephone 

numbers for the participant and next of kin were recorded where possible. These details were stored 

in a locked cupboard in the study office. 

Approximate appointment dates were generated at enrolment and logged in the study diary. A 

password-protected electronic ‘dashboard’ displayed all the study visits, with a separate row for 

each participant, and flagged as ‘overdue’ when the visit date was passed without an electronic CRF 

being submitted. This enabled ready identification of missed visits, reviewed at a weekly team 

meeting. Attempts were made to contact participants or their next of kin by telephone to rearrange 

appointments. Where a week had passed with no attendance or contact, a fieldworker would visit 

the participant at home to identify the reason for non-attendance and facilitate the visit if willing. If 

they no longer wished to attend, participants were withdrawn from the study. The fieldworker 

would be dressed in plain clothes to maintain confidentiality. Participants were specifically asked to 

consent for a fieldworker visit at enrolment.   

 

2.5.2.9 SPITT-LAT transfer 

The Life After pulmonary TB (LAT) Study was a prospective cohort study of 400 adult patients 

completing treatment for pulmonary TB in urban Blantyre, running at the same time as the SPITT 

study. This study focussed on the nature and impact of residual lung scarring in the year following 

treatment, using non-invasive investigations such as CXR / CT imaging, spirometry, and exercise 
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capacity assessment, alongside completion of quality of life and health economic questionnaires, to 

measure respiratory health and functional capacity. Given that these studies shared a similar patient 

population, and both aimed to improve the care provided to TB patients in Malawi, there were 

significant efficiency and scientific benefits if patients could participate in both studies sequentially. 

In August 2016, ethical approval was granted for participants in the SPITT study to be sequentially 

recruited into the LAT Study. TB patients nearing the end of treatment, including SPITT participants, 

were referred to the LAT team by the TB Officers. This would typically occur after the second 

bronchoscopy or sparse plasma sampling visit, and before the EOT visit. Patients were provided with 

a patient information leaflet explaining the process of sequential recruitment and transfer from 

SPITT to LAT, emphasising that transfer to the LAT study was entirely voluntary. Transfer into the LAT 

study had no impact on the total duration of follow-up required, which remained 1-year following TB 

treatment completion. Those patients transferring would have more intensive follow up 

appointments at 6 and 12-months after TB treatment completion, and completion of additional 

respiratory investigations including chest imaging, spirometry, exercise testing, and questionnaire 

completion.  

SPITT participants consenting to transfer were asked to complete the existing approved LAT Study 

consent form (COMREC P.10/15/1813, LSTM 15.040RS), as well as a new consent form specifically 

designed to address issues of sequential recruitment. All follow-up would then occur under the LAT 

team, with the data required from the EOT, follow-up visits (FUP1 / FUP2 / FUP3) and EOS visits 

being collected by the LAT team at their routine appointments. These data were uploaded to the LAT 

study database, and only data that would have been routinely collected in the SPITT study follow-up 

and end-of-study visits was shared with the SPITT study team. An automated procedure for the 

routine extraction of these data facilitated this. End of treatment sputum samples and CD4 counts 

were collected by the LAT team. Patient flow is illustrated in Figure 2.5. 
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Figure 2.5: SPITT-LAT sequential recruitment schematic 
The top panel illustrates patient flow in the SPITT study, with intensive sampling during the 6 months of TB 
treatment, followed by 1 year of minimal follow up to capture rates of TB relapse. The middle panel illustrates 
patient flow in the LAT study, with participants recruited at the end of TB treatment and followed up over 1 year. 
The bottom panel illustrates patient flow for SPITT patients sequentially recruited to the LAT study. After the first 
6 months of intensive sampling, participants would join the LAT study for ongoing follow up.  

 

2.6 Defining study outcomes 

2.6.1 WHO treatment outcome 
 

TB treatment outcome was recorded using NTP and WHO definitions (Table 2.8) [71, 105]. The final 

EOT sputum sample was used to determine whether the patient was determined to be 

microbiologically-cured. Outcomes recorded by the NTP were captured and reviewed. 
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Outcome Definition [100, 105] 

Cure A pulmonary TB patient with bacteriologically confirmed TB at the beginning of 

treatment who was smear- or culture-negative in the last month of treatment and 

on at least one previous occasion. 

Treatment completion A TB patient who completed treatment without evidence of failure BUT with no 

record to show that sputum smear or culture results in the last month of treatment 

and on at least one previous occasion were negative, either because tests were not 

done or because results are unavailable. 

Treatment failure A TB patient whose sputum smear or culture is positive at month 5 or later during 

treatment. 

Died *  A TB patient who dies for any reason before starting or during the course of 

treatment. 

Lost to follow-up A TB patient who did not start treatment or whose treatment was interrupted for 2 

consecutive months or more. 

Not evaluated A TB patient for whom no treatment outcome is assigned.  This includes cases 

“transferred out” to another treatment unit as well as cases for whom the 

treatment outcome is unknown to the reporting unit. 

Treatment success The sum of cured and treatment completed. 

Table 2.8: Treatment outcome definitions  
* Decisions on the attributable cause of death were made by the PI in consultation with a physician from QECH 
independent from the study team.  Death was further classified as “definitely or probably attributable to active 
TB” or “attributable to causes other than active TB”. 

 

2.6.2 Final study outcome 
 

As the WHO treatment outcomes above do not consider the possibility of post-treatment relapse, 

nor do they distinguish between death due to TB or other causes, the final treatment outcomes at 18 

months were grouped as below (Table 2.9).  

 

Final Outcome Definition 

Cure A pulmonary TB patient with bacteriologically confirmed TB at the beginning of 

treatment, who was smear- or culture-negative in the last month of treatment and 

on at least one previous occasion, AND showed no clinical or bacteriological 

evidence of relapse during 1 year of post-treatment follow-up. 

Treatment 

completion 

A TB patient who completed treatment without evidence of failure BUT with no 

record to show that sputum smear or culture results in the last month of 

treatment and on at least one previous occasion were negative (either because 

tests were not done or because results are unavailable), AND showed no clinical or 

bacteriological evidence of relapse during 1 year of post-treatment follow-up. 

Treatment failure A TB patient who had any of the following: (i) 2 positive TB sputum tests (smear, 

culture, or molecular method) at EOT; (ii) 1 positive TB sputum test (smear, 

culture, or molecular method) at EOT, and clinical features indicating a need for re-

treatment; (iii) clinical features indicating a need for re-treatment in the absence 

of supporting bacteriology; (iv) death during treatment definitely or probably 

attributable to active TB. 

Relapse During 1 year of post-treatment follow up. Criteria as for treatment failure, but 

patient had been classified as cured or completed treatment at EOT. 

Other This includes all patients withdrawn from the study according to the criteria 

described above. 

Table 2.9. Final study outcomes 

 

Cure or treatment completion were grouped as ‘favourable outcomes’, treatment failure or relapse 

as ‘unfavourable outcomes’. Those meeting the withdrawal criteria (Table 2.5) were grouped as 
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‘other’, with the reason for withdrawal specified on the CRF. This included patients dying of causes 

unrelated to TB, those that defaulted therapy, or those transferring out of Blantyre with unknown 

outcomes.    

Where treatment failure, death, or relapse had to be determined on clinical grounds, this decision 

was made by the PI in consultation with a physician from QECH independent from the study team. 

Death was further classified as ‘definitely or probably attributable to active TB’ or ‘attributable to 

causes other than active TB’. Only deaths attributable to TB were included as unfavourable 

outcomes.  

Those participants whose sputum smear or culture was positive at 5 months or later whilst on anti-

TB therapy were classified as treatment failure. Included in this definition were those patients found 

to have MDR-TB at any point during treatment.  

Recurrent TB in the year following treatment is more likely to be relapse than re-infection. Those 

participants who were diagnosed with TB bacteriologically (smear, culture, or molecular method) 

after previous TB treatment with a successful outcome (‘cure’ or ‘treatment completion’) were 

classified as relapse at the end of study, as were those with a clinical decision to treat TB after 

previous TB treatment with a successful outcome. Spoligotyping to differentiate relapse from re-

infection was not performed, but isolates have been stored that may enable this at a later date.  

 

2.7 Endpoints 

2.7.1 Primary endpoints 
 

1. Predicted intrapulmonary AUC/MIC for anti-TB therapy  

2. Two-month sputum culture conversion  

 

2.7.2 Secondary endpoints 
 

1. Bacillary elimination rate (BER) 

a. Rate of change in sputum time-to-positivity in liquid culture  

2. Alveolar macrophage function on anti-TB therapy 

a. Change in Activity Index – superoxide burst and bulk proteolysis 

b. Change in phagocytic activity 

3. Clinical endpoints 

a. WHO treatment outcome for TB patients 

b. Bacteriologically- or clinically-defined failure or relapse at 12 months 
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2.7.3 Justification 

 

TB treatment response was assessed using surrogate endpoints. The endpoint of post-treatment 

relapse requires a large sample size and follow-up, and was outside the scope of this work. Current 

chemotherapy regimens were chosen based on 2MCC endpoints, which have a statistically 

significant relationship to clinical endpoints [66]. Time-to-positivity of baseline cultures is linked to 

rates of 2MCC and treatment failure / relapse [93, 435, 436], and by recording the BER we have a 

continuous pharmacodynamic measure of response to treatment [89]. 

 

 

2.8 Sample size calculation 

2.8.1 Plasma Arm 
 

The primary endpoint compares the AUC/MIC between 2-month sputum converters and non-

converters. Using a two-sided significance level of 0.05, power of 80%, and effect size of 0.6 (Cohen’s 

d), 45 subjects per group would be required if the groups (converters / non-converters) were of 

equal size (power calculation for t-tests of means, ‘pwr’ package in R (version 3.1.2). Presuming that 

75% of participants would sputum culture convert by 2 months, the sample size was calculated using 

the formula: 

1

𝑛1

+
1

𝑛2

=
2

𝑛𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡

 

With 𝑛𝑒𝑞𝑢𝑖𝑣𝑎𝑙𝑒𝑛𝑡 = 45, the total sample size was 120, of whom 90 are sputum converters (𝑛1), and 

30 are non-converters (𝑛2). A power table for different sample sizes is shown below.  

Sample Size (n) Power (%) 

40 36.0 

60 50.8 

80 63.1 

100 73.0 

120 80.6 

140 86.3 

160 90.4 

Table 2.10: Power table for sample sizes 

 

Recruiting 150 participants into the Plasma Arm, allowing for 20% loss to follow-up, would give 80% 

power to detect an effect size of 0.6. Given the time taken for sputum culture results to become 

available, and the need for culture-confirmation for inclusion, the study aimed to recruit a slightly 

larger sample of 160 patients to account for those participants that were ultimately culture negative 

and excluded. 
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2.8.2 Intrapulmonary Arm 

 

Sample size and optimal study design were based on estimated precision of the PK indices (clearance 

and volume of distribution). Models with coefficients of variation (%CV) of less than 25% are 

generally deemed to have precise parameter estimates [437]. Using (i) previous plasma population 

pharmacokinetics from Malawi [322], (ii) estimates for the between-compartment transfer rate 

constants and volume of distribution of the pulmonary compartment [344, 432], and (iii) the 

software PopDes, a number of sub-designs were trialed.  

 

Estimating the precision of the intrapulmonary estimates is made difficult by the limited prior data 

on pulmonary penetration of anti-TB therapy. A previous PK model using data from a rabbit model of 

pulmonary penetration, and single time point bronchoalveolar lavage samples (4 hours post-dose) 

from previous small studies achieved a %CV of 10% for epithelial lining fluid and 9% for alveolar 

macrophages [340, 345, 438]. Given the constraints of a single bronchoscopy per sampling day, and 

the practicalities of the CIU hours of operation, the optimal design for the SPITT Study was based on 

1 bronchoscopy (variably-timed: early/middle/late), with 5 plasma samples. Attempts to predict 

precision resulted in a 1 log drop in estimated %CV when 3 bronchoscopy time points are used (15 

participants per time point, n=45). By recruiting 50 participants, we allowed for 10% unsatisfactory 

bronchoalveolar lavage returns, failure to tolerate the procedure, and loss to follow-up. Local 

experience indicates that retention in research bronchoscopy studies is >90%, suggesting that there 

was sufficient contingency in the study design.   

 

2.9 Ethical approval 
 

Ethical approval for the study was granted by the University of Malawi College of Medicine Research 

Ethics Committee (P.09/15/1800) and the Liverpool School of Tropical Medicine Research Ethics 

Committee (15.033). Ethics approval letters are included in Appendix C: COMREC approval 

certificate and Appendix D: LSTM REC approval letter.  

 

2.10 Data management 
 

SOPs were developed and followed for correct and confidential management of data in accordance 

with best practice. Study participants were assigned a unique identifier at enrolment under which all 

data were captured. Paper documents were identified with a participant barcode, and a secure 

folder linking identifiable patient data (names, addresses, etc.) to study identifier was stored in 

locked filing cabinet in the research office, only accessible to the study team. 
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Data were collected by study team members on electronic CRFs using handheld data capture devices 

running Open Data Kit. Skip patterns, restrictions, and checks were included to minimise data entry 

errors. Questions were prepared in both English and Chichewa, and interviews conducted in the 

language of the participant’s choosing. Study team members were trained on interview conduct and 

electronic data collection before study start to ensure standardised data input.  

Laboratory data were automatically stored within the MLW Laboratory Information Management 

System and routinely pulled into the study database. Experimental data were held in different tables 

within the master database. All electronic data were stored in a password protected database to 

which only the PI and data managers had access to. A web based ‘dashboard’ collated data from the 

database to keep track of recruitment and missed appointments. Data were backed up on the secure 

LSTM server, and two password protected hard drives.  

Data were exported to the statistical software R [439] and pharmacometric software NONMEM© 

(version 7.4.0, ICON Development Solutions, Ellicott City, MD, United States of America) for analysis. 

Details of the analytical techniques used are included in Chapters 3-7. Statistical significance was 

reported at the level of p<0.05, unless stated otherwise. 

Anonymised data will be held for a minimum of 10 years following project completion. Subsequently 

data will be disposed of appropriately and in accordance with University of Malawi / LSTM protocols.  
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3 Clinical study description 

3.1 Introduction 
 

This chapter describes study recruitment and follow-up success, response to TB treatment by two-

month culture conversion (2MCC), and favourable or unfavourable final treatment outcomes in the 

cohort. The clinical, socioeconomic, and radiological characteristics of the cohort are described with 

their relationship to treatment response.  

As the leading driver of the TB epidemic in sub-Saharan Africa [17], HIV co-infection, extent of 

immunosuppression, and uptake of antiretroviral therapy (ART) are a focus of this chapter. More 

than half of notified TB cases in SSA are coinfected with HIV [17], and at greater risk of death or 

recurrent disease after treatment completion [440, 441]. Given the role of early ART in both the 

prevention of TB disease in people living with HIV [442], and in decreasing mortality in co-infected 

patients [47], ART administration in the cohort is examined. In the past decade, a hugely successful 

programme of ART rollout has put more than 12 million patients in sub-Saharan Africa onto regular 

treatment [443]. In Malawi, ART scale-up between 2005 and 2015 achieved an impressive 43% 

reduction in TB incidence in HIV-infected patients at a population level [444].  

In 2014, the Joint United Nations Programme on HIV/AIDS (UNAIDS) set the ambitious 90-90-90 

targets for 2020: 90% of people living with HIV should know their status; 90% with HIV should be on 

ART; and 90% of those on ART should have viral suppression. Malawi has committed to meeting 

these targets [445]. By the start of study recruitment, Malawi had adopted the policy of universal 

ART eligibility regardless of CD4 count [445]. It remains to be seen what impact this will have on TB 

incidence. 

Tuberculosis has historically been, and continues to be, strongly associated with poverty. Poverty is 

an important risk factor for development of TB disease [446], partly through overcrowding, poor 

nutrition, and reduced access to healthcare [447-449]; whereas TB is an important risk factor for 

increasing poverty through dissaving, lost income, and catastrophic costs [450]. Furthermore, both 

poverty and catastrophic costs may be associated with adverse treatment outcomes [451]. In 

recognition of this relationship, the WHO has targeted elimination of catastrophic costs due to 

tuberculosis by 2020 [452]. Given the central importance of poverty on risk of disease and response 

to treatment, measures of socioeconomic status in the cohort are described. Household biomass 

exposure, through burning wood and charcoal, is common in Malawi and linked to poverty [453]. 

Biomass exposure is associated with risk of altered innate immune function [374] and risk of 

infections such as TB [454], and is captured in the baseline questionnaires. 

Finally, clinical and radiological predictors of treatment response are considered. Severity of illness 

at baseline, comorbidities, body mass index, and pre-treatment health-seeking behaviour are 
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described and related to 2MCC and final outcome. Few of these clinical factors have been 

consistently related to treatment response. In contrast, baseline chest X-ray (CXR) provides useful 

information on disease extent and severity, and is related to response. Cavitatory disease is 

associated with higher baseline bacillary load [455], lower likelihood of 2MCC [456], and greater risk 

of recurrent disease after treatment completion [14, 241, 457]. However, CXR scoring can be 

subjective and prone to high inter-reader variability [458]. A simple CXR scoring system predictive of 

2MCC and baseline smear grade [459], developed in Papua Province, Indonesia, and later used in 

cohorts from Malawi [89], and South Africa [460, 461], was used as a predictor in this cohort. 

2MCC was chosen as an early marker of treatment response. Culture conversion has been widely 

used as a surrogate endpoint of final treatment response in clinical trials, given its early availability 

and simple interpretation [15, 66]. However, it is an imperfect surrogate marker of relapse-free cure, 

performing well in the early trials in Hong Kong, but inferior to three-month culture conversion in 

the East African trials [66]. Given these limitations, alternative markers of treatment response (time 

to culture conversion, bacillary elimination rate) are explored in subsequent chapters. 

The gold standard endpoint in Phase III trials remains the composite outcome of treatment failure or 

post-treatment relapse to 18-24 months of follow-up [15]. Study participants were followed-up to 18 

months post-treatment initiation to capture this final outcome. Data collection to this endpoint will 

continue until the end of 2018, and thus this thesis will assess this endpoint for the first 138 patients 

completing the study.  
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3.2 Methods 
 

Conduct of the cohort study is described in detail in Chapter 2. The methods for determining CXR 

score and 2MCC outcomes are detailed below. 

 

3.2.1 Chest radiography 
 

Participants underwent a baseline postero-anterior CXR in the Department of Radiology, QECH. For 

the first 125 participants, a digital CXR was performed, electronically-labelled with the participant ID, 

and reviewed on MicroDicom version 0.9.1. Due to a technical fault with the digital radiography 

machine, the remaining 34 participants had printed full-size CXR films. One participant did not 

attend radiology for a CXR, and withdrew from the study before this could be arranged. 

CXRs were reviewed independently by both the PI and an external radiologist. Scoring was 

performed using the method developed by Ralph et al [459]. The total amount of affected lung in 

each zone was estimated, and the total percentage of each lung affected by any pathology 

calculated (0-100). The presence of nodules (small or large), consolidation (patchy or confluent), 

effusions (0, < 25% hemithorax, ≥ 25% hemithorax), lymphadenopathy (0, unilateral, bilateral), 

fibrosis, cavitation (0, < 4 cm, ≥ 4 cm) or miliary disease was captured and entered onto an electronic 

CRF. A final weighted score was calculated using the equation below: 

𝐶𝑋𝑅 𝑠𝑐𝑜𝑟𝑒 = 𝑝𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑜𝑡𝑎𝑙 𝑙𝑢𝑛𝑔 𝑎𝑓𝑓𝑒𝑐𝑡𝑒𝑑 (%) + 40 𝑖𝑓 𝑐𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛 𝑝𝑟𝑒𝑠𝑒𝑛𝑡 

Prior to scoring study CXRs, the PI and radiologist reviewed a training set of PTB CXRs to familiarise 

themselves with the method. Concordance between each element of assessment was reviewed and 

only factors with significant agreement used for analysis. The top 5% most discrepant films were re-

read by both the PI and radiologist, and scored by consensus. For continuous variables, the average 

of the radiologist and PI score was used. For categorical variables with discrepant results, the 

outcome reported by the radiologist was chosen as the final result.  

 

3.2.2 Determination of two-month culture conversion 
 

6 sputum samples were collected from each participant: 1 screening, 4 during the intensive phase of 

treatment (S1-S4), and 1 at the end of TB treatment. The methods for sputum decontamination and 

liquid MGIT culture are described in detail in Chapter 6. 
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The result of sputum culture was recorded as a binary positive / negative outcome from the liquid 

MGIT results as per Table 3.1. For a positive result to be recorded, Mtb growth had to be confirmed, 

with or without contaminating organisms. 

2MCC was defined as Mtb culture positivity at the start of treatment, with subsequent negative 

cultures for Mtb, without reversion to culture positivity (stable culture conversion). The 2-month 

sputum sample was collected at the S4 sputum sampling visit, occurring at the end of the intensive 

phase of treatment. Those participants with only Xpert MTB/RIF positivity did not have a 2MCC 

outcome recorded. 

 

Liquid MGIT culture result Definition Interpretation for 2MCC 

Positive, Mtb Tube positive on BACTEC MGIT 960 (< 42 days) 
AFB identified on ZN smear of pellet 
AND 
Cording identified on ZN microscopy 
AND 
MPT64 antigen test positive 
AND  
No growth on blood agar * 

Positive 

Positive, MOTT Tube positive on BACTEC MGIT 960 (< 42 days) 
AFB identified on ZN smear of pellet 
AND 
(No cording identified on ZN microscopy 
OR 
MPT64 antigen test negative) 
AND 
Growth on LJ slopes at 25oC / 45oC / 37oC with PNB † 

Negative 

Initial contamination Tube positive on BACTEC MGIT 960 (< 42 days) 
AFB not identified on ZN smear of pellet 
Sample returned to incubator and re-read at 2 weeks 
Mtb now confirmed by ZN, cording, and MPT64 antigen test 

Positive 

Mixed contamination Tube positive on BACTEC MGIT 960 (< 42 days) 
AFB identified on ZN smear of pellet 
AND 
Cording identified on ZN microscopy 
AND 
MPT64 antigen test positive 
AND  
Growth on blood agar * 

Positive 

Final contamination Tube positive on BACTEC MGIT 960 (< 42 days) 
AFB not identified on ZN smear of pellet 
Sample returned to incubator and re-read at 2 weeks 
AFB not identified on ZN smear of pellet 
No positive result on re-culture of pellet 

Negative ‡ 

Negative No growth after 42 days in liquid MGIT culture § Negative 

Table 3.1: Interpretation of MGIT culture results 
6 different outcomes of MGIT culture were recorded. * Positive samples were plated on blood agar. Mtb will not 
grow on blood agar, whereas other contaminating organisms will. † Mtb will grow on LJ slopes at 37oC, but not 
at 25oC, 45oC, or 37oC with PNB – used to distinguish between Mtb and MOTT. ‡ Final contamination was classed 
as negative for the determination of 2MCC outcomes. It is possible that these samples still contain small 
numbers of Mtb, but have been masked by the rapid growth of contaminating organisms. § Samples were 
cultured for 42 days (6 weeks) before a negative result could be recorded. AFB: acid-fast bacilli; LJ: Lowenstein-
Jensen; MOTT: mycobacteria other than tuberculosis; PNB: paranitrophenol benzoic acid; ZN: Ziehl-Neelsen 
stain. 
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3.2.3 Statistical analysis 
 

All statistical analysis was performed in the statistical software R (version 3.5.0) [439]. Summary 

statistics were used to describe the characteristics of study participants, using the ‘psych’ and 

‘tableone’ packages. Normally distributed continuous variables were assessed by one-way analysis of 

variance, and non-normally distributed data by Kruskal-Wallis test. Categorical variables were 

assessed by chi-squared test or Fisher’s exact tests where the number of participants in any category 

was less than 5. Statistical significance was reported at the level of p<0.05 unless stated otherwise. 

Linear regression was used to explore variables associated with CXR score, and logistic regression for 

factors associated with cavitation on CXR, 2MCC, and final treatment outcome. Continuous variables 

were normalised for regression analysis.  

CXR inter-reader agreement was tested using the concordance coefficients, ρc for continuous 

variables and the kappa statistic for categorical variables. Prevalence-adjusted, bias-adjusted kappa 

values were calculated according to the method described by Byrt [462], and Landis and Koch 

guidelines used to interpret kappa values for dichotomous variables [463] (kappa ≤ 0.00, poor; 0.00-

0.20, slight; 0.21-0.40, fair; 0.41-0.60, moderate; 0.61-0.80, substantial; 0.81-1.00, almost perfect). 

Only those with ‘substantial’ or greater agreement were analysed further. 
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3.3 Results: recruitment, follow-up success, and outcomes 

3.3.1 Recruitment and follow-up success 
 

3.3.1.1 Recruitment 

Recruitment and follow-up are summarised in the CONSORT diagram opposite (Figure 3.1). 248 TB 

patients were referred by the TB Officers, with 55 ineligible on the screening questionnaire. 193 

patients had screening bloods and sputum collected, and 160 eligible participants were enrolled in 

the study. 3 participants were excluded post-recruitment as their TB diagnosis was not 

microbiologically-confirmed (by culture or Xpert MTB/RIF). 

Study recruitment originally focussed on the TB Registry at QECH. Because of decentralisation of TB 

diagnosis and care to referral health centres in Blantyre, it was necessary to apply for an amendment 

to expand the study sites to 6 health centres registering patients for TB treatment in urban Blantyre 

(Table 3.2). Patients were referred to the study office at QECH based on a new diagnosis of 

pulmonary TB (sputum smear- or Xpert MTB/RIF-positive) for screening. QECH remained the main 

recruitment location, followed closely by Limbe and Ndirande Health Centres. Participants continued 

to receive their TB treatment from their local health centre, but attended QECH for all study visits. 

 

Recruitment site n (%) 

QECH 40 (25.5) 

Limbe 36 (22.9) 

Ndirande 31 (19.7) 

Bangwe 24 (15.3) 

Zingwangwa 16 (10.2) 

Chilomoni 9 (5.6) 

Mpemba  1 (0.6) 

Table 3.2: Recruitment sites in urban Blantyre 
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Figure 3.1: Study CONSORT diagram 
New TB patients were identified by Blantyre TB Officers and referred to the study team for screening and 
enrolment. Patients were excluded post-recruitment if none of the sputum samples were positive for Mtb on 
culture or Xpert MTB/RIF. Participants were allocated to the Intrapulmonary or Plasma Arms sequentially based 
on the availability of bronchoscopy slots in the Clinical Investigation Unit. Participants entering the LAT study 
had all follow-up visits with the LAT study and the data collected from their database. * 19 participants were still 
in follow-up by July 2018, and are expected to complete the study by October. These participants were all in the 
Plasma Arm. Final outcome data was unavailable for these participants. † died during TB re-treatment for 
treatment failure. Counted as death attributable to TB. LTFU: lost to follow-up. 
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90/157 (57.3%) eligible patients were referred based on a positive smear result taken by the NTP, 

and 67/157 (42.7%) with a positive Xpert MTB/RIF result. Table 3.3 summarises the results of the 

baseline smear grade (NTP or screening) for all study participants. 

 

Diagnostic sputum result n (%) Mean TTP in MGIT (days) 

Xpert MTB/RIF only 27 (17.2) 17.8 

Smear scanty 10 (6.4) 17.0 

1+ 25 (15.9) 11.6 

2+ 32 (20.4) 10.1 

3+ 63 (40.1) 8.0 

Table 3.3: Baseline sputum smear grade 
Some participants were referred based on Xpert MTB/RIF positivity, with a negative screening smear collected by 
the study. MGIT: Mycobacteria Growth Indicator Tube; TTP: time-to-positivity – an inverse measure of bacillary 
load. 

 

The commonest reason for screen failure was being unable or unwilling to attend follow-up (n=46). 

While 51/202 (25.2%) of those willing to join the study were female, a significantly higher proportion 

of those declining involvement were female (24/46, 52.2%; p=0.001). 18 screened patients did not 

attend for enrolment, but there were no significant differences in the age and sex distribution of 

attenders and non-attenders. 

15 patients met study exclusion criteria. 10 patients were excluded due to severe anaemia 

(haemoglobin < 8 g/dl), 3 due to kidney injury (creatinine > 2 mg/dl), and 2 due to raised bilirubin (> 

3 mg/dl). Ineligible patients were reviewed by the study clinician and referred to clinic or for 

admission as required. 

Enrolled participants were sequentially allocated to the 2 arms of the study based on the availability 

of bronchoscopy slots in the CIU. 3 participants per week were provisionally allocated to the 

Intrapulmonary Arm, but only remained in this group if they successfully underwent the procedure 

at weeks 7-8 of TB treatment. 51 participants entered the Intrapulmonary Arm of the study. 

 

3.3.1.2 Follow-up 

A total of 1651 study visits were completed by July 2018. The fourth sputum sampling visit (S4) 

coincided with the end of the intensive phase of treatment, and involved collection of the overnight 

sputum sample required to determine 2MCC: the primary endpoint of the study. 137/157 (87.3%) 

participants provided this sample. 130/157 (82.8%) remained in follow-up to completion of 6 months 

of treatment; and 110/157 (70.1%) to 1-year post-treatment. A further 19 participants are expected 

to complete the study by October 2018. 68/157 (43.3%) completed this follow-up in the LAT study. 
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3.3.2 Withdrawals and adverse events 

 

3.3.2.1 Withdrawals 

31/157 (19.7%) participants did not complete the full 18-months of follow-up. 24 participants 

withdrew from the study after enrolment, and 7 died of TB and were included as unfavourable 

outcomes in the final analysis. Of the 24 withdrawing from the study, 10 had sufficient data to assess 

2MCC. The commonest reason for withdrawal was participants declining further follow-up, followed 

closely by those lost to follow-up (LTFU) and untraceable. HIV-uninfected participants were more 

likely to be LTFU than HIV-infected participants (Table 3.4).  

 

Withdrawal reason HIV-uninfected, n=9  HIV-infected, n=22 p value † 

Participant lost to follow-up and untraceable 

by study staff (n, %) 

6 (66.7) 2 (9.1) 0.003 

Participant request (n, %) 1 (11.1) 6 (27.3) 0.639 

Participant transferred out of Blantyre (n, %) 1 (11.1) 5 (22.7) 0.642 

Death – not attributable to TB (n, %) * 1 (11.1) 2 (9.1) 1.000 

Death – attributable to TB (n, %) * - 7 (31.8) - 

Table 3.4: Study withdrawals by HIV status 
* Decisions on the attributable cause of death were made by the PI in consultation with a physician from QECH 
independent from the study team.  Death was classified as “definitely or probably attributable to active TB” or 
“attributable to causes other than active TB”. † compared by chi-squared or Fisher’s exact test. Death 
attributable to TB was classed as an “unfavourable” final outcome rather than a reason for withdrawal. 

 

10 participants died during the study; 8 during TB treatment, 2 during follow-up. Most died (7/10, 

70%) due to TB disease, all of whom were HIV-infected, with death occurring a median 27 days [IQR 

14-46] into treatment. Non-TB causes of death included severe gastroenteritis, fever, and shock in 

the context of immune reconstitution inflammatory syndrome in a 43-year-old man with a new 

diagnosis of HIV, CD4 count 23 cells/mm3. Another patient, a 25-year-old HIV-uninfected man died at 

home after a short vomiting illness during the continuation phase of treatment. His neighbours 

reported he had been drinking heavily shortly prior to death. The third patient died of suspected 

meningitis 3 months after TB treatment completion. He presented with confusion and headache in 

the context of probable ART failure, and died before he could be reviewed by a senior clinician. 

These patients were removed from analysis of final outcomes. 

While 24 participants withdrew after enrolment, only 8 of these were truly lost to follow-up and 

untraceable. 25% of participants had no telephone and were challenging to follow-up in the event of 

missed appointments. Halfway through recruitment a fieldworker was appointed to locate missing 

participants at home and ascertain if they were willing to continue in the study. By so doing, it was 

possible to improve rates of retention. 6 participants moved away from urban Blantyre during the 

study, and were no longer able to attend study visits. Participants would often return to their home 

village during illness, and their TB care would be transferred to their local NTP TB Officer. 
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As participants only remained in the Intrapulmonary Arm if they completed the procedure, the 

number of withdrawals during the intensive phase of treatment was greater in the Plasma Arm. This 

requirement to remain in follow-up to 7 weeks of treatment meant that early study attrition due to 

early mortality or withdrawal was missed in the Intrapulmonary Arm, but was essential to ensure 

safety of participants. The effects of this are discussed below. No participants allocated to the 

Intrapulmonary Arm declined to have the first bronchoscopy. 

 

3.3.2.2 Adverse events 

Side-effects attributed to TB drugs were common, occurring in 54/157 (34.4%) participants (Table 

3.5). The commonest reported side-effect was joint or muscle pains in 43/157 (27.4%) participants, 

typically attributed to pyrazinamide use. HIV-infected individuals were significantly more likely to 

report nausea or vomiting than HIV-uninfected individuals. 

 

Complication or toxicity HIV-uninfected (n=66) HIV-infected (n=91) p value * 

Any complication or toxicity (n, %) 20 (30.3) 34 (37.4) 0.454 

Skin rash (n, %) 1 (1.5) 3 (3.3) 0.639 

Nausea or vomiting (n, %) 0 (0.0) 14 (15.4) <0.001 

Jaundice (n, %) 0 (0.0) 1 (1.1) 1.000 

Joint or muscle pains (n, %) 17 (25.8) 26 (28.6) 0.834 

Paraesthesia or numbness (n, %) 6 (9.1) 10 (11.0) 0.793 

Visual disturbance (n, %) 1 (1.5) 0 (0.0) 0.420 

Table 3.5: Drug side-effects, stratified by HIV status 
* compared by chi-squared or Fisher’s exact test. 

 

16/157 (10.2%) participants were reviewed for adverse events or intercurrent illnesses occurring 

during TB treatment (Table 3.6). HIV-infected patients were more likely to experience an 

intercurrent illness (p=0.015), with gastroenteritis and oro-oesophageal candidiasis most common.  

 

 Intercurrent illness HIV-uninfected (n=66) HIV-infected (n=91) p value  

Sepsis (n, %) 1 (1.5) 2 (2.2) 
 

Bacterial meningitis (n, %) 0 (0) 2 (2.2) 

Community acquired pneumonia (n, %) 0 (0) 2 (2.2) 

Gastroenteritis (n, %) 0 (0) 3 (3.3) 

Pneumocystis jirovecii pneumonia (n, %) 0 (0) 1 (1.1) 

Oro-oesophageal candidiasis (n, %) 0 (0) 3 (3.3) 

Orchitis (n, %) 0 (0) 1 (1.1) 

Pleurisy (n, %) 1 (1.5) 0 (0) 

Total (n, %) 2 (3.0) 14 (15.4) 0.015 * 

Table 3.6: Intercurrent illnesses during TB treatment, stratified by HIV status  
* compared by Fisher’s exact test. 
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92 research bronchoscopies were completed with one adverse event. The patient was a 38-year-old 

man recently started on ART. He was well on arrival, and the procedure was uncomplicated. On 

extubation, he complained of dizziness, blurred vision, and nausea. Supplementary oxygen was 

administered with a bolus of IV dextrose. The event was classed as an idiosyncratic reaction to the 

mucosal lignocaine used in the procedure: a recognised side effect of lignocaine [429, 430]. He was 

admitted overnight for observation, and discharged home in the morning with no sequelae. 3 further 

patients had minor nosebleeds on extubation that resolved spontaneously.  

 

3.3.3 Treatment outcomes 
 

129/157 participants (82.2%) were culture-positive for Mtb on their screening sample, and a further 

7 participants had positive MGIT cultures collected by the Hit TB Hard Study for monitoring and 

evaluation. 126/157 (80.3%) participants had sufficient results to assess 2MCC. By two months of TB 

treatment, 62.7% had culture-converted, whilst 37.3% remained culture-positive. This was strongly 

related to baseline smear grade: those 2+/3+ positive for AFB were significantly less likely to culture 

convert by 2 months as compared to those with negative, scanty, or 1+ diagnostic samples 

(p=0.001). Baseline drug sensitivity was assessed using Xpert MTB/RIF: no patients had rifampicin 

resistance. Baseline MICs to rifampicin, isoniazid, and ethambutol are discussed in Chapter 6. 

Final treatment outcome (favourable / unfavourable) was recorded 1 year after completion of 

treatment. Follow-up of the cohort is still ongoing, and is anticipated to finish in late 2018. For this 

thesis, analysis of final outcomes is restricted to the first 138 participants that had completed 

treatment and follow-up by July 2018. By this point, 100/114 (87.7%) of those with final outcome 

data had a favourable treatment outcome recorded.  

14 unfavourable final outcomes were recorded: 9 treatment failures, of which 6 were deaths due to 

TB, and 5 diagnoses of recurrent TB (Table 3.7). There was no significant difference in final outcomes 

between the 2 arms of the study (p=0.076). Details of the unfavourable outcomes are included in 

Table 3.8. All failures and relapses were referred to the NTP for further management, and sputum 

samples were stored where possible. 
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Final outcome Intrapulmonary Arm 

(favourable: n=42 

unfavourable: n=2 

other: n=7 *) 

Plasma Arm 

(favourable: n=58 

unfavourable: n=12 

other: n=17 *) 

Cohort 

(favourable: n=100 

unfavourable: n=14 

other: n=24 *) 

Favourable 
 
Cure 
Treatment completion 

42 (95.5) 
 
18 (40.9) 
24 (54.5) 

58 (82.9) 
 
35 (50.0) 
23 (32.9) 

100 (87.7) 
 
53 (46.5) 
47 (41.2) 

Unfavourable 
 
Treatment failure † 

Relapse 

2 (4.5) 
 
2 (4.5) 
0 (0.0) 

12 (17.1) 
 
7 (10.0) 
5 (7.1) 

14 (12.3) 
 
9 (7.9) 
5 (4.4) 

Table 3.7: Final outcomes 
Percentages of those with a final favourable / unfavourable outcome recorded. * withdrawn from the study, 
including deaths due to causes other than TB – not included in final outcome assessment. † Includes death due to 
TB. Decisions on the attributable cause of death were made by the PI in consultation with a physician from QECH 
independent from the study team.  Death was classified as “definitely or probably attributable to active TB” or 
“attributable to causes other than active TB”. Only deaths attributable to TB were included as unfavourable 
outcomes.  

 

ID Age  Sex HIV and ART 

status 

Baseline 

CD4 count 

(cells/mm3) 

2MCC EOT smear 

/ culture 

status 

Details 

Treatment failure 

13 34 Male HIV-infected, on 
ART > 4 years 

350 Non-
converted 

Smear-
positive 

EOT smear-positive 

27 45 Male HIV-infected, 
new diagnosis 

65 Insufficient 
data 

Not 
available 

Died during treatment, 
attributed to TB 

41 35 Male HIV-uninfected 330 Non-
converted 

Smear-
positive 
(NTP) 

EOT smear-positive (NTP) 

44 56 Male HIV-infected, 
new diagnosis 

65 Converted Not 
available 

Died during treatment, 
attributed to TB 

82 37 Male HIV-infected, on 
ART > 4 years 

17 Converted Not 
available 

Died during treatment, 
attributed to TB 

92 41 Male HIV-infected, on 
ART < 1 year 

331 Insufficient 
data 

Not 
available 

Died during treatment, 
attributed to TB 

96 38 Female HIV-infected, 
new diagnosis 

262 Converted Not 
available 

Died during treatment, 
attributed to TB 

154 35 Female HIV-infected, on 
ART ≤ 4 years 

854 Converted Culture-
positive 

EOT culture-positive 

157 62 Male HIV-infected, 
new diagnosis 

205 Insufficient 
data 

Not 
available 

Died during treatment, 
attributed to TB 

TB relapse  

70 40 Male HIV-infected, 
new diagnosis 

10 Converted Negative Persistent symptoms post-
treatment. 
Hepatosplenomegaly and 
lymphadenopathy. Lymph 
node aspirate MTB 
detected on Xpert MTB/RIF 

75 23 Male HIV-uninfected 425 Converted Negative Persistent dyspnoea post-
treatment. Radiological 
diagnosis of recurrent 
disease 

106 32 Female HIV-infected, 
new diagnosis 

323 Non-
converted 

Negative Ongoing symptoms post-
treatment. CXR suggested 
active TB, Xpert MTB/RIF 
positive. Died while on 
retreatment 

138 18 Male HIV-uninfected 1180 Insufficient 
data 

Negative Smear-positive post-
treatment 

150 32 Female HIV-infected, 
new diagnosis 

188 Converted Negative Smear-positive post-
treatment 

Table 3.8: Description of participants with unfavourable outcomes  
2MCC: 2-month culture conversion; EOT: end-of-treatment; NTP: National Tuberculosis Control Programme. 



Chapter 3  Clinical study description 
 
 

  Page 81 

3.4 Results: description of clinical cohort 

3.4.1 Comparison of Plasma and Intrapulmonary Arms 
 

Participants were not randomised to Plasma or Intrapulmonary Arms, but rather allocated 

sequentially based on availability of bronchoscopy slots. As 8 participants withdrew or died before 

they had a bronchoscopy, the two arms were compared for any significant differences between the 

groups (Table 3.9). 4 participants failed to attend their bronchoscopy slot, 3 participants died 

(attributable to TB), and 1 transferred out of Blantyre. 

Participants in the Intrapulmonary Arm were younger (median age 32 vs. 34 years; p=0.026), had a 

lower BMI (median 17.9 vs. 18.7 kg/m2; p=0.023), and were less likely to be HIV-infected (45.1 vs. 

64.2%; p=0.036). Those participants originally allocated to the Intrapulmonary Arm (n=8) were 

compared to those that underwent bronchoscopy (n=51). These participants were more likely to be 

tachypnoeic at enrolment (mean 25 vs. 20 breaths per minute; p=0.031), hypoxic (oxygen 

saturations 92 vs. 97%; p<0.001), and have a higher white cell count at baseline (7.4 vs. 6.9 x103/µl; 

p=0.043), suggesting that these participants were more unwell. When these participants are grouped 

with those that underwent bronchoscopy, this did not alter the age or BMI differences, but removed 

the significant difference in HIV status between the groups (47.5% Intrapulmonary Arm vs. 64.3% 

Plasma Arm; p=0.057). The overall cohort was sex imbalanced, with 120/157 (76.4%) of the cohort 

male.  

 

Characteristic Total (n=157) Intrapulmonary Arm 

(n=51) 

Plasma Arm (n=106) p value * 

Age  
(median [IQR]) 

34 [28, 39] 32 [26, 36] 34 [28, 41] 0.026 

Male sex  
(n, %) 

120 (76.4) 44 (86.3) 76 (71.7) 0.070 

Weight in kg  
(median [IQR]) 

51.1 [46.9, 55.6] 50.0 [47.3, 53.8] 52.0 [46.6, 56.5] 0.237 

Change in weight in kg 
(median [IQR]) † 

4.9 [2.3, 7.7] 3.6 [1.3, 6.7] 5.0 [2.9, 8.4] 0.175 

Height in cm  
(median [IQR]) 

167 [161, 172] 168 [162, 173] 166 [160, 172] 0.243 

BMI in kg/m2  
(median [IQR]) 

18.4 [17.0, 19.8] 17.9 [16.8, 18.9] 18.7 [17.1, 20.1] 0.023 

HIV-infected 
(n, %) 

91 (58.0) 23 (45.1) 68 (64.2) 0.036 

CD4 count  
(median [IQR]) 

301 [154, 481] 348 [181, 513] 285 [147, 463] 0.266 

Diagnostic smear (n, %) 
- Negative 
- Scanty 
- 1+ 
- 2+ 
- 3+ 

 
- 27 (17.2) 
- 10 (6.4) 
- 25 (15.9) 
- 32 (20.4) 
- 63 (40.1) 

 
- 7 (13.7) 
- 7 (13.7) 
- 4 (7.8) 
- 12 (23.5) 
- 21 (41.2) 

 
- 20 (18.9) 
- 3 (2.8) 
- 21 (19.8) 
- 20 (18.9) 
- 42 (39.6) 

0.034 

Table 3.9: Comparison of baseline characteristics of participants by study arm 
* compared by chi-squared or Fisher’s exact test. † Change in weight between the start and end of TB treatment. 
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3.4.2 HIV parameters 

 

89/157 (56.7%) of the cohort were HIV-infected at enrolment, 66/157 (42.0%) HIV-uninfected. 2 

further participants were diagnosed with HIV during the study, both due to provider-initiated testing 

(PITC) between the baseline and first sputum sampling visit. They were classed as HIV-infected for 

subsequent analysis. 39/91 (42.9%) of TB/HIV co-infected participants knew their status and were 

established on ART prior to the diagnosis of TB. 52/91 (57.1%) learned they were HIV-infected whilst 

care-seeking with TB symptoms, and had either just started ART or were about to do so. Of those on 

ART, all were receiving combination therapy with tenofovir, lamivudine, and efavirenz, bar one 

female participant using nevirapine as the core agent and subsequently switched to efavirenz.  

Table 3.10 compares HIV-infected and HIV-uninfected participants. The median CD4 count at 

baseline was 178 cells/mm3 in HIV-infected individuals, and 464 cells/mm3 in uninfected individuals 

(p<0.001). Both groups had a similar median increase in CD4 counts over the 6 months of TB 

treatment: 61 and 69 cells/mm3 respectively. 5/66 (7.6%) of HIV-uninfected participants had 

significant CD4 depression at baseline with counts between 50 and 199 cells/mm3 (mean 171.6 

cells/mm3, increasing by 177 cells/mm3 by end of treatment). These participants were not diagnosed 

with HIV during the study, but were noted to be significantly underweight (mean BMI 17.3 kg/m2). 

Previous work has identified severe CD4+ T-lymphopenia in HIV-uninfected individuals [464], and 

associations between marked CD4 depression and low BMI [465]. HIV-uninfected participants had a 

higher grade of smear positivity on their diagnostic smear sample (p=0.048).  

Characteristic HIV-uninfected participants 

(n=66) 

HIV-infected participants 

(n=91) 

p value * 

Age in years (median [IQR]) 30 [25, 35] 35 [32, 42] <0.001 

Male sex (n, %) 56 (84.8) 64 (70.3) 0.054 

Previous HIV test (n, %) 64 (97.0) 90 (98.9) 0.778 

Baseline CD4 count in cells/mm3 
(median [IQR]) 

464 [373, 637] 178 [80, 285] <0.001 

End of treatment CD4 count in 
cells/mm3 (median [IQR]) 

622 [412, 749] 242 [159, 374] <0.001 

Change in CD4 count in cells/mm3 
(median [IQR]) 

69 [-18, 203] 61 [4, 116] 0.648 

Baseline CD4 count in cells/mm3, 
stratified (n, %) 

- <50 
- 50-199 
- 200-349 
- >350 

 
 

- 0 (0.0) 
- 5 (7.6) 
- 9 (13.6) 
- 52 (78.8) 

 
 

- 15 (16.5) 
- 39 (43.0) 
- 22 (24.2) 
- 15 (16.5) 

<0.001 

Weight in kg (median [IQR]) 52.40 [48.1, 56.9] 50.00 [45.0, 54.2] 0.016 

Change in weight in kg (median [IQR]) 4.0 [2.0, 6.9] 5.3 [2.6, 8.7] 0.163 

BMI in kg/m2 (median [IQR]) 18.6 [17.4, 20.2] 18.3 [16.8, 19.5] 0.126 

Diagnostic smear (n, %) 
- Negative 
- Scanty 
- 1+ 
- 2+ 
- 3+ 

 

- 5 (7.6) 
- 4 (6.1) 
- 9 (13.6) 
- 15 (22.7) 
- 33 (50.0) 

 
- 22 (24.2) 
- 6 (6.6) 
- 16 (17.6) 
- 17 (18.7) 
- 30 (33.0) 

0.048 

Table 3.10: Comparison of HIV-infected and HIV-uninfected participants at baseline 
* compared by chi-squared or Fisher’s exact test. 
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Further comparison of HIV parameters in TB/HIV co-infected participants by sex identified some 

important differences (Table 3.11). Female participants were more likely than male participants to 

already know their HIV status at TB diagnosis (63 vs. 34.4%; p=0.022) and already be taking ART 

(p=0.040). Despite this, median and stratified CD4 counts were similar between male and female 

participants. Though more female than male participants had been established on ART for more than 

4 years, they had low CD4 counts (median 128 cells/mm3 [IQR 94.5-193]) suggesting ART treatment 

failure. 

 

Characteristic Total (n=91) Female participants 

(n=27) 

Male participants 

(n=64) 

p value * 

Established HIV diagnosis  
(n, %) 

39 (42.9) 17 (63.0) 22 (34.4) 0.022 

ART duration at baseline (n%) 
- Not yet on ART 
- ART < 1 year 
- ART ≤ 4 years 
- ART > 4 years 

 
- 52 (57.1) 
- 13 (14.3) 
- 12 (13.2) 
- 14 (15.4) 

 
- 10 (37.0) 
- 5 (18.5) 
- 4 (14.8) 
- 8 (29.6) 

 
- 42 (65.6) 
- 8 (12.5) 
- 8 (12.5) 
- 6 (9.4) 

0.040 

Started ART during study (n, %) 51 (56.0) 10 (37.0) 41 (64.1) 0.032 

Baseline CD4 count in 
cells/mm3, stratified (n, %) 

- <50 
- 50-199 
- 200-349 
- >350 

 
 

- 15 (16.5) 
- 39 (42.9) 
- 22 (24.2) 
- 15 (16.5) 

 
 

- 1 (3.7) 
- 15 (55.6) 
- 5 (18.5) 
- 6 (22.2) 

 
 

- 14 (21.9) 
- 24 (37.5) 
- 17 (26.6) 
- 9 (14.1) 

0.089 

Baseline CD4 count in 
cells/mm3 (median [IQR]) 

178 [80, 285] 172 [134, 309] 178 [65, 280] 0.217 

End of treatment CD4 count in 
cells/mm3 (median [IQR]) 

242 [159, 374] 259 [169, 364] 242 [152, 379] 0.603 

Change in CD4 count in 
cells/mm3 (median [IQR]) 

61 [4, 116] 36 [-29, 98] 70 [18, 114] 0.118 

Table 3.11: Comparison of HIV parameters by sex in TB/HIV co-infected participants 
* compared by chi-squared or Fisher’s exact test. 

 

While the Intrapulmonary Arm contained more HIV-uninfected participants than the Plasma Arm, 

there were no significant differences in ART status or CD4 distribution between the arms in TB/HIV 

co-infected participants. 

51 participants started ART during TB treatment, with 88% (45/51) of new starts receiving ART within 

the first 2 weeks of TB treatment. The remaining TB/HIV co-infected patients were all on ART by the 

completion of TB treatment. Figure 3.2 shows CD4 counts by ART status. HIV-uninfected participants 

had significantly higher CD4 counts at baseline, even when compared to those on ART for more than 

4 years. 
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Figure 3.2: Mean baseline CD4 count stratified by HIV and ART status  
Error bars show standard errors. 

 

3.4.3 Socio-economic status 
 

The socioeconomic status of participants was compared to data from the Malawi Demographic and 

Health Survey 2015-16 [421] and the Integrated Household Survey 2010-11 [422]. Comparisons to 

urban data were made where possible. Table 3.12 describes household level data, and Table 3.13 

describes individual level data stratified by sex. 

Compared to urban households, the households of study participants were more likely to be headed 

by a male, cook inside, and use charcoal as their main cooking fuel. Exposure to biomass fuel smoke 

in the home may be an important risk factor for the development of active tuberculosis [466, 467]. 

Study participants were also less likely to own a bicycle or car. 
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Characteristic Study cohort (n=157) Urban Malawian 

households (n=4,042) 

[421] 

p value * 

Household size (mean (SD)) 4.2 (2.1) 4.3 - 

Male household head (n, %) 130 (82.9) 3,064 (75.8) 0.046 

Household members receiving a regular 
salary (mean (SD)) 

1.2 (0.5) -  - 

Usual place for cooking (n, %) 
- In a separate building 
- Outdoors 
- In the house  

 
- 14 (8.9) 
- 64 (40.8) 
- 79 (50.3) 

 
- 918 (22.7) 
- 1997 (49.4) 
- 1123 (27.8) 

<0.001 

Usual cooking fuel (n, %) 
- Electricity 
- Kerosene 
- Coal or lignite 
- Charcoal  
- Wood 
- No foods cooked 

 
- 8 (5.1) 
- 0 (0) 
- 0 (0) 
- 139 (88.5) 
- 10 (6.4) 
- 0 (0) 

 
- 481 (11.9) 
- 81 (0.2) 
- 40 (0.1) 
- 2603 (64.4) 
- 930 (23) 
- 81 (0.2) 

<0.001 
 

Electricity at home (n, %) 80 (51.0) 1968 (48.7) 0.577 

Shared toilet facility (n, %) 102 (65.0)  2061 (51) <0.001 

Car owned by household (n, %) 5 (3.2) 525 (13) <0.001 

Motorbike owned by household (n, %) 2 (1.3)  117 (2.9) 0.326 

Bicycle owned by household (n, %) 29 (18.5) 1196 (29.6) 0.003 

Table 3.12: Household characteristics of study cohort compared to urban Malawian households 
* compared by chi-squared or Fisher’s exact test. 

 

Study participants attained lower levels of education compared to urban Malawian adults (p<0.001), 

and were more likely to be currently unemployed (p<0.001). Most male participants were usually 

employed in unskilled manual work, and female participants in domestic service. Literacy rates were 

higher in male than in female participants, with more men able to read a newspaper (112/120, 

93.3% vs. 32/37, 86.5%; p<0.001). Food insecurity was relatively common in the cohort, with 18/37 

(48.6%) female participants reporting skipped meals in the preceding 2 weeks for there to be enough 

food for their children, compared to 26/120 (21.7%; p<0.001) in males. A history of ever smoking 

was also commoner in the study cohort than the general population, with 66/120 (55%) of men 

giving a history of smoking. 
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Characteristic Study cohort Urban Malawian adults  p value * 

Male  n=120 n=1,340 [421, 422]  

Literacy (n, %) 
- not at all literate 
- part sentence literacy 
- whole sentence literacy 
- secondary school or higher literacy 

 
- 4 (3.3) 
- 7 (5.8) 
- 67 (55.8) 

- 42 (35.0) 

 
- 52 (3.9) 
- 75 (5.6) 
- 977 (72.9) 
- 236 (17.6) 

<0.001 
 

Able to read a newspaper (n, %) 112 (93.3) - - 

Highest level of education (n, %) 
- never attended school 
- standards 1 to 4 
- standards 5 to 8 
- forms 1 or 2 
- forms 3 or 4 
- university or higher 

 
- 2 (1.7) 
- 12 (10.0) 
- 31 (25.8) 
- 26 (21.7) 
- 43 (35.8) 
- 6 (5.0) 

 
- 28 (2.1) 
- 284 (21.2) 
- 91 (6.8) 
- 395 (29.5) 
- 307 (22.9) 
- 236 (17.6) 

<0.001 

Current employment status (n, %) 
- currently employed 
- not currently employed 
- not employed in the 12 months  

preceding the survey 

 
- 65 (54.2) 
- 53 (44.2) 
- 2 (1.7) 

 
- 976 (72.8) 
- 60 (4.5) 
- 306 (22.8) 

<0.001 
 

Usual occupation (n, %) 
- agriculture work 
- clerical work 
- sales and services work 
- professional or technical 

or managerial work 
- skilled manual work 
- unskilled manual work 
- domestic service 

 
- 0 (0.0) 
- 2 (1.7) 
- 15 (12.5) 
- 19 (15.8) 

 
- 16 (13.3) 
- 60 (50.0) 
- 8 (6.7) 

 
- 67 (6.5) 
- 61 (5.9) 
- 155 (15) 
- 214 (20.7) 

 
- 321 (31) 
- 179 (17.3) 
- 36 (3.5) 

<0.001 

Ever smokes tobacco (n, %) 66 (55.0) 159 (11.9) <0.001 

Ever drinks alcohol (n, %) 85 (70.8) - - 

Married (n, %) 64 (53.3) 3,742 (52.5) † 0.856 

Female  n=37 n=4,496 [421, 422]  

Literacy (n, %) 
- not at all literate 
- part sentence literacy 
- whole sentence literacy 
- secondary school or higher literacy 

 
- 5 (13.5) 
- 4 (10.8) 
- 21 (56.8) 
- 7 (18.9) 

 
- 432 (9.6) 
- 261 (5.8) 
- 3,251 (72.3) 
- 553 (12.3) 

0.120 
 

Able to read a newspaper (n, %) 32 (86.5) - - 

Highest level of education (n, %) 
- never attended school 
- standards 1 to 4 
- standards 5 to 8 
- forms 1 or 2 
- forms 3 or 4 
- university or higher 

 
- 3 (8.1) 
- 4 (10.8) 
- 17 (45.9) 
- 6 (16.2) 
- 7 (18.9) 
- 0 (0.0) 

 
- 153 (3.4) 
- 1,232 (27.4) 
- 441 (9.8) 
- 1,272 (28.3) 
- 850 (18.9) 
- 553 (12.3) 

<0.001 

Current employment status (n, %) 
- currently employed 
- not currently employed 
- not employed in the 12 months  

preceding the survey 

 
- 13 (35.1) 
- 22 (59.5) 
- 2 (5.4) 

 
- 2,405 (53.5) 
- 243 (5.4) 
- 1,852 (41.2) 

<0.001 

Usual occupation (n, %) 
- agriculture work 
- clerical work 
- sales and services work 
- professional or technical 

or managerial work 
- skilled manual work 
- unskilled manual work 
- domestic service 

 
- 0 (0.0) 
- 1 (2.7) 
- 3 (8.1) 
- 3 (8.1) 

 
- 0 (0.0) 
- 10 (27.0) 
- 20 (54.1) 

 
- 235 (8.9) 
- 156 (5.9) 
- 680 (25.7) 
- 696 (26.3) 

 
- 98 (3.7) 
- 550 (20.8) 
- 230 (8.7) 

<0.001 

Ever smokes tobacco (n, %) 2 (5.4) 4 (0.1) <0.001 

Ever drinks alcohol (n, %) 6 (16.2) - - 

Married (n, %) 22 (59.5) 15,155 (61.7) ‡ 0.912 

Table 3.13: Individual participant socio-economic characteristics compared to urban Malawian adults 
* compared by chi-squared or Fisher’s exact test. † denominator 7,128 men. ‡ denominator 24,562 women. 
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Relative wealth was assessed using a simplified socioeconomic / poverty score based on data from 

the 1998 Integrated Health Survey [468]. While slightly dated, this provides a helpful indication of 

relative wealth, and allows the construction of wealth quintiles. Using 8 variables (household owns a 

fridge, number of household residents, household size squared, age of household head, education 

level of the household head, number of salaried household members, household owns a car or 

motorbike, household gets lighting from electricity or gas, household owns a bed, and an indicator 

for Blantyre city), relative wealth can be calculated. The histogram in Figure 3.3 shows the 

distribution of relative wealth quintiles, and their modest correlation with participants self-reported 

wealth. Participants graded their wealth levels relative to their neighbours using a simple Likert-type 

scale. 

 

  

Figure 3.3. Relative wealth 
A: Histogram of participants relative wealth score; B: Boxplot of self-reported wealth versus relative wealth 
score. Diamonds represent mean, bar median. 

 

In summary, the study population was poorer, less educated, and more likely to be unemployed than 

the general urban Malawian population. They were more likely to be exposed to biomass fuel smoke 

at home, and reported higher rates of ever smoking. 

 

3.4.4 Clinical description 
 

At the baseline visit, study participants underwent a comprehensive clinical review. Details of the 

current illness and past medical history were captured, and participants were examined by a study 
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clinician. Observations were recorded, and blood samples processed for baseline full blood count, 

renal and liver function tests. These results are summarised in Table 3.14, stratified by HIV status. 

 

Characteristic HIV-uninfected 

participants (n=66) 

HIV-infected 

participants (n=91) 

p value * 

Clinical history 

Cough (n, %) 65 (98.5) 91 (100) 0.871 

Fever (n, %) 35 (53.0) 54 (59.3) 0.532 

Weight loss (n, %) 58 (87.9) 84 (92.3) 0.511 

Night sweats (n, %) 42 (63.6) 67 (73.6) 0.244 

Duration of illness in weeks (median [IQR]) 4 [3, 8] 4 [3, 8] 0.736 

Haemoptysis (n, %) 14 (21.5) 10 (11.0) 0.115 

Lymphadenopathy (n, %) 1 (1.5) 3 (3.3) 0.852 

Prior antibiotic treatment (n, %) 35 (53.0) 53 (58.2) 0.627 

Visited traditional healer (n, %) 9 (13.6) 8 (8.8) 0.481 

Hospitalised for this illness (n, %) 6 (9.1) 11 (12.1) 0.737 

Vital signs at baseline 

Pulse in beats per minute (mean (SD)) 97 (21) 108 (19) 0.001 

Respiratory rate in breaths per minute  
(median [IQR]) 

21 [18, 23] 21 [17, 24] 0.360 

Temperature in oC (median [IQR]) 36.2 [36.2, 36.3] 36.2 [36.1, 36.4] 0.688 

Oxygen saturations in % (median [IQR]) 98 [96, 98] 98 [97, 99] 0.261 

Systolic blood pressure in mmHg  
(median [IQR]) 

113 [100, 125] 106 [96, 116] 0.025 

Clinically septic at baseline (n, %) † 9 (13.6) 10 (11.0) 0.799 

WHO Performance Status (n, %) 
- 0: fully active 
- 1: able to perform light work 
- 2: self-caring, but no work 
- 3: limited self-care 

 
- 62 (93.9) 
- 4 (6.1) 
- 0 (0) 
- 0 (0) 

 
- 78 (85.7) 
- 10 (11.0) 
- 2 (2.2) 
- 1 (1.1) 

0.257 

Laboratory investigations at baseline 

Haemoglobin in g/dl (median [IQR]) 12.1 [10.6, 13.6] 10.6 [9.6, 12.1] <0.001 

White cell count x 103/µl (median [IQR]) 6.9 [5.9, 8.6] 6.5 [4.9, 8.5] 0.213 

Platelet count x 103/µl (median [IQR]) 445 [309, 575] 430 [276, 560] 0.943 

Monocyte-lymphocyte ratio (median [IQR]) 0.2 [0.1, 0.4] 0.4 [0.2, 0.6] 0.001 

Creatinine clearance in ml/min (median [IQR]) 114.7 [93.3, 138.4] 101.1 [83.6, 121.7] 0.008 

Bilirubin in µmol/l (median [IQR]) 10 [7, 14] 7 [6, 11] 0.002 

ALT in IU/l (median [IQR]) 18 [13, 26] 24 [16, 36] 0.02 

Table 3.14: Baseline clinical description of study participants 
* compared by chi-squared or Fisher’s exact test. † Based on source of infection, and 2 or more of: temperature 
<36oC or >38oC, pulse >90 beats per minute, respiratory rate >20 breaths per minute, white cell count <4 or >12 x 
103/µl. 

 

The median duration of illness was 4 weeks, and was similar in both HIV-infected and uninfected 

participants. Over half of the participants had received prior antibiotic therapy during the diagnostic 

pathway. Six participants reported co-existing illnesses (other than HIV): 3 were on treatment for 

asthma, 1 for hypertension, 1 for peripheral neuropathy, and 1 on phenobarbitone for epilepsy. 
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At baseline review, HIV-infected participants were more tachycardic (mean pulse 108 vs. 97 bpm; 

p=0.001), and had a lower systolic blood pressure (median 106 vs. 113 mmHg; p=0.025). 19/157 

(12.1%) participants were clinically septic at baseline, based on the 1992 Consensus Conference 

definitions [469]. The definition of sepsis changed in 2016 to include the Sequential Organ Failure 

Assessment (SOFA) score [470], but as some of these variables were not captured in this study, 

sepsis is defined by the earlier guidelines.  

Baseline laboratory investigations showed that HIV-infected participants were more anaemic 

(median haemoglobin 10.6 vs. 12.1 g/dl; p<0.001), had poorer renal function (median creatinine 

clearance 101.1 vs 114.7 ml/min; p=0.008), and had a higher ALT (median 24 vs. 18 IU/l; p=0.002). 

Anaemia is a common feature of both HIV infection [471] and HIV-associated TB [472], and was more 

severe in the HIV-infected participants. A baseline haemoglobin less than 8 g/dl (severe anaemia) 

was an exclusion criterion for the study, and resulted in 10 patients being excluded from the study.  

The peripheral blood monocyte-lymphocyte ratio (ML ratio) has been postulated as a biomarker of 

immunity to TB disease and response to treatment, with an increased ML ratio associated with risk 

of TB disease or death [473-476]. The mechanism for this association is incompletely understood, 

but may reflect that myeloid cells serve as host cells for Mtb growth, while lymphocytes are major 

effector cells in TB immunity. HIV-infected participants have a higher baseline ML ratio than 

uninfected participants (0.4 vs. 0.2; p=0.001), but further samples were not collected to assess 

trends over treatment.  

Participants were asked to rate their health at each visit using a Likert-type scale: from excellent to 

poor (Figure 3.4). In general, more participants reported ‘good’ health as they completed treatment 

and follow-up, with no participants reporting ‘excellent’ health. 

 

 

Figure 3.4: Participant rating of health 
Participants were asked to rate their health on a Likert-type scale over the course of treatment and follow-up.  
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3.4.4.1 Treatment adherence 

Participants were asked about adherence to treatment at each study visit. 17 participants (10.8%) 

reported 1-2 missed doses, and 5 participants (3.2%) reported >=3 missed doses. Pill counts were 

performed at PK visits demonstrating good adherence to treatment. 

 

3.4.4.2 Co-administered medications 

87/157 (55.4%) participants took antimicrobials prior to the TB diagnosis as part of this illness 

episode. These antimicrobials are detailed below (Table 3.15). Amoxycillin, erythromycin, and 

doxycycline are recommended treatments for community acquired pneumonia in Malawi [477], 

whereas the variety of other antimicrobials prescribed may reflect diagnostic uncertainty or issues of 

drug availability. The use of fluoroquinolones in TB suspects should be avoided due to anti-Mtb 

activity and risk of diagnostic delay [478].  

Outside of TB treatment and ART, 3 (1.9%) participants were prescribed ferrous sulphate for 

anaemia, 1 (0.6%) phenobarbitone for epilepsy, 1 (0.6%) salbutamol for asthma, and 1 (0.6%) 

aminophylline for asthma. 

Antimicrobial n (%) 

Any 87 (55.4) 

Amoxicillin 45 (28.7) 

Cotrimoxazole 14 (8.9) 

Erythromycin  9 (5.7) 

Ciprofloxacin 9 (5.7) 

Metronidazole  6 (3.8) 

Doxycycline 5 (3.2) 

Ceftriaxone 4 (2.5) 

Fluconazole  3 (1.9) 

Penicillin 2 (1.3) 

Chloramphenicol 1 (0.6) 

 

 

3.4.5 Baseline radiology 
 

Baseline CXRs were available for 156/157 participants. These were assessed by 2 independent 

readers, and scored according to the method described by Ralph et al [459]. 

 

3.4.5.1 Inter-reader agreement 

The concordance correlation coefficient for percentage of affected lung was 0.79 (-13.51 – 21.01% 

Bland and Altman 95% limits of agreement), suggesting reasonable inter-reader agreement. Table 

Table 3.15: Pre-treatment antimicrobials 
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3.16 shows the inter-reader agreement for radiological dichotomous variables. Agreement was 

‘substantial’ or ‘almost perfect’ for most variables, except for the presence of nodules or hilar 

lymphadenopathy. 

 

Dichotomous variable Kappa Prevalence-adjusted, bias-

adjusted kappa (PABAK) 

Interpretation of PABAK 

score 

Cavitation 0.70 0.74 Substantial 

Effusion 0.64 0.74 Substantial 

Consolidation 0.80 0.86 Almost perfect 

Nodules  0.27 0.65 Substantial 

Fibrosis 0.29 0.42 Moderate 

Miliary disease - 1.00 Almost perfect 

Hilar lymphadenopathy 0.07 0.58 Moderate 

Table 3.16: Inter-reader agreement on radiological findings 
Landis and Koch guidelines used to interpret kappa values for dichotomous variables [463] (kappa ≤ 0.00, poor; 
0.00-0.20, slight; 0.21-0.40, fair; 0.41-0.60, moderate; 0.61-0.80, substantial; 0.81-1.00, almost perfect). 

 

A composite CXR score was calculated from the percentage of lung affected and the presence or 

absence of cavitation (maximum score 140) [459]. The median score in this cohort was 18.3 [IQR 2.5 

– 60.0]. Table 3.17 describes the radiological findings in the cohort. Consolidation was the 

commonest CXR abnormality, seen in 77.6%, with cavitation seen on 35.8% of CXRs. There were no 

significant differences in the radiological findings when stratified by HIV status. Figure 3.5 shows a 

sample of some of the CXRs with their scores. 

Both CXR score and cavitatory disease were related to baseline smear status, with those with 3+ for 

AFB at baseline more likely to have a higher CXR score and cavitation on CXR than smear-negative 

participants (p< 0.001). Participants with higher CXR scores had higher baseline bacillary loads 

(shorter TTP in liquid culture, p=0.001), and were less likely to culture convert by 2 months 

(p<0.001). Similarly, participants with cavitation on CXR were less likely to culture convert by 2 

months (p<0.001). 
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3.4.5.2 Description of baseline radiology 

 

Figure 3.5: Example baseline chest X-rays 
A: normal CXR (score 0); B: CXR showing extensive consolidation in the left hemithorax, a small effusion, and 
cavitation of the left upper zone. Scored 107 (67% affected lung + 40 for cavitation); C: Patchy consolidation of 
the left hemithorax and right upper zone, with large cavities in the left upper and mid zones. Scored 106 (66% 
affected lung + 40 for cavitation); D: extensive patchy consolidation of both lung fields, no cavitation. Scored 82 
for percentage of lung affected. 

 

CXR variable Total (n=156) 

CXR score (median [IQR]) 18.3 [2.5, 60.0] 

Percentage of lung affected (median [IQR]) 15.4 [2.5, 23.3] 

Cavitation (n, %) 56 (35.8) 

Effusions (n, %) 45 (28.8) 

Consolidation (n, %) 121 (77.6) 

Nodules (n, %) 19 (12.4) 

Fibrosis (n, %) 43 (27.6) 

Miliary disease (n, %) 0 (0) 

Hilar lymphadenopathy (n, %) 14 (11.1) 

Table 3.17: CXR findings in the study cohort 
CXR score derived from the percentage of lung affected with 40 added for the presence of cavitation [459]. 
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Figure 3.6: CXR score by diagnostic smear grade 
CXR score was greater in participants with heavily smear-positive diagnostic sputum samples. Bars show mean 
with standard error bars. 

 

3.4.5.3 Predictors of baseline radiology 

Predictors of CXR score were explored by univariate and multivariate linear regression (Table 3.18). 

Higher neutrophil count and longer duration of symptoms were both associated with a higher 

baseline CXR score. Taken together, these data suggest that CXR appearances are worse in those 

taking longer to be diagnosed with TB, with more active inflammation. 

CXR score and cavitation were closely linked. Cavitation was also associated with current 

unemployment (p=0.033) on multivariate analysis (data not shown).  
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Variable Univariate analysis Multivariate analysis 

Estimate SE p value Estimate SE p value 

Age (years) -0.637 2.376 0.789 - - - 

Male sex 3.929 5.570 0.482 - - - 

Duration of symptoms 
(weeks) 4.028 2.365 0.091 6.228 2.759 0.026 

Prior antibiotic use -2.089 4.775 0.662 - - - 

Hospitalised  8.487 7.792 0.278 - - - 

Ever smokes tobacco 3.516 4.777 0.463 - - - 

Ever drinks alcohol 6.206 4.787 0.197 - - - 

Whole sentence literacy or 
greater 1.120 7.097 0.875 - - - 

Currently unemployed 15.524 4.579 0.001 10.912 5.521 0.051 

HIV infected -6.509 4.774 0.175 - - - 

Baseline CD4 (cells/mm3) 1.924 2.381 0.420 - - - 

Change in CD4 over 
treatment (cells/mm3) -0.189 2.548 0.941 - - - 

BMI (kg/m2) -9.662 2.242 0.000 -4.587 3.138 0.147 

Change in weight over 
treatment in kg 8.310 2.418 0.001 3.899 3.184 0.224 

Baseline pulse (bpm) 4.612 2.353 0.052 -0.824 2.797 0.769 

Baseline respiratory rate 
(bpm) 5.050 2.339 0.032 -2.72 3.315 0.414 

Clinically septic at baseline* 5.368 7.243 0.460 - - - 

Baseline haemoglobin 
(g/dl) -7.495 2.296 0.001 -3.143 3.633 0.389 

Baseline white cell count 
(x103/μl) 13.448 2.126 0.000 - - - 

Baseline neutrophil count 
(x103/μl) 13.186 2.158 0.000 7.028 3.453 0.045 

Baseline monocyte count 
(x103/μl) 5.983 2.324 0.011 -3.603 3.541 0.312 

Baseline creatinine 
clearance (ml/min) 1.753 2.372 0.461 - - - 

Baseline bilirubin (μmol/l) 1.356 2.371 0.568 - - - 

Baseline ALT (IU/l) -4.265 2.355 0.072 -1.33 2.794 0.635 

Screening TTP (days) -6.333 2.317 0.007 -2.261 3.145 0.474 

Table 3.18: Univariate and multivariate analysis of factors influencing baseline CXR score 
Variables significant to p<0.10 on univariate testing included in the multivariate analysis. * Based on source of 
infection, and 2 or more of: temperature <36oC or >38oC, pulse >90 beats per minute, respiratory rate >20 
breaths per minute, white cell count <4 or >12 x 103/µl. SE: standard error. 
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3.5 Results: predictors of treatment outcome 

3.5.1 Two-month culture conversion 
 

The relationship between 2MCC and clinical, socioeconomic, and radiological predictors is described 

in Table 3.19. On multivariate logistic regression, CXR score, baseline bacillary load (screening TTP), 

and literacy were all related to odds of 2MCC. Duration of symptoms had a univariate relationship 

only. 

 

Variable Univariate analysis Multivariate analysis 

OR 95% CI p value OR 95% CI p value 

Age (years) 0.92 0.62-1.36 0.663 - - - 

Male sex 0.75 0.30-1.79 0.523 - - - 

Duration of symptoms (weeks) 0.61 0.40-0.91 0.017 0.67 0.4-1.09 0.115 

Prior antibiotic use 1.15 0.55-2.39 0.714 - - - 

Hospitalised  1.56 0.49-5.96 0.476 - - - 

Ever smokes tobacco 0.59 0.28-1.22 0.153 - - - 

Ever drinks alcohol 0.64 0.30-1.34 0.243 - - - 

Whole sentence literacy or greater 0.18 0.03-0.66 0.025 0.13 0.02-0.56 0.015 

Currently unemployed 0.63 0.30-1.3 0.214 - - - 

HIV infected 1.67 0.81-3.48 0.168 - - - 

Baseline CD4 (cells/mm3) 0.80 0.55-1.17 0.250 - - - 

Change in CD4 over treatment (cells/mm3) 0.99 0.66-1.5 0.966 - - - 

BMI (kg/m2) 1.28 0.85-2.02 0.260 - - - 

Change in weight over treatment in kg 0.94 0.63-1.41 0.774 - - - 

Baseline pulse (bpm) 1.06 0.73-1.56 0.756 - - - 

Baseline respiratory rate (bpm) 1.49 0.99-2.31 0.063 1.57 0.94-2.74 0.094 

Clinically septic at baseline* 4.43 1.15-29.22 0.057 6.07 1.16-49.33 0.051 

Baseline haemoglobin (g/dl) 1.02 0.69-1.51 0.934 - - - 

Baseline white cell count (x103/μl) 0.81 0.55-1.18 0.276 - - - 

Baseline neutrophil count (x103/μl) 0.79 0.53-1.15 0.224 - - - 

Baseline monocyte count (x103/μl) 1.23 0.82-1.97 0.352 - - - 

Screening TTP (days) 1.93 1.19-3.48 0.016 1.88 1.07-3.73 0.046 

CXR score 0.44 0.29-0.65 <0.001 0.46 0.27-0.76 0.004 

No cavitation on CXR 3.65 1.71-7.98 0.001 - - - 

Table 3.19: Univariate and multivariate analysis of factors influencing 2-month culture conversion 
Variables significant to p<0.10 on univariate testing included in the multivariate analysis. * Based on source of 
infection, and 2 or more of: temperature <36oC or >38oC, pulse >90 beats per minute, respiratory rate >20 
breaths per minute, white cell count <4 or >12 x 103/µl.CI: confidence interval; OR: odds ratio. 
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3.5.2 Final treatment outcome 

 

2-month culture conversion status was not predictive of final outcome (OR: 0.6; 95% CI 0.1-2.4; 

p=0.500; Table 3.20). On univariate analysis, respiratory rate and change in weight on treatment 

were associated with final outcome. After multivariate modelling, only those with greater weight 

gain on treatment were more likely to have a favourable final outcome (OR 4.03; 95% CI: 1.60-12.71; 

p=0.007). 

 

Variable Univariate analysis Multivariate analysis 

OR 95% CI p value OR 95% CI p value 

Age (years) 

0.66 0.39-1.11 0.111 - - - 

Male sex 
1.50 0.38-5.01 0.523 - - - 

Duration of symptoms (weeks) 
1.36 0.74-3.00 0.372 - - - 

Prior antibiotic use 
0.83 0.24-2.60 0.759 - - - 

Ever smokes tobacco 
1.89 0.59-7.25 0.310 - - - 

Ever drinks alcohol 
1.22 0.39-3.82 0.725 - - - 

Whole sentence literacy or greater 
1.12 0.16-4.73 0.894 - - - 

Currently unemployed 
0.96 0.31-3.00 0.944 - - - 

HIV infected 
0.35 0.08-1.19 0.121 - - - 

Baseline CD4 (cells/mm3) 
1.04 0.58-2.00 0.900 - - - 

Change in CD4 over treatment 
(cells/mm3) 0.54 0.27-1.05 0.062 - - - 

BMI (kg/m2) 
1.64 0.78-3.84 0.226 - - - 

Change in weight over treatment in kg 
3.37 1.52-8.87 0.005 4.03 1.6-12.71 0.007 

Baseline pulse (bpm) 
0.67 0.40-1.14 0.141 - - - 

Baseline respiratory rate (bpm) 
0.58 0.33-0.95 0.033 2.04 0.59-8.87 0.291 

Clinically septic at baseline* 

0.98 0.16-19.05 0.984 - - - 

Baseline haemoglobin (g/dl) 
1.30 0.73-2.49 0.395 - - - 

Baseline white cell count (x103/μl) 
0.78 0.44-1.41 0.387 - - - 

Baseline neutrophil count (x103/μl) 
0.74 0.41-1.38 0.332 - - - 

Baseline monocyte count (x103/μl) 
0.78 0.50-1.32 0.287 - - - 

Screening TTP (days) 
0.74 0.43-1.32 0.259 - - - 

2MCC  
0.61 0.13-2.37 0.500 - - - 

CXR score 
0.76 0.44-1.33 0.320 - - - 

No cavitation on CXR 
1.46 0.45-4.53 0.517 - - - 

Table 3.20: Univariate and multivariate analysis of factors influencing final outcome 
Variables significant to p<0.10 on univariate testing included in the multivariate analysis. * Based on source of 
infection, and 2 or more of: temperature <36oC or >38oC, pulse >90 beats per minute, respiratory rate >20 
breaths per minute, white cell count <4 or >12 x 103/µl.CI: confidence interval; OR: odds ratio. 
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3.6 Discussion 
 

This was a challenging study to run, involving recruitment from multiple sites, invasive investigations, 

and up to 12 study visits per participant. 86.6% of eligible participants remained in follow-up until 

the end of the intensive phase of TB treatment, 82.8% completed TB treatment in the study, and 

70.1% (to date) continued in follow up to 18 months. Very few participants were lost to follow up, 

with more transferring out of Blantyre, declining further follow-up, or dying. 51 participants 

attended for research bronchoscopy 2 months into treatment, with 41 willing to return for a second 

bronchoscopy 2 months later, testament to the careful communication and experience of the Clinical 

Investigation Unit. This agreed with earlier qualitative work exploring the acceptability of 

bronchoscopy as a research tool in Malawi [479, 480].  

Study recruitment was initially slower than anticipated given the decentralisation of TB care to 

peripheral health centres, requiring an early protocol amendment. The requirement for newly-

diagnosed patients to travel to QECH resulted in some patients having taken 1 or 2 doses of 

treatment prior to screening and first sputum collection. Furthermore, ongoing power shortages in 

Malawi during the study prevented many peripheral health centres from performing light 

microscopy on site, and instead sending samples centrally for Xpert MTB/RIF analysis. As a result, 

several patients with lower bacillary loads (by TTP) and smear-negative screening samples entered 

the study. Only those ultimately microbiologically-confirmed (by culture or Xpert MTB/RIF) remained 

in the study. 

The study cohort was predominantly male, in keeping with global trends [17, 481] and previous 

reports from Malawi [89]. Female patients were more likely to decline involvement at screening, but 

their explanations for withholding consent were not systematically captured. HIV was less common 

in the Intrapulmonary Arm, likely because of early mortality. This will not alter the conclusions of the 

PK-PD study as HIV status is entered as a covariate into the models, and the 2 arms of the study are 

not used as comparators.  

HIV co-infection rates exceeded 50% in the cohort, illustrating the central place of the HIV epidemic 

in driving TB incidence in Malawi. In 2016, Malawi adopted universal ART eligibility regardless of CD4 

count [445]. While virtually all participants reported a previous HIV test, this typically took place as 

part of the TB diagnostic pathway: nearly 60% learnt of their HIV diagnosis during this illness. Female 

participants were more likely to be aware of their HIV status before TB diagnosis, potentially 

reflecting differences in health-seeking behaviour and provision of PITC as part of maternity services 

[481-484]. Despite increased availability of ART, immunosuppression-related illnesses such as TB will 

prompt HIV testing, and the NTP will remain an important gateway to HIV treatment.  

CD4 count in TB/HIV co-infected patients generally improved with time on ART, although those 

participants taking ART for greater than 4 years had a significantly lower CD4 count than HIV-
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uninfected participants (p<0.001). This raises the possibility of ART failure in this subset of co-

infected patients, but we did not capture viral loads in the cohort. Risk of virological failure increases 

over time on ART [485, 486], and may be a risk factor for TB in those established on ART [487, 488].     

Participants were generally in poor health at recruitment. Most reported 3 out of 4 TB symptoms on 

the WHO TB screening tool [44], and many had symptoms for up to 8 weeks prior to diagnosis. Over 

half the participants had received prior-antibiotics during care-seeking for this illness. 12.1% 

participants were clinically septic at baseline, based on the 1992 Consensus Conference definitions 

[469]. HIV-infected participants were more tachycardic, had a lower baseline systolic blood pressure, 

and were more likely to have renal impairment and a lower haemoglobin at recruitment. Participants 

described only gradual improvement on treatment, with very few reporting ‘good’ or ‘excellent’ 

health by 6 months. 

CXR score and the presence of cavitation were significantly associated with baseline sputum smear 

grade, baseline bacillary load, and white cell count, but not HIV status. Both CXR score and cavitation 

were associated with the likelihood of culture-conversion at 2 months, in agreement with previous 

reports [455, 456, 459]. Furthermore, cavitation on the baseline CXR is associated with increased risk 

of relapse [34, 489], and may approach 20% in those with both baseline cavitation and 2-month 

sputum positivity [489, 490]. As a result of increased risk of poor outcome, the American Thoracic 

Society recommends prolongation of the continuation phase of treatment for a further 3 months in 

those with cavitatory disease at baseline and positive cultures at 2 months [491], but this is not 

advised in the Malawian guidelines [105]. 

In comparison to the typical urban Malawian in the DHS/IHS, study participants were poorer, more 

likely to be unemployed, and experience a degree of food insecurity. Study participants were 

recruited from multiple sites around urban Blantyre, but the majority were recruited from health 

centres in unplanned urban settlements, and likely represent a more impoverished group than the 

general urban Malawi population.  

At 62.7%, rates of culture conversion by 2 months were relatively low in this cohort. Previous studies 

have reported culture conversion in the region of 50-90% for DS-TB with RHZE, with lower rates seen 

in high-burden African settings [15, 58-60, 66, 89, 492-494]. Lower rates of 2MCC in this cohort may 

reflect use of more sensitive liquid MGIT culture techniques [495, 496], high rates of HIV co-infection 

[497, 498], and high rates of heavy smear-positivity at baseline. Despite accepting patients with any 

degree of smear-positivity or Xpert MTB/RIF confirmation, the cohort contained a high proportion of 

patients with 2+ or 3+ AFB positivity (60.5%), who were less likely to culture convert by 2 months. 

Furthermore, as a fraction of participants will have taken one or two doses of treatment before 

attending their screening visits at QECH, those patients with low bacillary loads may already be 

sputum culture negative by the time of their screening sample, removing a proportion of early 

converters from the analysis.  
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2MCC was not predictive of final outcome in this cohort. This endpoint is known to only have a 

modest correlation with late outcomes [66, 75, 76], and 3 month culture conversion may be more 

useful in this setting [66]. On multivariate analysis, only those that had greater weight gain on 

treatment were more likely to have a favourable outcome. Recurrent TB infection was diagnosed in 

3.2% of participants, in keeping with the 3% seen in the early DS-TB trials [12-15]. While 

spoligotyping has not been carried out in this cohort, the fact that most of these recurrences 

occurred in the first 6 months after treatment completion would suggest that these are more likely 

to be relapses. However, given that half of these recurrent cases were HIV-infected, re-infection may 

be contributing to these poor outcomes [30, 33, 499]. 

In conclusion, these data offer a detailed description of a cohort of adult patients with drug-sensitive 

PTB in Malawi. In general, these patients are young, relatively impoverished, with high rates of HIV 

co-infection. While rates of 2-month culture conversion are low, this is not associated with higher 

rates of unfavourable outcome to 18 months of follow up. Those with cavitation on CXR have higher 

bacillary loads, and poorer odds for culture conversion, and may be important targets for 

transmission reduction strategies. Ultimately, factors other than the clinical and socioeconomic 

variables described here may be implicated in treatment outcome: the following chapters will 

explore pharmacokinetic, pharmacodynamic, and immunological predictors of response. 
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4 Plasma pharmacokinetics 

4.1 Introduction 
 

Pharmacokinetic data is essential to understanding TB treatment response. The first-line TB regimen 

was introduced before population PK analysis and modern PK-PD science became an established part 

of the drug development pathway, and consequently the relationships between TB drug exposure 

and treatment response are incompletely understood. With emerging evidence that increased doses 

of rifampicin [500] and pyrazinamide [261] are associated with improved anti-mycobacterial activity, 

the case for dose refinement is strengthening.  

Existing plasma PK data has shown high variability in TB drug exposure despite weight-based dosing 

[131, 159, 164, 167, 168, 201]. Explanations for this variability have included genetics [146, 148, 

201], HIV co-infection [155, 324], diabetes mellitus [325, 501, 502], and drug formulation [503-505], 

but findings have been inconsistent and insufficient to support individual TDM in selected 

populations particularly in highly-endemic settings. While TB is not primarily a bloodstream 

infection, plasma samples are accessible and acceptable, and enable rich sampling strategies to 

explore drug exposure and response.  

Population PK modelling is a powerful technique that enables description of the time-course of drug 

concentration in the body, the relationship between drug concentration and effect, and exploration 

of important sources of variability in the population. From sparse samples in diverse patient 

populations, it is possible to generate summary measures of drug exposure, inter- and intra-

individual variability and measurement error, and estimated individual-level PK parameters. Table 

4.1 summarises the existing population PK studies looking at first-line anti-tuberculosis agents. 

Rifampicin has been most-extensively assessed, and most regional data generated in South African 

populations.  

This chapter describes population PK models of RHZE in a Malawian cohort of adult pulmonary TB 

patients under programmatic conditions. Important covariates that may explain variability (HIV 

status, sex, weight, etc.) are explored, and individual steady state plasma PK parameters (AUC and 

Cmax) generated for subsequent PK-PD analysis. 

 

Table 4.1: Summary of existing RHZE plasma population PK models 

Table restricted to those using mixed-effects modelling approaches. Dur: duration; FOCE-I: first-order conditional 

estimation method with ε-η interaction; ITSB: iterative two-stage Bayesian procedure; LBM: lean body mass; 

LPV/r: boosted lopinavir; MMT: absorption mean transit time; NN: number of transit compartments; NPAG: Non-

Parametric Adaptive Grid algorithm; Q: intercompartmental clearance; TBM: TB meningitis; RV: residual 

variability; VC: central compartment; VP: peripheral compartment. 



 

 

Drug Author, year 

and site  

Participants (n) Model Significant 

covariates 

Population PK indices 

CL/F (l/h) V/F (l) ka (h-1) Other 

R
IF

A
M

P
IC

IN
 

Török, 2017, 

Vietnam [506] 

Adult patients, HIV-infected, on 

treatment for TBM (n=46) 

NPAG. 1-compartment absorption model - 17.9 53.6 0.92 Lag: 0.52 

Sloan, 2017, 

Malawi [148] 

Adult patients, HIV-infected and 

uninfected, on treatment for PTB (n=174) 

FOCE-I. 1-compartment with transit compartment 

absorption. Proportional RV 

Sex on CL/F and V/F 19.6 

 

23.6 

 

0.28 

 

NN: 1.5 

MTT: 0.326 

Θsex
male: 1.2 

Svensson, 

2017, South 

Africa [507] 

Adult patients, HIV-infected and 

uninfected, on treatment for PTB (n=83). 

RIF at 10, 20, 25, 30, 35, or 40 mg/kg 

daily over 2 weeks 

FOCE-I. 1-compartment with transit compartment 

absorption and enzyme turnover. Dose-dependent 

bioavailability. Additive error on log scale 

Fat-free mass on 

CL/F and V/F 

14.9 l/h/70 kg 

 

87.2 

l/70kg 

 

1.77 

 

NN: 23.8 

MTT: 0.51 

 

Rockwood, 

2016, South 

Africa [508] 

Adult patients, HIV-infected and 

uninfected, on treatment for PTB (n=100) 

FOCE-I. 1-compartment with FO absorption and 

elimination, and absorption lag time. Additive and 

proportional RV 

HIV and LPV/r status 

on CL/F 

HIV -: 25.1 

HIV + not on 

LPV/r: 19.9 

HIV + on LPV/r: 

10.8 

 

56.4 

 

1.21 

 

Lag: 0.69 h 

Schipani, 

2016, Malawi 

[322] 

Adult (n=115) and paediatric (n=50) 

patients on treatment for TB  

FOCE-I. 1-compartment with FO absorption and 

elimination. Proportional RV 

Weight and age on 

CL/F 

23.9 

 

 44.6 

 

0.24 - 

Jing, 2016, 

China [509] 

Adult patients on treatment for PTB 

(n=54) 

FOCE-I. 1-compartment with FO absorption and 

elimination 

- 4.02  

 

 57.8 

 

1.61 - 

Chang, 2015, 

Korea [510] 

Adult patients, with or without diabetes 

mellitus, on treatment for TB (n=54) 

FOCE-I. 1-compartment with FO absorption and 

elimination. Additive and proportional RV 

Diabetes on V and ka 

BMI on CL 

6.1  

 

 48 

 

1.31 - 

Denti, 2015, 

South Africa 

[326] 

Pregnant adult females, HIV-uninfected, 

on treatment for PTB (n=33) 

FOCE-I. 1-compartment with transit compartment 

absorption. Additive and proportional RV 

Pregnancy on CL 16.2 

 

 

43.3 

 

1.67 NN: 54.6 

MTT: 1.31 h 

Seng, 2015, 

Singapore 

[174] 

Healthy adults, crossover design: 14 days 

RIF / 14 days RIF + INH 

FOCE-I. 1-compartment with transit compartment 

absorption. Additive RV 

- 10.3 

 

 30.9 

 

2.15 - 

Sturkenboom, 

2015, 

Netherlands 

[276] 

Adult patients on treatment for TB (n=55) ITSB using KinPop. 1-compartment - 15.5 

 

 0.71 l/ 

kg LBM 

 

1.14 - 
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Jeremiah, 

2014, 

Tanzania 

[321] 

Adult patients on treatment for PTB 

(n=100) 

FOCE-I. 1-compartment with transit compartment 

absorption. Additive and proportional RV 

Nutritional 

supplementation on 

MTT and ka 

HIV on bioavailability 

16.5 

 

 55.8 1.77 

 

NN: 27.6 

MTT: 1.50 h 

Chigutsa, 

2013, South 

Africa [146] 

Adult patients on treatment for PTB, 

participating in trial of micronutrients 

(n=75) 

FOCE-I. 1-compartment with transit compartment 

absorption. Additive and proportional RV 

Sex on V and MTT 

SLCO1B1 on F 

11 l/h/70 kg 

 

 50 l/70 

kg 

 

1.1 

 

NN: 19 

MTT: 1.6 h 

Milan-

Segovia, 

2013, Mexico 

[511] 

Adult patients on treatment for TB (n=94) FOCE-I. 1-compartment with FO absorption and 

elimination, and absorption lag time. Proportional RV 

Sex on V and CL 

Drug formulation on 

bioavailability 

8.17 50.1 0.39 - 

Smythe, 2012, 

South Africa 

[142] 

Adult patients on treatment for PTB, 

participating in OFLOTUB study (n=174) 

FOCE-I. 1-compartment with transit compartment 

absorption and enzyme turnover. 

HIV on V/F 10.0 86.7 - NN: 1 

MTT: 0.71 h 

Wilkins, 2008, 

South Africa 

[131] 

Adult patients on treatment for TB 

(n=261) 

FOCE-I. 1-compartment with transit compartment 

absorption. Additive and proportional RV 

Single-dose 

formulation on CL/F 

and MTT 

19.2 53.2 1.15 NN: 7.13 

MTT: 0.42 

IS
O

N
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Török, 2017, 

Vietnam [506] 

Adult patients, HIV-infected, on 

treatment for TBM (n=46) 

NPAG. 1-compartment absorption model with 

absorption lag time 

- 25.4 93.9 8.1 Lag: 0.2 h 

Rockwood, 

2016, South 

Africa [508] 

Adult patients, HIV-infected and 

uninfected, on treatment for PTB (n=100) 

FOCE-I. 2-compartment with transit compartment 

absorption and first-order elimination. Additive and 

proportional RV 

Fat-free mass on 

CL/F and V/F 

HIV on CL/F 

HIV -: 26.0 

HIV +: 20.0 

VC: 31.9 

VP: 21.4 

1.2 NN: 2.04 

MTT: 0.32 h 

Q: 12.6 

Denti, 2015, 

Tanzania 

[158] 

Adult patients on treatment for PTB 

(n=100) 

FOCE-I. 2-compartment with transit compartment 

absorption. Additive and proportional RV 

NAT2 genotype on 

CL/F 

Slow NAT2: 15.5 

Rapid NAT2: 26.1 

VC: 48.2 

VP: 16.5 

- NN: 2.73 

MTT: 0.92 h 

Q: 16.1 

Seng, 2015, 

Singapore 

[512] 

Healthy adults, single dose (n=33) FOCE-I. 2-compartment with FO absorption. Additive 

error on log scale 

NAT2 derived 

phenotype on CL/F 

25.1 VC: 16.2 

VP: 16.5 

0.6 ΘNAT2
inter: 0.5  

ΘNAT2
slow: 0.9 

Q: 2.9 

Chigutsa, 

2013, South 

Africa  

Adult patients on treatment for PTB, 

participating in trial of micronutrients 

(n=78) 

FOCE-I. 1-compartment with transit compartment 

absorption, bimodal clearance, and FO elimination. 

Additive error on log scale 

Weight on CL/F and 

V/F 

Fast: 25 l/h/70 kg 

Slow: 13 l/h/70 kg 

126 l/70 

kg 

3.6 NN: 10 

MTT: 0.7 h 

Wilkins, 2011, 

South Africa 

[159] 

Adult patients on treatment for TB 

(n=235) 

FOCE-I. 2-compartment, FO absorption with 

absorption lag time, FO elimination. Additive error 

on log scale 

HIV on CL/F 

Sex on Vc/F 

Fast: 21.6 

Slow: 9.7 

VC: 57.7 

VP: 1730 

1.85 Lag: 0.18 

Q: 3.34 
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Chirehwa, 

2017, South 

Africa 

Adult patients, HIV-infected, on 

treatment for PTB (n=61) 

FOCE-I. 1-compartment with transit compartment 

absorption and first-order elimination. Additive and 

proportional RV 

Fat-free mass on 

CL/F and V/F 

 

3.83 (day 29) 43.2 3.54 NN: 28 

MTT: 0.54 h 

Török, 2017, 

Vietnam [506] 

Adult patients, HIV-infected, on 

treatment for TBM (n=46) 

NPAG. 1-compartment absorption model - 2.6 48.5 2.7 - 

Alsultan, 

2017, South 

Africa, 

Uganda, USA 

[513] 

Adult patients on treatment for TB (n=72) 1-compartment model with FO absorption and 

elimination. Additive and proportional model 

Sex on V/F 

Weight on CL/F and 

V/F 

4.44 44.9 3.63  

Chirehwa, 

2017, South 

Africa [514] 

HIV-infected adults on treatment for TB 

(n=61 

1-compartment with transit compartment 

absorption and first-order elimination. Additive and 

proportional RV 

Weight on CL/F and 

V/F 

3.83 43.2 3.54 NN: 28 

MTT: 0.54 h 

Rockwood, 

2016, South 

Africa [508] 

Adult patients, HIV-infected and 

uninfected, on treatment for PTB (n=100) 

1-compartment with transit compartment 

absorption and first-order elimination. Additive and 

proportional RV 

Fat-free mass on 

CL/F and V/F 

 

4.17 41.9 50 NN: 2.06 

MTT: 0.74 h 

Denti, 2015, 

Tanzania 

[158] 

Adult patients on treatment for PTB 

(n=100) 

FOCE-I. 1-compartment with transit compartment 

absorption and FO elimination. Additive and 

proportional RV 

- 3.32 40.1 - NN: 2.6 

MTT: 0.84 h 

Chigutsa, 

2013, South 

Africa  

Adult patients on treatment for PTB, 

participating in trial of micronutrients 

(n=76) 

FOCE-I. 1-compartment with FO absorption and 

elimination. Time-dependent FO absorption rate 

constant. Additive error on log scale 

Sex on bioavailability 2.6 L/H/70 kg 42 l/70 

kg 

Early: 

0.02 

Late: 

1.0 

- 

Wilkins, 2006, 

South Africa 

[164] 

Adult patients on treatment for PTB 

(n=227) 

FO.  1-compartment with FO absorption and 

elimination. Dur: duration of zero-order input to 

dose compartment. Additive and proportional RV. 

Weight on CL/F and 

V/F 

Sex on V/F 

Formulation on Dur 

3.42 39.2 Fast: 

3.56 

Slow: 

1.25 

Dur: 0.29 
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Török, 2017, 

Vietnam [506] 

Adult patients, HIV-infected, on 

treatment for TBM (n=46) 

NPAG. 1-compartment absorption model with 

absorption lag time 

- 53.6 135.3 2.3 Lag: 0.35 

Denti, 2015, 

Tanzania 

[158] 

Adult patients on treatment for PTB 

(n=100) 

FOCE-I. 2-compartment with transit compartment 

absorption and FO elimination. Additive and 

proportional RV 

Age on CL/F 

WT on CL/F and V/F 

40.7 VC: 266 

VP: 687 

- NN: 11.1 

MTT: 2.54 h 

Q: 109 

Chigutsa, 

2013, South 

Africa 

Adult patients on treatment for PTB, 

participating in trial of micronutrients 

(n=78) 

FOCE-I. 1-compartment with transit compartment 

absorption and FO elimination. Additive and 

proportional RV 

Weight on CL/F and 

V/F 

40 l/kg/70 kg 390 l/70 

kg 

2.0 NN: 5 

MTT: 2.2 h 

Jonsson, 

2011, South 

Africa [167] 

Adult patients on treatment for PTB 

(n=189) 

FOCE-I. 2-compartment with one transit 

compartment and FO elimination. Additive and 

proportional RV 

HIV on bioavailability 

Weight on CL/F and 

V/F 

39.9 VC: 82.4 

VP: 623 

0.47 NN: 1 

MTT: 0.79 h 

Q: 34.3 
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4.2 Methods 

4.2.1 Drug plasma concentration determination 
 

Blood samples were collected from participants at the bronchoscopy and plasma pharmacokinetic 

visits as described in Chapter 2. Plasma was separated by centrifugation and stored at -80oC until 

ready for shipment. RHZE concentrations in plasma were measured using a four-drug liquid 

chromatography / tandem mass spectrometry assay developed in the BAF.  

 

4.2.1.1 Reagent preparation 

Precipitation / inactivation solution was prepared by adding 20 ml acetonitrile to 80 ml methanol 

(Fisher Scientific). Mobile phase A (0.3% formic acid in deionised water) was prepared by mixing 3 ml 

formic acid with 1,000 ml deionised water and sonicating for 15 minutes. Mobile phase B (0.3% 

formic acid in methanol) was prepared similarly. Wash solvent (50:20:30 MeOH:IPA:H2O) was 

prepared by mixing 500 ml of methanol, 200 ml of propan-2-ol and 300ml of deionised water, and 

sonicating for 15 minutes. 0.1% formic acid solution was prepared by mixing 100 µl formic acid with 

100 ml of deionised water (all Sigma Aldrich).  

Stock solutions containing 1 mg/ml rifampicin, 5 mg/ml isoniazid, 10 mg/ml pyrazinamide, and 5 

mg/ml ethambutol (Sigma Aldrich) were prepared in methanol. A working internal standard solution 

containing 200 mg/ml rifampicin-d3, 500 ng/ml isoniazid-d4, 1 µg/ml pyrazinamide-15N,d3, and 200 

ng/ml ethambutol-d4-dihydrochloride (Toronto Research Chemicals) was made up in methanol.  

 

4.2.1.2 Standards and quality control samples 

Serial drug dilutions in plasma were used to generate standard curves for peak area ratios of 

drug/internal standard on the chromatogram over an appropriate concentration range. 

Concentrations of TB drugs from clinical samples were calculated from their peak area ratio against 

the calibration line. Sample runs included quality control (QC) specimens with high, medium, and low 

drug concentrations to ensure consistency of operating conditions.  

 

4.2.1.3 Protein precipitation / inactivation  

Immediately prior to shipment to the UK, samples were retrieved from storage and 100 µl of plasma 

transferred to labelled cryovials for protein precipitation and Mtb inactivation. 900 µl of 

precipitation / inactivation solution was added to each sample, vortexed, and left to incubate for 10 

minutes. Biosafety experiments performed early in assay development showed that this method 

would eliminate live Mtb organisms in 100 µl samples of H37Rv broth (data not shown), allowing 
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removal from the biological safety cabinet and shipping as non-infectious Category B material to the 

BAF. Plasma samples were sent on dry ice to Liverpool for bio-analysis.  

In the BAF, plasma samples were thawed, and 900 µl precipitation / inactivation solution was added 

to standards, QC specimens, and blanks. All samples (plasma, standards, QC specimens, and blanks) 

were vortexed for 10 seconds, centrifuged (4,000 rpm for 10 min), and 50 µl of supernatant 

transferred to a labelled 5 ml glass test tube. 

 

4.2.1.4 Liquid chromatography-tandem mass spectrometry 

A typical assay started with the standard curve, followed by low QC sample, patient samples, 

medium QC sample, patient samples, and high QC sample. 20 µl of working internal standard 

solution was added to each tube with 1 ml of 0.1% formic acid. Samples were vortexed, 200 µl 

transferred to autosampler vials, and placed in the autosampler racks. Plasma without internal 

standard was extracted with each batch and placed as blanks between samples at appropriate 

intervals. This demonstrated absence of contaminants in the matrix and minimised analyte 

carryover.  

Samples were injected sequentially (2 µl) onto an AB Sciex 5500 system (Sciex). Chromatographic 

separation was achieved using a Phenomenex Synergi 80 Å polar C18 150 x 2 mm 4µm column 

(Phenomenex), with mobile phase maintained at 300 µl/min (mobile phase A = 0.3% formic acid in 

water, mobile phase B = 0.3% formic acid in methanol). Quantification of ions resulting from 

fragmentation of parent compound was analysed by electrospray ionisation mass spectrometry with 

multiple reaction monitoring. The ion source parameters used were a source gas temperature of 

350oC, turbo heater temperature of 550oC, curtain gas pressure 40 psi, ion source gas pressure of 50 

(GS1) and 60 (GS2) psi, and a spray voltage of 5500 V. To minimise carry over, column cleaning by 

back flushing with 50:20:30 MeOH:IPA:H2O, 35 µl/sec to a volume of 750 µl, occurred after every 

run. Data acquisition and processing was performed using MultiQuant software (Sciex). Table 4.2 

summarises the final assay characteristics. Drug levels below the lower limit of quantification (LLQ) 

were omitted.  

 

Analyte Concentration range 

(ng/ml) 

Concentration for QC specimens (ng/ml) 

Low Medium High 

Rifampicin 15-7,500 39 1,952 6,400 

Isoniazid 20-10,000 52 2,623 8,600 

Pyrazinamide 200-100,000 537 26,840 88,000 

Ethambutol 7-3,500 18 915 3,000 

Table 4.2: RHZE LC-MS assay characteristics 
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4.2.2 Population pharmacokinetic analysis 
 

Population PK models for RHZE were developed using NONMEM (version 7.4.0, Icon Development 

Solutions) on a computer running GNU Fortran (GCC version 4.6.0, Free Software Foundation) and 

Perl-speaks-NONMEM (PsN, version 4.7.0). Model building steps and associated data analysis were 

managed using the software utilities Pirana (version 2.9.6), Xpose (version 4.6.1), and R (version 

3.5.0).  

The first-order conditional estimation method with ε-η interaction was used for the estimation of 

typical population PK parameters (fixed effects: θ), inter-individual variability (IIV, random effects: η), 

and residual variability (RV, ε) between observed and predicted plasma concentrations. Correlations 

between variability components were also tested.  

Model selection was achieved using the minimum objective function value (OFV; calculated using 

minus twice the log-likelihood of the data), as well as by examination of relative standard error 

values (RSE) and goodness-of-fit plots. A decrease in the OFV of 3.84 or greater corresponded to a 

statistically significant difference between models (p=0.05, χ2 distribution, 1 degree of freedom).   

One- and two- compartment models with alternative models of absorption were fitted to the data. 

Models explored included simple first-order absorption, a sequence of zero- and first-order 

absorption, or a mixture model for absorption, all with or without lag times. The effect of acetylator 

status on isoniazid elimination was investigated using mixture models for apparent clearance. 

Elimination was assumed to take place from the plasma compartment in all models tested. IIV was 

described using an exponential model; and RV using proportional, additive, or combined 

proportional and additive models.  

Once the appropriate base model was established, the following covariates were explored: age, 

weight, BMI, sex, HIV status, and creatinine clearance. Continuous covariates were explored with 

linear additive, linear centred, power models, and power models with normalised covariates.  

Categorical covariates were explored with linear additive, linear proportional, and power models to 

select the most appropriate model for potential inclusion. Stepwise generalised additive modelling 

was used to select covariates for the model.  An OFV reduction of >3.84 was used as a cut-off for 

inclusion, and an OFV change of >6.63 on stepwise deletion (corresponding to a significance level of 

1%) as a prerequisite for retention in the model once all relevant covariates were incorporated to 

the model.  

Two-thousand datasets were simulated using the parameter estimates defined by the final model 

with the SIMULATION SUBPROBLEMS option to perform a visual predictive check in PsN. New 

individuals were simulated to represent the spectrum of possible covariate configurations. From the 

simulated data, 90% prediction intervals (P5–P95) were constructed. Observed data from the 

original dataset were superimposed.  
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Estimates of AUC0–∞ were calculated from simulated values of CL/F using the following equation:  

𝐴𝑈𝐶0−∞ =
𝐷𝑜𝑠𝑒

(𝐶𝐿/𝐹)
 

where CL represents clearance at steady state in litres per hour; F is the oral bioavailability in the 

observation compartment (fixed to 1); and dose represents the dose in milligrams. To estimate Tmax 

at steady state, the equation below was used: 

𝑇𝑚𝑎𝑥 =  ln(
𝑘𝑎

𝑘𝑒

)/(𝑘𝑎 − 𝑘𝑒) 

where ka represents the first-order absorption constant, ke the first-order elimination rate constant, 

and ln the natural logarithm. Cmax was calculated as below: 

𝐶𝑚𝑎𝑥 = (
𝑘𝑎 ∗ 𝐷𝑜𝑠𝑒

𝑉 ∗ (𝑘𝑎 − 𝑘𝑒)
) ∗ (exp(−𝑘𝑒 ∗ 𝑇𝑚𝑎𝑥) − exp(−𝑘𝑎 ∗ 𝑇𝑚𝑎𝑥)) 

For participants with 2 PK sampling visits, the mean AUC0-∞, Cmax and Tmax for rifampicin and isoniazid 

was recorded.   

 

4.2.3 Plasma pharmacokinetics and treatment response 
 

The relationship between plasma pharmacokinetic indices and treatment response (2MCC and final 

outcome) was explored using logistic regression in R. The odds ratio was adjusted for the covariate 

effects of symptom duration, baseline respiratory rate, screening TTP, and CXR score, identified as 

important predictors of response in Chapter 3. The relationship with modelled bacillary elimination 

rate is explored in Chapter 6. 

MICs of baseline Mtb isolates (n=88) were generated as described in the subsequent chapter on 

pharmacodynamics (see section 6.6) and used to calculate AUC/MIC and Cmax/MIC ratios. 100,000 

simulated AUC, Cmax, and MIC values were generated from the mean and standard deviation using 

the ‘rnorm’ function in R, and used to describe the distribution of AUC/MIC and Cmax/MIC in this 

cohort. 
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4.3 Results 

4.3.1 Dosing 
 

All participants were prescribed weight-based RHZE by the NTP. Drugs were administered as FDC-

formulation tablets produced by the Stop TB Partnership Global Drug Facility. 4 (2.5%) participants 

were under-dosed for rifampicin and isoniazid according to the WHO recommended range [100], and 

5 (3.2%) for ethambutol (Figure 4.1). This was likely due to a combination of NTP prescription error, 

and mg/kg under-dosing in some participants at the upper end of their weight banding. The median 

doses of ATT received are shown in Table 4.3. 

 

 

Figure 4.1: Weight-based dosing for anti-TB therapy 
The dotted lines represent the WHO recommended mg/kg dosing for each drug, with red bars representing 
participants over- or under-dosed. Participants received FDC tablets.  

 



Chapter 4  Plasma pharmacokinetics 
 

  Page 111 

Drug (recommended range in mg/kg) Median dose in mg/kg [IQR] 

Rifampicin (8-12) 9.4 [8.8, 10.3] 

Isoniazid (4-6) 4.7 [4.4, 5.1] 

Pyrazinamide (20-30) 25.2 [23.5, 27.4] 

Ethambutol (15-20) 17.3 [16.2, 18.8] 

Table 4.3: Median dosing of RHZE in study participants 

 

4.3.2 Rifampicin plasma pharmacokinetics 

 

A total of 741 concentration-time observations from 140 participants were modelled. The assay 

failed for 1 sample, and 36 samples were below the LLQ. The rifampicin plasma data were best 

described by a one-compartment model with first-order absorption and elimination. Two-

compartment models provided no advantage in diagnostic plots or change in OFV and were 

discarded early in the model-building process. Sequential zero and first order absorption models did 

not improve the model fit or precision of the estimates. The use of a mixture model for absorption 

suggested the existence of a small subpopulation fraction with quicker (1.9x higher) typical ka, but 

the subpopulation was too small to be well characterised and the covariance step failed. 

Exponential inter-individual random effects (IIV) were supported for the apparent clearance (CL/F) 

and volume of distribution (V/F), and inter-occasion variability (IOV) for CL/F.  An exponential model 

described the residual variability as in the equation below: 

𝑌 = 𝐹 ∗ exp (𝜀) 

where Y is the modelled value for the dependent variable (concentration) under the statistical 

model; F is the value of the scaled drug amount in the observation compartment (fixed to 1); and ε is 

the residual error.  Residual variability was normally distributed with mean 0 and variance σ2, and 

arose from model misspecification, experimental error, and unspecified within-subject variability. 

Once the appropriate structural model was established, the model was refined by stepwise 

generalised additive modelling of possible covariate relations. Only inclusion of sex as a covariate for 

CL/F and HIV as a covariate for V/F significantly improved the model fit (ΔOFV -8 and -35.7 

respectively), as shown in the equations below: 

(
𝐶𝐿

𝐹
)𝑖𝑗 = [𝑇𝑉 (

𝐶𝐿

𝐹
)

𝜃𝑠𝑒𝑥

] ∗ exp (𝜂𝐶𝐿
𝐹

,𝑖
+ 𝜅𝐶𝐿

𝐹
,𝑖𝑗

) 

(
𝑉

𝐹
)𝑖𝑗 = [𝑇𝑉 (

𝑉

𝐹
)

𝜃𝐻𝐼𝑉

] ∗ exp (𝜂𝑉
𝐹

,𝑖
) 

In these equations, (CL/F)ij and (V/F)ij represent the apparent CL and V in individual i at occasion j, 

with TV(CL/F) and TV(V/F) being the typical value for CL/F and V/F in the population. Θsex is the 

model parameter describing the effect of sex on clearance (0 for female, 1 for male), ηCL/F, i is IIV for 

CL/F for individual i and kCL/F,ij IOV for CL/F for individual i at occasion j. ΘHIV is the model parameter 
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describing the effect of HIV on volume of distribution (0 for uninfected, 1 for infected), and ηV/F,i the 

IIV on V/F.  Final estimates of the PK parameters are presented in Table 4.4, and the goodness of fit 

plots for the final model in Figure 4.2. The final control stream is included in Appendix E: Rifampicin 

plasma NONMEM control stream. 

Study participants with HIV infection were more likely to have a lower Cmax (OR: 0.57; 95% CI: 0.40-

0.79, p=0.001) and have a longer Tmax
 (OR: 3.11; 95% CI: 1.79-5.74, p<0.001). 

 

 

Figure 4.2: Goodness of fit plots for the final rifampicin plasma PK model 
Observed concentrations (DV) versus population predictions (PRED, top left) and individual predictions (IPRED, 
top right), in which the solid line represents the line of identity. Absolute weighted predictions (WRES) versus 
population predictions (bottom left) and time after dose (bottom right).  
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Parameter Typical value % RSE * 95% CI † 

CL/F (l/h) 12.1 9.5 9.8-14.4 

V/F (l) 23.0 11.3 17.9-28.1 

ka (h-1) 0.245 3.3 0.229-0.261 

Θsex 1.32 9.4 1.08-1.56 

ΘHIV 1.37 14.4 0.98-1.76 

IIV 

    ηCL/F 

    ηV/F 

 

0.029 

0.367 

 

68.6 

30.0 

 

 

IOV 

    ΚCL/V 

 

0.047 

 

72.6 

 

Residual variability 

    εexp 

 

0.330 

 

8.1 

 

Table 4.4: Final estimated rifampicin parameter values 
* relative standard error; † 95% confidence interval. CL/F: clearance, V/F: apparent volume of distribution; ka: 
first-order absorption constant; θsex: fractional change in clearance for males; θHIV: fractional change in volume 
of distribution for HIV-infected participants; IIV: inter-individual variability; IOV; inter-occasion variability; ηCL/V: 
IIV on clearance; ηV/F: IIV on volume of distribution; κCL/V: IOV on clearance; εexp: exponential residual error. 

 

A visual predictive check of 2,000 simulated datasets showed resemblance between observed and 

predicted data, indicating that the final model performed adequately (Figure 4.3). A predicted 

rifampicin AUC0-∞, Cmax and Tmax for each participant was generated from the final parameter 

estimates. The median AUC0-∞ was 33.0 µg.h/ml [IQR 28.1-37.6], Cmax 4.1 µg/ml [IQR 3.4-4.9], and 

Tmax 2.7 h [IQR 2.2-3.2] (Figure 4.4).  

 

 

Figure 4.3: Visual predictive check for the final plasma rifampicin model 
Rifampicin concentration (log scale) is shown on the y-axis, and time post-dose on the x-axis. The lower, middle, 
and upper lines are the 5th percentile, median, and 95th percentile for the observed data. The shaded areas are 
the 95% confidence intervals for the 5th percentile, median, and 95th percentile for the simulated data. 



 

 

 

Figure 4.4: Histograms of estimates of rifampicin plasma AUC0-∞, Cmax, and Tmax from the final plasma model 
The blue shaded rectangles represent estimates of these steady-state parameters in patients from previous publications [131, 153-155]. 
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4.3.3 Isoniazid plasma pharmacokinetics 
 

750 concentration-time observations from 141 participants were modelled. 1 assay failed, and 27 

samples were below the LLQ. The data were best described by a one-compartment model with first 

order absorption and elimination. Two-compartment models were met with some improvement in 

the OFV, but generally poorer parameter estimates and were not taken forward. Inclusion of an 

absorption lag phase did not improve the model fit. Mixture models were used to explore the effect 

of acetylator phenotype on isoniazid clearance. The data suggested the existence of 3 

subpopulations for isoniazid clearance, but the subpopulations were small, and the model had 

problems during minimisation. Exponential IIV on CL/F and V/F was supported, but inclusion of IOV 

terms did not improve the fit. Residual variability was described by an exponential error model as for 

rifampicin. 

Covariate relations were explored by stepwise generalised additive modelling. Weight as a covariate 

for V/F (ΔOFV -8.3) and sex as a covariate for V/F (ΔOFV -3.9) were identified on stepwise forward 

analysis, but only weight was retained as a covariate after backwards elimination. The final covariate 

model for V/F is shown below. 

(
𝑉

𝐹
)

𝑖𝑗
= [𝑇𝑉 (

𝑉

𝐹
) + (𝜃𝑤𝑡 ∗ (𝑤𝑡 − 51.05))] ∗ exp (𝜂𝑉

𝐹
,𝑖

) 

In the equation, θwt represents the covariate effect for weight, centred on the population mean 

weight of 51.05 kg. Final parameter estimates of the PK parameters are presented in Table 4.5 and 

the final control stream is included in Appendix F: Isoniazid plasma NONMEM control stream. The 

goodness of fit plots for the final model (Figure 4.5) show that the population predicted values and 

the individual predictions described the observed concentrations well, and no trends were seen in 

plots of absolute individual weighted residuals versus the individual predictions. 

 

Parameter Typical value % RSE * 95% CI † 

CL/F (l/h) 14.7 6.0 13.0-16.4 

V/F (l) 70.9 4.3 64.9-76.9 

ka (h-1) 2.52 16.5 1.71-3.34 

Θwt 1.06 35.9 0.31-1.81 

IIV 

    ηCL/F 

    ηV/F 

 

0.321 

0.052 

 

14.3 

27.0 

 

 

Residual variability 

    εccv 

    εadd 

 

0.152 

0.002 

 

9.2 

28.5 

 

Table 4.5: Final estimated isoniazid parameter values 
* relative standard error; † 95% confidence interval. CL/F: clearance, V/F: apparent volume of distribution; ka: 
first-order absorption constant; θweight: linear additive change in clearance by weight; IIV: inter-individual 
variability; ηCL/V: IIV on clearance; ηV/F: IIV on volume of distribution; εccv: constant coefficient of variation 
residual error; εadd: additive residual error. 
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Figure 4.5: Goodness of fit plots for the final isoniazid plasma PK model 
Observed concentrations (DV) versus population predictions (PRED, top left) and individual predictions (IPRED, 
top right), in which the solid line represents the line of identity. Absolute weighted predictions (WRES) versus 
population predictions (bottom left) and time after dose (bottom right). 

 

The visual predictive check of log concentration versus time post-dose for the final isoniazid plasma 

model shows that the final model describes the data well (Figure 4.6). Estimates of individual PK 

parameters from the model (Figure 4.7) show considerable range in estimates for AUC0-∞ (median 

18.9 µg.h/ml [IQR 12.2-26.0], potentially reflecting differences in clearance secondary to NAT2 

status. The estimated Cmax in this cohort was slightly lower than other reports (median 2.6 µg/ml 

[IQR 2.4-3.0]), and the median Tmax was 1.0 h [IQR 0.9-1.0]. 
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Figure 4.6: Visual predictive check for the final plasma isoniazid model 
Isoniazid concentration (log scale) is shown on the y-axis, and time post-dose on the x-axis. The lower, middle, 
and upper lines are the 5th percentile, median, and 95th percentile for the observed data. The shaded areas are 
the 95% confidence intervals for the 5th percentile, median, and 95th percentile for the simulated data. 

 

 

 

 

 

 

 

 



 

 

 

Figure 4.7: Histograms of estimates of isoniazid plasma AUC0-∞, Cmax, and Tmax from the final plasma model 
The blue shaded rectangles represent estimates of these steady-state parameters in patients from previous publications [154, 155, 158, 159]. 
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4.3.4 Pyrazinamide plasma pharmacokinetics 
 

Fewer pyrazinamide concentration-time observations were available due to only the first PK 

sampling visits (IPPK1 or SPPK1) occurring during the intensive phase of therapy. 409 observations 

from 131 participants were modelled. 1 assay failed, and 15 samples were below the LLQ. 

The pyrazinamide data was best described by a one-compartment model with first-order absorption 

and elimination, and exponential IIV on CL/F, V/F, and ka. Residual error was described by a constant 

coefficient of variation model. 

𝑌 = 𝐹 ∗ (1 + 𝜀) 

As before, Y is the modelled value for the dependent variable (concentration) under the statistical 

model; F is the value of the scaled drug amount in the observation compartment; and ε is the 

residual error. 

Inclusion of weight as a covariate for both CL/F and V/F significantly improved the model fit (ΔOFV    

-10.1 and -29.3 respectively).  

(
𝐶𝐿

𝐹
)𝑖𝑗 = [𝑇𝑉 (

𝐶𝐿

𝐹
) ∗ (

𝑤𝑡

51.05
)

0.75

] ∗ exp (𝜂𝐶𝐿
𝐹

) 

(
𝑉

𝐹
)𝑖𝑗 = [𝑇𝑉 (

𝑉

𝐹
) ∗ (

𝑤𝑡

51.05
)

0.75

] ∗ exp (𝜂𝑉
𝐹

) 

In the equations above, the typical value for clearance or volume of distribution are normalised by 

the population mean weight of 51.05 kg, and allometrically scaled (exponent 0.75). Final parameter 

estimates are shown in Table 4.6, goodness of fit plots in Figure 4.8, and the visual predictive check 

for 2,000 simulated datasets in Figure 4.10. The plots showed no apparent visual bias. The control 

stream is included in Appendix G: Pyrazinamide plasma NONMEM control stream. 

 

Parameter Typical value % RSE * 95% CI † 

CL/F (l/h) 3.8 3.8 3.5-4.1 

V/F (l) 41.7 3.8 38.6-44.8 

ka (h-1) 1.06 12.2 0.81-1.31 

IIV 

    ηCL/F 

    ηV/F 

    ηka 

 

0.105 

0.026 

0.418 

 

20.2 

67.6 

23.3 

 

 

Residual variability 

    εccv 

 

0.57 

 

23.3 

 

Table 4.6: Final estimated pyrazinamide parameter values 
* relative standard error; † 95% confidence interval. CL/F: clearance, V/F: apparent volume of distribution; ka: 
first-order absorption constant; IIV: inter-individual variability; ηCL/V: IIV on clearance; ηV/F: IIV on volume of 
distribution; ηka: IIV on absorption constant; εccv: exponential residual error. 

 



Chapter 4  Plasma pharmacokinetics 
 

Page 120 

 

Figure 4.8: Goodness of fit plots for the final pyrazinamide plasma PK model 
Observed concentrations (DV) versus population predictions (PRED, top left) and individual predictions (IPRED, 
top right), in which the solid line represents the line of identity. Absolute weighted predictions (WRES) versus 
population predictions (bottom left) and time after dose (bottom right). 

 

The median AUC0-∞ for pyrazinamide was 322.5 µg.h/ml [IQR 291.3-382.4] (Figure 4.9). Maximum 

plasma concentration was estimated at 23.8 µg/ml [IQR 22.1, 26.2], and time to maximum 

concentration 2.5 h [IQR 2.2-3.2].  

 

 



  

 

 

Figure 4.9: Histograms of estimates of pyrazinamide plasma AUC0-∞, Cmax, and Tmax from the final plasma model 
The blue shaded rectangles represent estimates of these steady-state parameters in patients from previous publications [154, 155, 158, 159]. 
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Figure 4.10: Visual predictive check for the final plasma pyrazinamide model 
Pyrazinamide concentration (log scale) is shown on the y-axis, and time post-dose on the x-axis. The lower, 
middle, and upper lines are the 5th percentile, median, and 95th percentile for the observed data. The shaded 
areas are the 95% confidence intervals for the 5th percentile, median, and 95th percentile for the simulated data. 

 

4.3.5 Ethambutol plasma pharmacokinetics 
 

416 ethambutol concentration-time observations were modelled, 1 ethambutol assay failed, and 8 

samples were below the LLQ. The data were best described by a one-compartment model with first-

order absorption and elimination. Attempts to model two-compartments or absorption lag phase 

were met with non-convergence.  

The model supported IIV on CL/V, V/F, and ka, with off-diagonal elements to account for covariance 

between CL/F and V/F. As for pyrazinamide, a constant coefficient of variation model best accounted 

for residual error.  

Two covariates were associated with a significant drop (<3.84) in OFV: BMI on V/F (ΔOFV -6.7), and 

creatinine clearance on CL/V (ΔOFV -7.0). After stepwise backwards elimination, only creatinine 

clearance was retained as a covariate in the model. 

(
𝐶𝐿

𝐹
)

𝑖𝑗
= [𝑇𝑉 (

𝐶𝐿

𝐹
) + (𝜃𝐶𝑟𝐶𝑙 ∗ (𝐶𝑟𝐶𝑙 − 108.7))] ∗ exp (𝜂𝐶𝐿

𝐹
,𝑖

) 

In the equation above, clearance in individual i at occasion j was modelled as the typical population 

value for clearance, with a centred linear additive term for the creatinine clearance covariate (θCrCl) 
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centred on the population average of 108.7 ml/min. ηCL/F, i is the exponential IIV for clearance. The 

final parameter estimates for the ethambutol model are included in Table 4.7. 

 

 

Figure 4.11: Goodness of fit plots for the final ethambutol plasma PK model 
Observed concentrations (DV) versus population predictions (PRED, top left) and individual predictions (IPRED, 
top right), in which the solid line represents the line of identity. Absolute weighted predictions (WRES) versus 
population predictions (bottom left) and time after dose (bottom right). 

 

Goodness of fit plots (Figure 4.11) and a visual predictive check (Figure 4.12) for the final ethambutol 

model indicating satisfactory model fit are shown. Estimates of Cmax from the final model suggested 

that weight-based dosing in this population achieved a lower maximum ethambutol concentration 

than in previous cohorts (median 1.3 µg/ml [IQR 1.0-1.7]), and took longer to reach peak 

concentration (median 5.0 h [IQR 4.2-5.7 h]). 
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Parameter Typical value % RSE * 95% CI † 

CL/F (l/h) 42.8 5.5 38.2-47.4 

V/F (l) 398 9.6 323-473 

ka (h-1) 0.348 11.8 0.268-0.428 

ΘCrCl 0.115 29.2 0.049-0.181 

IIV 

    ηCL/F 

    ηV/F 

    ηka 

 

0.106 

0.092 

0.449 

 

31.5 

62.0 

5.8 

 

Covariance ηCL/F ~ ηV/F 0.099 44.3  

Residual variability 

    εccv 

 

0.139 

 

0.1 

 

Table 4.7: Final estimated ethambutol parameter values 
* relative standard error; † 95% confidence interval. CL/F: clearance, V/F: apparent volume of distribution; ka: 
first-order absorption constant; IIV: inter-individual variability; ηCL/V: IIV on clearance; ηV/F: IIV on volume of 
distribution; ηka: IIV on absorption constant; εccv: exponential residual error. 

 

 

Figure 4.12: Visual predictive check for the final plasma ethambutol model 
Ethambutol concentration (log scale) is shown on the y-axis, and time post-dose on the x-axis. The lower, middle, 
and upper lines are the 5th percentile, median, and 95th percentile for the observed data. The shaded areas are 
the 95% confidence intervals for the 5th percentile, median, and 95th percentile for the simulated data. 



 

 

 

Figure 4.13: Histograms of estimates of ethambutol plasma AUC0-∞, Cmax, and Tmax from the final plasma model 
The blue shaded rectangles represent estimates of these steady-state parameters in patients from previous publications [154, 155, 158, 167]. 
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4.3.6 Plasma pharmacokinetics and treatment response 
 

Previous work has shown that the efficacy of RHZE is driven by AUC/MIC [261, 263-265], and 

Cmax/MIC for RHE [263-265]. The MIC results for baseline Mtb isolates are described in detail in 

section 6.6, but are used here to generate estimates of plasma AUC/MIC and Cmax/MIC. Table 4.8 

summarises the modelled plasma PK indices from this cohort. Due to limited numbers of MIC 

readings available in this cohort, the predicted AUC/MIC and Cmax/MIC from 100,000 simulations are 

shown on the right of the table.  

 

Drug Median AUC/MIC 

[IQR] 

Median Cmax/MIC 

[IQR] 

Simulated median 

AUC/MIC [IQR] * 

Simulated median 

Cmax/MIC [IQR] * 

Rifampicin 1839 [1371, 2262] 224.6 [151.8, 277.7] 2319 [1422, 3786] 285.0 [178.3, 456.2] 

Isoniazid 384 [239, 710] 70.2 [42.3, 87.8] 448 [438, 458] 75.4 [66.7, 85.3] 

Pyrazinamide † 323 [291, 382] 23.8 [22.1, 26.1] - - 

Ethambutol 28 [16, 43] 1.7 [1.0, 2.6] 64 [17, 239] 4.0 [1.1, 14.6] 

Table 4.8: Summary of PK indices from modelled plasma data  
MIC data available from 88 participants. * Using the mean and SD of AUC, Cmax, and MIC from this dataset, 
100,000 AUC/MIC and Cmax/MIC pairings generated to estimate the true data distribution.  † MIC data not 
available for pyrazinamide. AUC and Cmax shown instead.  

 

Relationships between plasma PK and 2MCC or final outcome were explored using univariate logistic 

regression (Table 4.9). Higher rifampicin AUC/MIC and Cmax/MIC were associated with poorer odds of 

2-month culture conversion on univariate analysis, but were not significant after controlling for 

covariates. Both rifampicin and isoniazid peak plasma concentrations were associated with more 

favourable final outcomes after adjusting for significant covariates (Table 4.8 and Figure 4.14). 

First-line treatment for pulmonary TB consists of concomitant administration of 4 drugs. When 

compared to reference ranges used as targets for therapeutic drug monitoring [155, 168, 268, 515], 

none of these participants had plasma drug concentrations within the reference ranges, and 58% 

had 1 or more drug with ‘very low’ plasma concentrations (Figure 4.15). Standardised dosing does 

not result in antibiotic exposure as expected for any of these participants in Malawi.  

Rifampicin was most frequently found to have low plasma concentrations. There was a trend 

towards more unfavourable final outcomes in participants with a greater number of ‘very low’ drug 

concentrations (p=0.069), but no significant relationships between number of drugs with low 

concentrations and 2MCC or final outcome were identified. 
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Drug PK index 2-month culture conversion 

OR 95% CI p value Adjusted 
OR * 

95% CI p value 

Rifampicin AUC 

AUC/MIC  

 

Cmax  

Cmax/MIC 

 

1.80 

0.07 

 

1.34 

0.07 

0.03-128.37 

0.00-0.74 

 

0.05-33.84 

0.00-0.67 

0.784 

0.045 

 

0.856 

0.034 

1.51 

0.05 

 

2.04 

0.08 

0.01-298.93 

0.00-0.82 

 

0.05-88.96 

0.00-0.98 

0.877 

0.055 

 

0.704 

0.065 

Isoniazid AUC 

AUC/MIC 

  

Cmax  

Cmax/MIC 

 

0.64 

0.43 

 

3.94 

0.44 

0.12-3.27 

0.12-1.14 

 

0.04-391.02 

0.10-1.25 

0.591 

0.128 

 

0.554 

0.183 

0.81 

0.41 

 

7.15 

0.43 

0.11-5.84 

0.1-1.23 

 

0.04-1569 

0.08-1.42 

0.830 

0.151 

 

0.463 

0.225 

Pyrazinamide AUC 

 

Cmax  

 

0.28 

 

1.76 

0.01-10.24 

 

0-797.54 

0.482 

 

0.854 

0.06 

 

2.10 

0.00-4.86 

 

0.00-2203 

 

0.212 

 

0.832 

Ethambutol AUC 

AUC/MIC  

 

Cmax  

Cmax/MIC 

 

0.27 

0.28 

 

0.58 

0.35 

0.01-7.65 

0.05-1.12 

 

0.03-9.95 

0.07-1.31 

0.441 

0.097 

 

0.709 

0.146 

0.47 

0.15 

 

1.38 

0.22 

0.01-21.44 

0.02-0.90 

 

0.05-38.33 

0.03-1.18 

0.695 

0.055 

 

0.848 

0.100 

Drug PK index Final outcome 

OR 95% CI p value Adjusted 

OR * 

95% CI p value 

Rifampicin AUC 

AUC/MIC  

 

Cmax  

Cmax/MIC 

 

9.14 

1.92 

 

89.79 

3.72 

0.01-12244 

0.04-45.64 

 

0.36-33841 

0.13-82.77 

0.543 

0.702 

 

0.119 

0.409 

275.14 

1.61 

 

6392 

3.88 

0-3013259 

0.03-52.7 

 

5-53422348 

0.13-118.56 

0.215 

0.794 

 

0.031 

0.423 

Isoniazid AUC 

AUC/MIC 

  

Cmax  

Cmax/MIC 

 

8.42 

1.57 

 

4321.77 

1.55 

0.51-152.55 

0.4-4.85 

 

1.61-

21650174 

0.35-4.79 

0.137 

0.453 

 

0.042 

0.483 

6.86 

1.46 

 

104651 

1.46 

0.31-178.86 

0.35-4.82 

 

8-

15047074448 

0.32-4.88 

0.225 

0.549 

 

0.029 

0.558 

Pyrazinamide AUC 

 

Cmax  

 

1.61 

 

23.37 

0.01-1244 

 

0-1101709 

0.879 

 

0.553 

9.09 

 

3570 

0-52404 

 

0-

3796958776 

0.577 

 

0.217 

Ethambutol AUC 

AUC/MIC  

 

Cmax  

Cmax/MIC 

 

2.06 

0.57 

 

0.74 

0.46 

0.01-512.54 

0.04-3.94 

 

0.01-69.87 

0.03-3.33 

0.795 

0.622 

 

0.896 

0.517 

1.47 

0.49 

 

0.67 

0.39 

0-1728.07 

0.03-4.39 

 

0-268.2 

0.02-3.63 

0.911 

0.569 

 

0.891 

0.471 

Table 4.9: Plasma pharmacokinetic indices and treatment response 
Modelled estimates of AUC, AUC/MIC, Cmax, and Cmax/MIC are related to rates of 2-month culture conversion and 
final outcome by logistic regression. * OR adjusted for known confounding variables identified in earlier 
chapters: CXR score, baseline bacillary load, symptom duration and baseline respiratory rate. OR: odds ratio; 
95% CI: 95% confidence interval. 
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Figure 4.14: Rifampicin and isoniazid Cmax versus final outcomes 
Cmax has been log-transformed. Boxes represent the interquartile range, and the bar the median. Whiskers show 
the range. 
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Figure 4.15: Combinations of ‘low’ and ‘very low’ drug concentrations 
Rifampicin low ≤ 8 μg/ml, very low ≤ 4 μg/ml; isoniazid low ≤ 3 μg/ml, very low ≤ 2 μg/ml; pyrazinamide low ≤ 35 
μg/ml, very low ≤ 20 μg/ml; ethambutol low ≤ 2 μg/ml, very low ≤ 2 μg/ml. R: rifampicin; H: isoniazid; Z: 
pyrazinamide; E: ethambutol. 
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4.4 Discussion 
 

Suboptimal dosing of RHZE, combined with highly variable bioavailability, may be important drivers 

of poor TB treatment response. This chapter explored the relationship between the plasma PK and 

treatment response in this cohort.  

This is a large, richly sampled dataset, taken in ‘real-world’ conditions: from Malawian patients 

receiving programmatic treatment for pulmonary TB. Most patients were receiving appropriate 

mg/kg dosing, with good reported compliance. Over half the cohort is HIV co-infected, reflecting the 

epidemiology of TB infection in sub-Saharan Africa [17].  

The estimated PK indices from this cohort are in broad agreement with those from previous 

population-PK studies (Table 4.1). Samples were taken when drugs can be expected to be in steady 

state, with 2 sampling visits allowing for estimation of inter-occasion variability for rifampicin and 

isoniazid. While patients in the Plasma Arm only supplied sparse plasma samples, reasonable 

estimates of the absorption phase were achieved in this cohort.  

These patients were on treatment for pulmonary TB, rather than bloodstream infection, and 

previous studies have not shown a consistent relationship between plasma PK and outcomes. In this 

cohort, an association between more favourable outcomes in those with higher rifampicin and 

isoniazid Cmax concentrations was seen, and subsequent chapters will explore if this can be attributed 

to improved bacillary elimination.  

This was a study of single weight-based dosing, and a limited range of AUC and Cmax estimates was 

observed. Increasing rifampicin dosing from 10 to 35 mg/kg has been associated with supra-

proportional increases in AUC and improved bacillary clearance [304, 308], with a dynamic range 

beyond the variability in AUC measurements seen here. Higher mg/kg dose increments may be more 

likely to observe any further plasma dose-response effects. 

The estimates of plasma rifampicin CL/F, V/F and ka were in broad agreement with previous 

publications [134, 174, 276, 326, 507, 516], including similar cohorts from Malawi [148, 322]. Two 

significant covariate relationships were identified: males had higher clearance (15.8 l/h vs. 12.5 l/h), 

and HIV-infected individuals a larger volume of distribution (31.5 l vs. 23.9 l). The effect of male sex 

on rifampicin clearance has been previously observed [148, 511], as has the effect of HIV on V/F 

[142]. Neither covariate had a significant effect on AUC0-∞.  

Rifampicin exposure (AUC0-∞) at steady state was calculated from the individual estimates for CL/F. 

The median AUC0-∞ was 33.0 μg.h/ml, in keeping with the literature [131, 134, 142, 148, 322, 508], 

with up to 3-fold difference in AUC0-∞ estimates between individuals. Previous work identified that 

rifampicin AUC < 13 μg.h/ml was predictive of treatment failure, relapse, or death, up to 2 years 

[288], but all patients in this cohort had rifampicin AUCs above this threshold. Pre-clinical models 
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have identified that the ratio of rifampicin AUC to the MIC of the infecting isolate is a better 

predictor of treatment response [260, 264]. The median (total) rifampicin AUC/MIC was considerably 

higher than previous reports [260, 264, 289], and may be explained by the MIC distribution in this 

cohort (described in detail in section 6.6). This cohort only recruited Malawian adults with no 

evidence of rifampicin resistance on Xpert MTB/RIF, and the median rifampicin MIC was 0.02 μg/ml 

[IQR 0.02-0.03]. Few data exist describing the Mtb MICs from this setting, and these data highlight 

the importance of use of local data on drug sensitivity. In a recent PK-PD study from South Africa, the 

modal rifampicin MIC was 0.125 μg/ml [289], considerably higher than in this cohort. 

Variable absorption for rifampicin has been well-described before [131, 140, 148, 154], and may be 

linked to concomitant medications, delayed gastric emptying, comorbidities, or drug formulation. 

The use of a mixture model suggested the existence of a small population of rapid-absorbers, but 

this population was too small to be properly characterised by the model. Participants with HIV 

infection were seen to have a lower Cmax (mean 4.0 vs. 4.6 μg/ml) and take longer to achieve 

maximum plasma concentration (mean 3.0 vs. 2.6 h). Variable absorption may have a considerable 

effect on estimates of Cmax, with slower absorption reducing the maximal concentration. In general, 

the estimates of Cmax were relatively low in this population, and may be partly explained by variable 

absorption and rifampicin auto-induction [126, 142]. Where previous studies have used an enzyme 

induction model [131, 142, 507], the PK samples in this study have been taken at least 7 weeks into 

treatment, when full enzyme induction and steady state can be expected.  

Isoniazid plasma PK was best described by a one-compartment model, with the volume of 

distribution increasing by 1.06 l for every kilogram of body weight (above the population mean of 

51.05 kg). One-compartment isoniazid pharmacokinetics have been reported in South Africa [289] 

and Vietnam [506], whereas a number of other studies have described 2-compartment PK [158, 159, 

508, 512]. Modelling 2 compartments with this dataset was met with high RSE estimates for the 

extra parameters, and was not assessed further. Had sampling extended beyond 8 hours post-dose, 

a second compartment may have been more apparent.  

While weight (or fat-free mass) has been identified as an important covariate in other work [289, 

508], NAT2 status, either by genotype or derived phenotype, is well recognised as a major driver of 

isoniazid clearance [158, 197-200, 512]. NAT2 genotype was not captured in this study, but use of a 

mixture model for clearance suggested the existence of 3 clearance subpopulations. Previous work 

in Malawi suggested nearly two-thirds of TB patients were slow acetylators [154], and about 8% fast 

acetylators [Sloan et al, unpublished data]. Isoniazid clearance was 14.7 l/h in this population – 

towards the lower limit of previous estimates [158, 159, 289] – suggesting a relatively high 

proportion of slow acetylators. As a probable consequence of acetylator status effects on clearance, 

AUC0-∞ had a broad interquartile range from 12.2 to 26.0 μg.h/l. Isoniazid AUC0-∞ of 10.52 μg.h/l 

correlates with 90% of maximal early bactericidal activity (EBA90) [517], comfortably achieved by 

most participants in this cohort. The Cmax estimate of 2.6 μg/ml in this population was low relative to 
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targets used in therapeutic drug monitoring (3-5 μg/ml)[515], and appeared to affect the final 

outcome. Isoniazid is generally considered to be important in the early bactericidal activity of a 

regimen, and it may be that early ‘debulking’ of the disease with higher isoniazid concentrations 

results in more favourable outcomes.  

Pyrazinamide is minimally protein-bound [169], so total drug concentration is a reasonable 

approximation of the free (active) component. The plasma pharmacokinetics of pyrazinamide were 

best described by a one-compartment model with first-order absorption and elimination. Estimates 

of CL/F and V/F were similar to those seen in populations from South Africa [164, 297, 508, 514], 

Tanzania [158], Vietnam [506], and Malawi [154]. As in other studies, allometric scaling for body 

weight was the only covariate that significantly improved the model fit [164, 508, 513, 514]. The 

spread of AUC0-∞ estimates for the cohort was relatively broad, with an interquartile range of 291.3-

382.4 μg.h/ml. Estimates of both AUC0-∞ and Cmax were towards the lower end of previous estimates, 

and the median AUC0-∞ of 322.5 μg.h/ml was below the threshold for poor long-term outcome [288]. 

No relationship between pyrazinamide AUC and Cmax and final outcome was identified in this study.  

Pyrazinamide MICs were not determined in this cohort due to the requirement for acidic test 

conditions: the MIC at pH 5.5 is 8-fold lower than at pH 5.95 [518]. MIC distributions from South 

Africa suggest a modal MIC of 25 μg/ml at pH 5.9 [289]. If this estimate was used in this cohort, the 

median AUC/MIC of 12.9 μg.h/ml would be above the threshold of 11.3 μg.h/ml – identified as a key 

predictor of the sterilising activity of a regimen [289].  

Finally, as a renally-excreted drug, baseline creatinine clearance was the only covariate found to 

impact on the plasma pharmacokinetics of ethambutol: active renal tubular secretion of ethambutol 

necessitates dose adjustment in renal disease [100, 242, 246]. Ethambutol was seen to distribute 

well into a single central compartment, with a large volume of distribution.  

Ethambutol absorption varied greatly between participants, with Tmax ranging from 2.1 to 7.8 hours. 

Ethambutol is thought to take 2-3 hours to achieve maximal concentration [243-245], but Cmax is 

delayed when dosed with food [243]. All study participants were asked to fast from the evening 

before PK sampling, and took their medications with a small volume of water. The relatively low Cmax 

in this cohort (median 1.3 μg/ml) may in part be secondary to this prolonged absorption. Early PK 

studies attributed variable ethambutol absorption to binding or chelation in the gastrointestinal tract 

[245, 246]. 

It is a fairly frequent criticism of TB PK-PD studies that they describe the exposure (and exposure-

response relationship) of single agents, and do not incorporate the fact that TB therapy is always 

multi-drug in nature. It was notable that all participants in this cohort had at least one ‘low’ drug, 

and over half had low concentrations for all 4 drugs. However, having more drugs with low plasma 

concentrations was not associated with more unfavourable outcomes or poorer rates of culture 

conversion. Reference ranges for TDM have largely been derived from descriptions of drug exposure 
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distributions in healthy, North American volunteers, and do not take into account treatment 

response [138, 168, 203, 230, 243, 268, 515]. These reference ranges may be less appropriate when 

applied to a cohort of Malawian adults, on treatment for active TB disease, and with high rates of 

HIV co-infection. 

There are several limitations in this chapter that merit discussion. Firstly, sampling only extended to 

8 hours post-dose due to limited patient transport options in the late evening, lack of suitable 

accommodation for overnight stay, and to avoid asking participants to return on consecutive days 

for a 24-hour sample. The rich sampling strategy up to 8 hours describes the PK parameters well, but 

does not reveal a second elimination phase as would be expected in two-compartment models. 

Previous studies have reported two-compartment PK for isoniazid [158, 159, 508, 512] and 

ethambutol [158, 167], but inclusion of a second compartment did not improve the model fit in this 

dataset.   

Secondly, while supervised drug dosing was used on PK sampling days, adherence outside study 

visits was determined by individual patient concordance. Directly observed therapy, pill counts, and 

enquiries about missed doses at each study visit reinforced the importance of compliance with the 

regimen, and can be expected to minimise the effect of poor compliance. 

Thirdly, varying drug formulation quality may impact the PK parameters [503-505, 519]. All 

participants received FDC tablets from the Malawi NTP, provided through the Stop TB Partnership 

Global Drug Facility. Drugs undergo stringent quality control to WHO standards, minimising the 

effect of formulation on PK. Alongside drug quality, co-administered medications may alter the PK of 

RHZE through DDIs. No participants were receiving co-administered medications that may be 

expected to alter the PK of first-line ATT, although one participant was receiving nevirapine-

containing ART. Rifampicin can be expected to significantly reduce plasma AUC for nevirapine, risking 

virological failure, and as such this participant was switched to efavirenz early in treatment [177-

179]. 

Finally, this chapter describes the PK of whole drug, rather than metabolite or unbound fraction. 

Isoniazid requires activation by KatG to form an active metabolite [192, 193], 50% of the activity of 

rifampicin comes from its’ metabolite 25-desacetylrifampicin [169-171], and pyrazinamide requires 

conversion to POA in an acidic environment to exert its’ effects [161, 229]. Existing literature 

typically describes the PK of parent drug, allowing comparison with these data, and may be expected 

to have a similar PK profile to active metabolites. While we do not measure the unbound fraction of 

antimicrobial in this work, published estimates for the extent of protein binding for RHZE can be 

extrapolated to these data [520], and will be of particular relevance in considering intrapulmonary 

PK and extent of diffusion across the blood-alveolar barrier in the next chapter.  

While knowledge of the plasma PK of RHZE is important, of greater interest to this study is the 

intrapulmonary PK profiles. The plasma PK models generated here will be used as the foundation for 
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the intrapulmonary PK models in Chapter 5, and the relationship between plasma drug exposure and 

effect will be explored further in Chapter 6.  
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5 Intrapulmonary pharmacokinetics 

5.1 Introduction 
 

Measurement of site of infection PK in pulmonary TB presents considerable challenges. Methods 

such as lung explant studies with spatial mass spectrometry have offered an exciting look at drug 

penetration into granulomas [53, 328, 521], but can only be performed in a small subset of patients 

with advanced disease. Bronchoscopy and bronchoalveolar lavage may be used to sample ELF and 

alveolar cells from the distal airway, and when combined with LC-MS, yield ‘near-infection’ measures 

of drug penetration in pulmonary TB. This technique has been used to measure intrapulmonary 

concentrations for a wide range of anti-infective agents [347, 522], and is applied here to first-line 

anti-tuberculosis treatment.  

Bronchoscopy is an invasive procedure, and can only be used for single time-point / sparse PK 

sampling. Through population PK modelling approaches, it is possible to model the relationship 

between plasma and intrapulmonary samples taken at different times in different individuals, and 

model the concentration-time profile in ELF and alveolar cells over the dosing interval. Non-directed 

bronchial lavage with similar population PK modelling techniques has recently been used to describe 

the intrapulmonary pharmacokinetics of tazobactam-piperacillin in critically-ill patients [432], 

enabling a far richer understanding of the dynamics of treatment than with single time-point 

sampling alone. 

Surprisingly little is known of the intrapulmonary pharmacology of first-line TB drugs, despite their 

availability for over 60 years. The most extensive work has been done by Conte et al in San Francisco 

between 1999 and 2004 [208, 233, 251, 345]. Using healthy volunteers, with or without HIV 

infection, intrapulmonary samples were taken 4 hours after a 5th dose of rifampicin, isoniazid, 

pyrazinamide, or ethambutol (summarised in Table 1.6). This work showed high concentrations of 

pyrazinamide in the ELF, high concentrations of ethambutol in the alveolar cells, and concentrations 

of rifampicin in the ELF approximately one-fifth of plasma. A further study of single dose rifampicin 

showed alveolar cell concentrations 16-fold greater than plasma [523], and the use of inhaled 

rifampicin, isoniazid, or pyrazinamide increased concentrations in ELF and alveolar cells still further 

[209]. 

These data indicate intrapulmonary drug partitioning, and lend weight to the hypothesis that 

adequate drug concentrations are not always achieved at the site of infection. Using these data, 

population PK models of intrapulmonary drug exposure for rifampicin [438, 524] and isoniazid [525] 

have been generated, in both cases identifying low intrapulmonary drug concentrations of potential 

clinical importance. However, the existing intrapulmonary PK data for RHZE comes from healthy 

volunteers, receiving single drugs, with samples taken at a single time point. It is reasonable to 

assume that the intrapulmonary PK at steady state, in patients on combination therapy, with 
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pulmonary disease and comorbidities, may be quite different from that seen in the existing 

literature. Differences in the PK parameters between TB patients and healthy volunteers have been 

described for rifampicin [153], linezolid [526], and ethionamide [527].  

Understanding differential drug penetration into different compartments will be key to dose 

optimisation and construction of new regimens. If low concentrations of a drug are achieved near 

the site of infection, particularly if approaching the MIC for the infecting organism, this would be an 

obvious candidate for dose increase. Compartmental PK may also be relevant to transmission 

reduction: higher isoniazid concentrations in ELF [208, 525] may act on fast-growing, free 

extracellular organisms, explaining the high early bactericidal activity seen in the first days of therapy 

[84, 528]. Whether these organisms, or those expectorated in sputum, are determinants of 

infectiousness however is a matter for debate [529, 530]. Successful therapy may require a 

combination of drugs with different purposes: achieving high concentrations in ELF to reduce the 

bacillary burden, high concentrations in cells to kill intracellular organisms, and good penetration of 

the avascular caseum to target slowly replicating, persister organisms. These principles may be 

applied to the development of effective MDR and XDR-TB regimens, where transmission reduction 

strategies are arguably of greater importance. 

In this chapter, drug concentrations in epithelial lining fluid and alveolar cells are described, and 

modelled using the plasma models generated in Chapter 4. Intrapulmonary measures of AUC/MIC 

and Cmax/MIC are related to 2MCC and final treatment outcome, and taken forward into the 

pharmacodynamics work in Chapter 6.  
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5.2 Methods 

5.2.1 Sample collection and processing 
 

Participants in the intrapulmonary group had 2 research bronchoscopies: the first after 2 months of 

TB treatment, the second after 4 months. The conduct of the bronchoscopy visits and technique for 

BAL sampling is described in Chapter 2. Labelled BAL samples were placed in 50 ml Falcon Tubes held 

on ice, taken immediately to the MLW Immunology Laboratory, and the volume of BAL recorded. 5 

ml of whole BAL was removed and frozen at -80oC. To remove mucous plugs, BAL was filtered 

through sterile gauze into sterile, 50 ml Falcon Tubes, aiming for approximately 40 ml per tube. 

Figure 5.1 illustrates the workflow for BAL samples. 

  

 

Figure 5.1: BAL sample workflow 
The right middle lobe was instilled with 200 ml of warm sterile saline in 4 aliquots. Samples were immediately 
aspirated and placed in 1-4 50 ml Falcon Tubes held on melting ice. Samples were taken immediately to the 
laboratory, filtered through sterile gauze, and pooled in 1-4 Falcon Tubes. The first tube, containing ~ 40 ml of 
BAL, was used for the intrapulmonary PK measurements. The remaining Falcon Tubes used in the immunology 
assays. Tube 1 was centrifuged, and samples of supernatant removed for urea measurement and ELF drug 
concentrations. The cell pellet was transferred to a skirted tube, centrifuged, and residual supernatant removed. 
BAL; bronchoalveolar lavage; ELF: epithelial lining fluid; RML: right middle lobe. 

 

10 µl of filtered BAL was removed and placed in an Eppendorf microtube for subsequent cell 

counting. Samples were centrifuged at 500 x g at 4oC for 8 minutes to obtain cell pellets. The first 50 

ml Falcon Tube was used for the pharmacokinetic assays, while the remaining tubes were used for 

the immunology assays described in Chapter 7.  



Chapter 5  Intrapulmonary pharmacokinetics 
 

Page 138 

1 ml of supernatant was removed from the centrifuged sample and stored at -80oC in the dark until 

ready for shipment. Supernatant would contain a mixture of ELF diluted in saline used at 

bronchoalveolar lavage. A further 1 ml sample was stored at -80oC for later urea measurement. The 

remaining supernatant was removed from the 50 ml Falcon Tube, leaving the cell pellet in 0.5 – 1 ml 

of supernatant at the bottom of the tube. The cell pellet was resuspended in the residual 

supernatant, transferred to a 2 ml skirted tube, and centrifuged for a further 8 minutes at 500 x g at 

4oC. The remaining supernatant was aspirated by pipette, and the cell pellet frozen at -80oC until 

ready for shipment. To minimise drug degradation, these steps were carried out in low-light 

conditions and samples stored in the dark. To minimise drug efflux from cells, samples were held on 

ice and processed immediately after bronchoscopy. 

Cell counts were performed after time-sensitive steps were completed. 10 µl of Trypan Blue (Thermo 

Fisher) was added to the 10 µl of BAL in the Eppendorf microtube, and the cells counted on a 

haemocytometer slide. The cell count (cells/ml) was used to calculate the cell count in the cell pellet 

obtained from the 40 ml BAL sample.   

Immediately prior to shipment, samples were retrieved from storage and 100 µl of the BAL 

supernatant transferred to labelled cryovials. 900 µl of 80:20 methanol:acetonitrile solution (Fisher 

Scientific) was added to the cell pellet and 100 µl supernatant samples, vortexed, and left to 

incubate for 10 minutes. Samples were sent on dry ice to Liverpool for bio-analysis. 

 

5.2.2 Epithelial lining fluid drug concentration 
 

Measurement of RHZE concentrations in BAL supernatant was performed in the BAF in Liverpool. 

The methods used were the same as those described for plasma in Chapter 4. The output of the 

liquid chromatography / tandem mass spectrometry assay was the drug concentration in ng/ml of 

BAL supernatant (CBAL). 

BAL supernatant contains a mixture of saline lavage fluid and ELF. To calculate the volume of ELF and 

drug concentrations in ELF, the urea dilution method was used [336]. BAL supernatant samples and 

paired plasma samples taken at the time of bronchoscopy were retrieved from -80oC storage and 

thawed. Urea concentration was measured in paired plasma and BAL supernatant using 

Quantichrome Urea Assay Kits (BioAssay Systems) according to manufacturer’s instructions. The 

volume of ELF in BAL was derived from the following equation: 

𝑉𝐸𝐿𝐹 =  𝑉𝐵𝐴𝐿  × (
𝑢𝑟𝑒𝑎𝐵𝐴𝐿

𝑢𝑟𝑒𝑎𝑝𝑙𝑎𝑠𝑚𝑎

) 

where VELF represents the volume of ELF, VBAL the total volume of BAL retrieved, and ureaBAL and 

ureaplasma the urea concentration in paired BAL supernatant and plasma samples respectively. ELF 
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drug concentrations were calculated from the concentration in BAL supernatant using the following 

equation: 

𝐶𝐸𝐿𝐹 =  𝐶𝐵𝐴𝐿  × (
𝑉𝐵𝐴𝐿

𝑉𝐸𝐿𝐹

) 

where CELF and CBAL represent the concentration in ELF and BAL supernatant respectively. 

 

5.2.3 Alveolar cell drug concentration 
 

Alveolar cell (AC) pellets were received in Liverpool and thawed for LC-MS. The assay was the same 

as for plasma and ELF, except that intracellular standards and QC samples were prepared in spiked 

samples of the human monocytic leukaemia cell line THP-1, at a cell count of 2 x 106 cells. 

The output of the LC-MS assay was the concentration of RHZE in ng/ml of sample. Cell counts 

(cells/ml) were obtained in Malawi prior to pelleting using a haemocytometer slide. From the 

recorded volume of BAL for PK analysis (typically 40 ml) it was possible to estimate the total number 

of cells in the pellet, and convert the LC-MS output in ng/ml into ng/106 cells (CPELLET). Given a mean 

macrophage cell volume of 2.42 µl/106 cells [531], alveolar cell drug concentration (CAC) in µg/ml 

could be estimated from: 

𝐶𝐴𝐶 =
𝐶𝑃𝐸𝐿𝐿𝐸𝑇

2.42
 

The limit of quantification for RHZE in ELF and AC was the same as for plasma. 

 

5.2.4 Population pharmacokinetic analysis 
 

Population PK models for RHZE in alveolar cells and ELF were constructed in NONMEM as in Chapter 

4. The first-order conditional estimation method with ε-η interaction was used for the estimation of 

typical population PK parameters, random inter-individual variability (IIV), and residual variability 

(RV) between observed and predicted concentrations. The final plasma models for RHZE formed the 

base models for the intrapulmonary models. 3 different structural models were attempted (Figure 

5.2). 
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Figure 5.2: Intrapulmonary PK structural models 
A: ELF and AC concentrations modelled as a constant ratio relative to the central plasma compartment. 
B: 3-compartment mammillary model. ELF and AC modelled as peripheral compartments off a central plasma 
compartment. 
C: 3-compartment catenary model. Drug enters the ELF from the plasma, and equilibrates between the ELF and 
AC. Drug eliminated from the central plasma compartment.   
k12/k21/k13/k31/k23/k32: distribution rate constants; ke: elimination rate constant; Q1-3: intercompartmental 
clearance; V1-3: the volume of the 3 compartments. 

 

The first model attempted was a constant ratio model (Figure 5.2A), using the individual 1-

compartment RHZE models from Chapter 4 for the base model. This model assumed instantaneous 

equilibrium between plasma and ELF / AC. Concentrations in the peripheral compartments were 

characterised as a ratio relative to their plasma concentration (RELF and RAC respectively), with IIV on 

RELF and RAC using an exponential error model.  

The second model attempted was a 3-compartment mammillary model (Figure 5.2B) using the 

ADVAN 4 TRANS 4 subroutine in NONMEM. Both ELF and AC were treated as separate 

compartments off a central plasma compartment from which all elimination took place. Exponential 

IIV and RV was modelled on all 3 compartments. 

The final model was a 3-compartment catenary model (Figure 5.2C). Drug entered a central plasma 

compartment, and was either eliminated or transferred to the ELF compartment. Some drug 

returned to the central compartment from the ELF (k21). From the ELF, drug equilibrated with the AC. 
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There was no elimination from the ELF or AC compartment. This model was constructed using the 

following system of ordinary differential equations: 

Equation 1: differential equation for amount of drug in the plasma compartment (2) at time (t).  

𝑑𝐴(2)

𝑑𝑡
=

𝑘𝑎 ∗ 𝐴(1) + 𝑘21 ∗ 𝐴(3)

𝑉
− (𝑘𝑒 + 𝑘12) ∗ 𝐴(2) 

 

Equation 2: differential equation for amount of drug in the ELF compartment (3) at time (t) 

𝑑𝐴(3)

𝑑𝑡
=

𝑘12 ∗ 𝐴(2) ∗ 𝑉 + 𝑘32 ∗ 𝐴(4) ∗ 𝑉(3)

𝑉(2)
− (𝑘21 + 𝑘23) ∗ 𝐴(3) 

 

Equation 3: differential equation for amount of drug in the AC compartment (4) at time (t) 

𝑑𝐴(4)

𝑑𝑡
=

𝑘23 ∗ 𝐴(3) ∗ 𝑉(2)

𝑉(3)
− 𝑘32 ∗ 𝐴(4) 

 

In all three equations, the numbers 1-4 refer to the compartment: depot, plasma, ELF, and AC 

respectively. A(#) refers to the amount of drug in each compartment, V(#) the volume of 

distribution, and k# the distribution rate constants. ke is the elimination rate constant.  

Model selection was achieved using the minimum OFV, examination of relative standard error 

values, goodness-of-fit plots, and biological plausibility. A decrease in the OFV of 3.84 or greater 

corresponded to a statistically significant difference between models.   
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5.3 Results 

5.3.1 Intrapulmonary PK measurements 
 

Intrapulmonary PK data was available from 51 participants, with 41 participants having both early 

and late bronchoscopies. A total of 271 ELF and 278 AC concentration-time observations for RHZE 

were available for modelling. The assay was successful in all samples, and few samples were below 

the limit of quantification for the assay (Table 5.1).  

 

Drug  Below LLQ Above ULQ Assay success 

ELF 

Rifampicin 8 0 83 

Isoniazid 3 0 88 

Pyrazinamide 0 0 50 

Ethambutol 0 0 50 

AC 

Rifampicin 0 0 89 

Isoniazid 3 0 89 

Pyrazinamide 0 0 50 

Ethambutol 0 0 50 

Table 5.1: RHZE LC-MS assay success in epithelial lining fluid (ELF) and alveolar cells (AC) 
LLQ: lower limit of quantification; ULQ: upper limit of quantification.  

 

ELF volume in BAL was estimated using the urea dilution method. The median volume of ELF 

recovered was 1.2 ml [IQR 0.83, 1.89]. The median number of alveolar macrophages retrieved was 

6.4 x 106 cells [IQR 4.6, 8.8].  

Figure 5.3 is a concentration-time scatterplot of ELF and AC observations. For all 4 drugs, 

concentrations in ELF and AC were higher than those in plasma, with isoniazid and pyrazinamide 

attaining ELF concentrations many fold higher than plasma. Ethambutol appears to concentrate 

within the alveolar cell, and the high intracellular concentrations seen provides reassurance that the 

sampling method minimised drug loss through efflux.  

Table 5.2 summarises the drug concentrations in ELF and AC at the 3 bronchoscopy timepoints: 2, 4, 

and 6-hours post-dose. Highest intrapulmonary concentrations for rifampicin and isoniazid were 

seen at the 2-hour timepoint. Pyrazinamide concentrations start to decline by the 6-hour timepoint, 

and peak ELF ethambutol concentrations are observed at 4-hours post-dose. For all 4 drugs, there 

was a wide range of concentrations observed at each timepoint.   
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Figure 5.3: Scatterplot of concentration-time observations in plasma, ELF, and AC 
The blue-shaded box shows the Cmax in plasma, and the median MIC of baseline isolates. The coloured trend lines 
are loess lines. Green triangles and dashed lines: ELF; red circles and dotted line: AC. Plasma concentration-time 
observations not shown. 

 

Drug  2-hour concentration 

in μg/ml, median 

[IQR] 

4-hour concentration 

in μg/ml, median 

[IQR] 

6-hour concentration 

in μg/ml, median 

[IQR] 

Average 

concentration in 

μg/ml, median [IQR] 

ELF  

Rifampicin 9.1 [6, 18.6] 5.2 [4.1, 8.6] 4.1 [1.9, 6.4] 6.4 [4.1, 11.1] 

Isoniazid 41.1 [22.1, 64] 16.1 [12.7, 44.8] 9.7 [3.4, 18.7] 23.2 [12, 55.1] 

Pyrazinamide 1606.7 [1270.8, 

2583.7] 

1713.7 [851.1, 

2925.8] 

655.4 [477.8, 1380.6] 1480.4 [847.6, 

2489.7] 

Ethambutol 5.8 [4.2, 8.6] 7.9 [5.4, 12.1] 4.6 [3.7, 6.3] 5.8 [4.1, 9.3] 

AC  

Rifampicin 6.5 [2.4, 14.5] 4.6 [3.4, 12.4] 3.7 [1.4, 6.7] 4.7 [3, 13.3] 

Isoniazid 2.8 [1.4, 5] 2.1 [1.4, 4.7] 1.1 [0.5, 3.8] 2.4 [1.1, 4.8] 

Pyrazinamide 124.8 [76.9, 170.6] 123.4 [57.8, 164] 60.1 [23.2, 136.8] 98.8 [56.6, 170.6] 

Ethambutol 20.6 [14, 43.1] 19.9 [15.6, 38.8] 19.1 [16, 25.7] 20 [15.2, 37.8] 

Table 5.2: RHZE concentrations in ELF and AC at 2, 4, and 6-hours post-dose 
Concentrations are presented as median [IQR]. 
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All BAL samples were collected from the right middle lobe. Given that active inflammation may 

disrupt the blood-alveolar barrier, with the potential to alter the local intrapulmonary PK, it was 

important to assess for trends in drug concentration relative to extent of RML parenchymal 

involvement. While immediate pre-bronchoscopy CXRs were unavailable, all participants had a CXR 

at treatment start, with the percentage of right midzone consolidation independently assessed by a 

radiologist and the PI (see section 3.4.5). The average of the 2 reader’s scores was recorded, and the 

concordance correlation coefficient of 0.79 demonstrated substantial inter-reader agreement. 

Figure 5.4 shows scatterplots of ELF and AC concentrations with increasing right midzone disease. No 

trends towards altered intrapulmonary PK with increasing right midzone disease were seen, nor any 

trends between intrapulmonary drug exposure and overall CXR score. No correlation between right 

midzone disease, or CXR score, and intrapulmonary PK, were observed on linear regression analysis.  

 

Figure 5.4: Intrapulmonary drug concentration versus percentage parenchymal involvement in the right 
middle zone 
The coloured trend lines are loess lines. Green triangles and dashed lines: ELF; red circles and dotted lines: AC. 
RMZ: right midzone  
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5.3.2 Intrapulmonary POP-PK models 

 

5.3.2.1 Choice of model 

The 3 structural models in section 5.2.4 were attempted in NONMEM for each first-line drug. Efforts 

to fit a 3-compartment mammillary model (Figure 5.2B) to the intrapulmonary data for any of the 4 

drugs were met with model instability. Small adjustments in the initial estimates resulted in large 

changes in the distributional process parameters, and parameters were estimated with high RSEs.  

The catenary model (Figure 5.2C) minimised, but failed the covariance step. Furthermore, the 

parameters governing the distributional processes (k12, k21, k23, k32) moved little from the initial 

estimates, and all took the same value. Given that the plasma data were essentially 1-compartment, 

and despite observing the peripheral compartments, there was insufficient multi-compartment 

character to the data to inform the distributional process parameters for either the catenary or 3-

compartment mammillary models. 

The ELF and AC data for RHZE were best described by a constant ratio model (Figure 5.2A). The 

extent of distribution to ELF and AC was described by the ELF:plasma concentration ratio (RELF) and 

AC:plasma concentration ratio (RAC). The rate of distribution to ELF and AC from plasma (kELF and kAC 

respectively) was assumed to be instantaneous. These models minimised and the covariance step 

was successful. These models were used for all subsequent analyses.  

 

5.3.2.2 Rifampicin model 

The final rifampicin intrapulmonary model was based on the 1-compartment plasma model, with IIV 

on CL/F and V/F, IOV on CL/F, and the covariate effects of sex on clearance and HIV status on volume 

of distribution. The control stream is included in Appendix I: Rifampicin intrapulmonary NONMEM 

control stream. The goodness of fit plots for ELF and AC are shown in Figure 5.5 and Figure 5.6 

respectively, demonstrating that individual predictions described the observed concentrations well, 

and no trends were seen in plots of absolute individual weighted residuals versus the individual 

predictions. RSE for all θ terms was less than 20%, and IIV was estimated on CL/F, V/F, RELF and RAC 

(Table 5.3). The extent of distribution to ELF and AC (RELF and RAC) had predicted typical values of 1.97 

(95% CI: 1.65-2.30) and 1.35 (95% CI: 0.89-1.81) respectively.  
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Figure 5.5: Goodness of fit plots for the final rifampicin ELF PK model 
Observed concentrations (DV) versus population predictions (PRED, top left) and individual predictions (IPRED, 
top right), in which the solid line represents the line of identity. Absolute weighted predictions (WRES) versus 
population predictions (bottom left) and time after dose (bottom right). 

 

Figure 5.6: Goodness of fit plots for the final rifampicin AC PK model 
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Parameter Typical value % RSE * 95% CI † 

CL/F (l/h) 12.2 9.5 9.9-14.5 

V/F (l) 22.2 11.7 17.1-27.3 

ka (h-1) 0.24 3.5 0.22-0.26 

Θsex 1.32 9.3 1.08-1.56 

ΘHIV 1.34 15.2 0.94-1.74 

RELF 1.97 8.4 1.65-2.30 

RAC 1.35 17.5 0.89-1.81 

IIV 

    ηCL/F 

    ηV/F 

    ηRELF 

    ηRAC 

 

0.028 

0.382 

0.219 

1.03 

 

55.6 

29.3 

27.4 

27.8 

 

 

IOV 

    ΚCL/V 

 

0.051 

 

49.8 

 

Residual variability 

    εplasma 

    εELF 

    εAC 

 

0.575 

0.396 

0.650 

 

3.8 

11.2 

7.6 

 

0.532-0.618 

0.309-0.483 

0.554-0.746 

Table 5.3: Final estimated rifampicin parameter values for full intrapulmonary model 
* relative standard error; † 95% confidence interval. CL/F: clearance, V/F: apparent volume of distribution; ka: 
first-order absorption constant; θsex: fractional change in clearance for males; θHIV: fractional change in volume 
of distribution for HIV-infected participants; RELF: ELF/plasma concentration ratio; RAC: AC/plasma concentration 
ratio; IIV: inter-individual variability; IOV; inter-occasion variability; ηCL/V: IIV on clearance; ηV/F: IIV on volume of 
distribution; ηRELF: IIV on ELF/plasma concentration ratio; ηRAC: IIV on AC/plasma concentration ratio; κCL/V: IOV 
on clearance; εplasma: plasma residual error; εELF: ELF residual error; εAC: AC residual error. 

 

Using the parameter estimates above, a concentration-time simulation in plasma, ELF, and AC was 

run (Figure 5.7). Peak concentrations in ELF are near double the Cmax of plasma. The distribution of 

log-transformed PK indices in the 3 matrices is shown in Figure 5.8. In general, AUC and Cmax are 

greater in ELF than plasma, while there is considerable variability in the PK indices in alveolar cells. 

 

 

Figure 5.7: Concentration-time simulation for total rifampicin in plasma, ELF, and AC 
This simulation does not account for the extent of rifampicin protein-binding in plasma, ELF, or AC. Solid blue 
line: plasma prediction; dashed green line: ELF prediction; dotted red line: AC prediction.  
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Figure 5.8: Distribution of rifampicin AUC and Cmax in plasma, ELF, and AC 
AUC and Cmax are log transformed. The shaded area represents plasma estimates of these parameters at steady 
state in patients [131, 153-155] 

 

5.3.2.3 Isoniazid model 

The base isoniazid model was a 1-compartment model with IIV on CL/F, V/F, and ka, and a covariate 

effect of weight on V/F. RELF and RAC were estimated as for rifampicin. Goodness of fit plots for ELF 

and AC are shown in Figure 5.9 and Figure 5.10, and the final parameter estimates in Table 5.4. 

Parameters were generally estimated well, and RSEs for IIV terms all less than 30%.  

 

Parameter Typical value % RSE * 95% CI † 

CL/F (l/h) 13.7 5.5 12.2-15.2 

V/F (l) 78.5 4.0 72.4-84.6 

ka (h-1) 3.29 20.4 1.97-4.61 

Θweight 1.08 45 0.13-2.03 

RELF 14.6 11.8 11.2-18.0 

RAC 1.31 14.0 0.95-1.67 

IIV 

    ηCL/F 

    ηV/F 

    ηRELF 

    ηRAC 

 

0.285 

0.057 

0.528 

0.791 

 

10.8 

29.2 

22.7 

26.7 

 

Residual variability 

    εplasma 

    εELF 

    εAC 

 

0.418 

0.436 

0.557 

 

3.9 

10.3 

9.5 

 

0.386-0.450 

0.348-0.524 

0.453-0.661 

Table 5.4: Final estimated isoniazid parameter values for full intrapulmonary model 
* relative standard error; † 95% confidence interval. CL/F: clearance, V/F: apparent volume of distribution; ka: 
first-order absorption constant; θweight: fractional change in volume of distribution by weight; RELF: ELF/plasma 
concentration ratio; RAC: AC/plasma concentration ratio; IIV: inter-individual variability; ηCL/V: IIV on clearance; 
ηV/F: IIV on volume of distribution; ηRELF: IIV on ELF/plasma concentration ratio; ηRAC: IIV on AC/plasma 
concentration ratio; εplasma: plasma residual error; εELF: ELF residual error; εAC: AC residual error. 
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Figure 5.9: Goodness of fit plots for the final isoniazid ELF PK model 

 

Figure 5.10: Goodness of fit plots for the final isoniazid AC PK model 

 

The extent of distribution to ELF and AC (RELF and RAC) had predicted typical values of 14.6 (95% CI: 

11.2-18.0) and 1.31 (95% CI: 0.95-1.67) respectively. The high concentrations achieved in ELF are 
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clearly demonstrated on the simulated concentration-time plot below (Figure 5.11), while the log-

transformed PK indices show the wide range of AUC and Cmax in ELF compared to plasma or alveolar 

cells (Figure 5.12). 

 

 

Figure 5.11: Concentration-time simulation for isoniazid in plasma, ELF, and AC 
Solid blue line: plasma prediction; dashed green line: ELF prediction; dotted red line: AC prediction. 

 

Figure 5.12: Distribution of isoniazid AUC and Cmax in plasma, ELF, and AC 
AUC and Cmax are log transformed. The shaded area represents plasma estimates of these parameters at steady 
state in patients [154, 155, 158, 159]. 

 

5.3.2.4 Pyrazinamide model 

The final pyrazinamide model was 1-compartment, with IIV on CL/F, V/F, and ka. Weight was 

included as a covariate on both CL/F and V/F as for the plasma model. With only 1 intrapulmonary 

observation per participant (1 bronchoscopy in the intensive phase), it was not possible to partition 

inter-individual from residual variability in ELF and AC. Given that all 4 drugs were collected and 
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processed together, and estimates of εELF and εAC for rifampicin and isoniazid were similar, these 

values were fixed at 0.4 and 0.6 respectively for both pyrazinamide and ethambutol. An exponential 

model was used to describe residual error.     

The goodness of fit plots below show that the model describes the data reasonably well, though 

there was a degree of under-prediction with the individual predictions at higher concentrations. The 

parameter estimates in Table 5.5 confirm that the data were estimated with satisfactory precision. 

 

Parameter Typical value % RSE * 95% CI † 

CL/F (l/h) 3.8 3.8 3.6-4.1 

V/F (l) 41.8 3.6 38.8-44.8 

ka (h-1) 1.09 12.1 0.83-1.35 

RELF 49.8 15.9 34.2-65.3 

RAC 3.18 20.5 1.90-4.46 

IIV 

    ηCL/F 

    ηV/F 

    ηka 

    ηRELF 

    ηRAC 

 

0.107 

0.025 

0.425 

0.243 

0.725 

 

20.6 

73.5 

24.7 

75.7 

51.0 

 

Residual variability 

    εplasma 

    εELF 

    εAC 

 

0.239 

0.4 FIX 

0.6 FIX 

 

11.6 

- 

- 

 

0.185-0.293 

- 

- 

Table 5.5: Final estimated pyrazinamide parameter values for full intrapulmonary model 
* relative standard error; † 95% confidence interval. CL/F: clearance, V/F: apparent volume of distribution; ka: 
first-order absorption constant; RELF: ELF/plasma concentration ratio; RAC: AC/plasma concentration ratio; IIV: 
inter-individual variability; ηCL/V: IIV on clearance; ηV/F: IIV on volume of distribution; ηka: IIV on absorption 
constant; ηRELF: IIV on ELF/plasma concentration ratio; ηRAC: IIV on AC/plasma concentration ratio; εplasma: plasma 
residual error; εELF: ELF residual error; εAC: AC residual error. 

 

Pyrazinamide was well distributed in ELF, achieving an ELF:plasma concentration ratio of 49.8 (Table 

5.5 and Figure 5.15). Pyrazinamide concentrations in alveolar cells was 3.18-fold greater than in 

plasma. The range of AUC and Cmax estimates in ELF (Figure 5.16) was smaller than seen with 

isoniazid.   
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Figure 5.13: Goodness of fit plots for the final pyrazinamide ELF PK model  

 

Figure 5.14: Goodness of fit plots for the final pyrazinamide AC PK model 
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Figure 5.15: Concentration-time simulation for pyrazinamide in plasma, ELF, and AC 
Solid blue line: plasma prediction; dashed green line: ELF prediction; dotted red line: AC prediction. 

 

Figure 5.16: Distribution of pyrazinamide AUC and Cmax in plasma, ELF, and AC 
AUC and Cmax are log transformed. The shaded area represents plasma estimates of these parameters at steady 
state in patients [154, 155, 158, 159]. 

 

5.3.2.5 Ethambutol model 

The final ethambutol intrapulmonary model was a 1-compartment plasma model, with IIV on CL/F, 

V/F, ka, RELF and RAC. Off-diagonal elements accounted for covariance between CL/F and V/F. As for 

pyrazinamide, residual error in ELF and AC (εELF and εAC) was fixed at 0.4 and 0.6 with an exponential 

residual error model. Goodness of fit plots (Figure 5.17 and Figure 5.18) and final parameter 

estimates (Table 5.6) are included opposite. 
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Figure 5.17: Goodness of fit plots for the final ethambutol ELF PK model  

 

Figure 5.18: Goodness of fit plots for the final ethambutol AC PK model 

 

 

 



Chapter 5  Intrapulmonary pharmacokinetics 
 

 
  Page 155 

Parameter Typical value % RSE * 95% CI † 

CL/F (l/h) 43.0 4.2 39.4-46.5 

V/F (l) 401.0 6.4 350.8-451.2 

ka (h-1) 0.36 9.3 0.30-0.43 

ΘCRCL 0.12 36.4 0.03-0.20 

RELF 4.0 7.8 3.3-4.6 

RAC 15.0 12.3 11.4-18.6 

IIV 

    ηCL/F 

    ηV/F 

    ηKa 

    ηRELF 

    ηRAC 

 

0.098 

0.063 

0.463 

0.139 

0.204 

 

29.8 

63.7 

33.3 

48.3 

43.3 

 

 

 

 

Covariance ηCL/F ~ ηV/F 0.079 43.6  

Residual variability 

    εplasma 

    εELF 

    εAC 

 

0.377 

0.4 FIX 

0.6 FIX 

 

5.9 

- 

- 

 

0.333-0.421 

- 

- 

Table 5.6: Final estimated ethambutol parameter values for full intrapulmonary model 
* relative standard error; † 95% confidence interval. CL/F: clearance, V/F: apparent volume of distribution; ka: 
first-order absorption constant; θCRCL: fractional change in clearance by creatinine clearance; RELF: ELF/plasma 
concentration ratio; RAC: AC/plasma concentration ratio; IIV: inter-individual variability; ηCL/V: IIV on clearance; 
ηV/F: IIV on volume of distribution; ηka: IIV on absorption constant; ηRELF: IIV on ELF/plasma concentration ratio; 
ηRAC: IIV on AC/plasma concentration ratio; εplasma: plasma residual error; εELF: ELF residual error; εAC: AC residual 
error. 

 

In contrast to the other 3 first-line drugs, highest ethambutol levels were seen in the alveolar cells 

(alveolar cell:plasma concentration ratio 15, Figure 5.19 and Figure 5.20). Concentrations in ELF 

were 4-fold higher than plasma.   

 

 

Figure 5.19: Concentration-time simulation for ethambutol in plasma, ELF, and AC 
Solid blue line: plasma prediction; dashed green line: ELF prediction; dotted red line: AC prediction. 
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Figure 5.20: Distribution of ethambutol AUC and Cmax in plasma, ELF, and AC 
AUC and Cmax are log transformed. The shaded area represents plasma estimates of these parameters at steady 
state in patients [154, 155, 158, 167]. 

 

5.3.3 Predictors of ELF:plasma and AC:plasma concentration ratios  
 

Individual estimates of ELF:plasma concentration ratio (RELF) and AC:plasma concentration ratio (RAC) 

were generated for RHZE for each participant in the Intrapulmonary Arm. Univariate linear 

regression was used in an exploratory analysis of predictors of intrapulmonary penetration for each 

drug (Table 5.7 and Table 5.8). 

Isoniazid penetration into ELF (RELF) was greater in smokers (21/51; estimate: 7.106; SE: 3.178; 

p=0.030) and lower in those with sepsis at baseline (2/51; estimate: -11.592; SE: 5.720; p=0.049). 

Smoking was also associated with higher RELF for ethambutol (21/51; estimate: 0.819; SE: 0.352; 

p=0.024). Older participants had a marginally higher ethambutol RELF (estimate: 0.056; SE: 0.023; 

p=0.016). 

Several variables were associated with alveolar cell concentration ratio (RAC). RAC was greater for 

both rifampicin and isoniazid in those with HIV infection (23/51; estimate: 1.247; SE: 0.533; p=0.024; 

and estimate: 1.822; SE: 0.379; p<0.001 respectively). There also appeared to be a univariate 

relationship between higher BMI and ethambutol RAC, and baseline ALT and isoniazid RAC. However, 

the danger of over-interpreting the results of multiple comparisons should be borne in mind. 

 



 

  

Drug Rifampicin Isoniazid Pyrazinamide Ethambutol 

Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value 

Age (years) 0.009 0.018 0.613 0.060 0.213 0.781 -0.087 0.424 0.838 0.056 0.023 0.016 

Male sex -0.099 0.391 0.802 -4.895 4.619 0.295 -12.915 9.043 0.160 -0.113 0.522 0.830 

Duration of 

symptoms (weeks) 

-0.044 0.030 0.157 -0.418 0.365 0.258 -0.742 0.717 0.306 -0.063 0.040 0.120 

Ever smoked 

tobacco 

0.459 0.272 0.098 7.106 3.178 0.030 11.069 6.375 0.089 0.819 0.352 0.024 

Ever drank alcohol 0.289 0.275 0.298 1.383 3.320 0.679 0.194 6.498 0.976 0.564 0.358 0.122 

HIV infected 0.295 0.275 0.288 1.527 3.318 0.648 1.983 6.492 0.761 0.669 0.354 0.065 

Baseline CD4 

(cells/mm3) 

0.000 0.001 0.808 0.004 0.007 0.603 0.006 0.014 0.669 -0.001 0.001 0.169 

BMI (kg/m2) 0.079 0.082 0.344 1.713 0.959 0.081 3.364 1.946 0.090 0.020 0.113 0.861 

Baseline respiratory 

rate (bpm) 

-0.022 0.031 0.483 -0.621 0.362 0.093 -0.835 0.722 0.253 -0.042 0.041 0.315 

Clinically septic at 

baseline * 

-0.420 0.496 0.401 -11.592 5.720 0.049 -18.981 11.476 0.105 -0.912 0.654 0.170 

Baseline 

haemoglobin (g/dl) 

-0.071 0.063 0.265 -0.750 0.755 0.326 -0.268 1.568 0.865 -0.032 0.089 0.722 

Baseline white cell 

count (x103/μl) 

-0.029 0.049 0.559 -0.91 0.576 0.121 -1.259 1.147 0.278 -0.123 0.063 0.057 

Baseline monocyte-

lymphocyte ratio 

-0.055 0.238 0.817 -1.783 2.832 0.532 -7.683 5.893 0.199 0.133 0.339 0.697 

Baseline creatinine 

clearance (ml/min) 

0.001 0.004 0.802 -0.006 0.047 0.898 0.057 0.089 0.524 -0.004 0.005 0.417 

Baseline bilirubin 

(μmol/l) 

-0.031 0.032 0.334 -0.267 0.379 0.484 -0.240 0.734 0.745 -0.060 0.041 0.148 

Baseline ALT (IU/l) -0.001 0.006 0.813 -0.034 0.071 0.635 -0.002 0.139 0.990 0.009 0.008 0.251 

CXR score 0.002 0.005 0.688 0.016 0.057 0.781 0.066 0.114 0.565 -0.004 0.006 0.533 

Table 5.7: Univariate linear regression – predictors of epithelial lining fluid:plasma penetration ratio for RHZE 
* Based on source of infection, and 2 or more of: temperature <36oC or >38oC, pulse >90 beats per minute, respiratory rate >20 breaths per minute, white cell count <4 or >12 x 103/µl.  SE: 
standard error. 

 



 

 

 

Drug Rifampicin Isoniazid Pyrazinamide Ethambutol 

Estimate SE p value Estimate SE p value Estimate SE p value Estimate SE p value 

Age (years) 0.002 0.036 0.952 0.046 0.029 0.122 0.023 0.068 0.736 0.162 0.103 0.123 

Male sex 0.632 0.787 0.426 0.598 0.647 0.360 1.284 1.462 0.384 1.258 2.302 0.587 

Duration of 

symptoms (weeks) 

-0.066 0.062 0.290 -0.015 0.052 0.780 0.110 0.115 0.341 -0.003 0.181 0.988 

Ever smoked 

tobacco 

-0.162 0.567 0.777 0.051 0.467 0.913 -1.455 1.028 0.164 3.142 1.579 0.052 

Ever drank alcohol 0.670 0.555 0.233 0.391 0.461 0.400 0.025 1.037 0.981 2.731 1.575 0.090 

HIV infected 1.247 0.533 0.024 1.822 0.379 <0.001 1.767 1.005 0.085 -0.313 1.624 0.848 

Baseline CD4 

(cells/mm3) 

-0.002 0.001 0.121 -0.002 0.001 0.03 -0.003 0.002 0.224 0.003 0.003 0.382 

BMI (kg/m2) 0.095 0.167 0.573 -0.024 0.138 0.863 -0.125 0.320 0.697 0.973 0.481 0.049 

Baseline respiratory 

rate (bpm) 

-0.084 0.062 0.180 -0.097 0.050 0.059 -0.003 0.117 0.981 -0.009 0.183 0.962 

Clinically septic at 

baseline * 

-0.512 1.009 0.614 -0.850 0.824 0.307 -0.452 1.883 0.811 -3.386 2.910 0.250 

Baseline 

haemoglobin (g/dl) 

-0.191 0.126 0.137 -0.198 0.102 0.059 -0.416 0.243 0.093 0.275 0.390 0.485 

Baseline white cell 

count (x103/μl) 

-0.063 0.100 0.533 -0.042 0.082 0.610 0.033 0.185 0.860 -0.451 0.283 0.118 

Baseline monocyte-

lymphocyte ratio 

0.448 0.477 0.353 0.370 0.393 0.351 -0.081 0.957 0.933 -1.159 1.490 0.441 

Baseline creatinine 

clearance (ml/min) 

0.006 0.008 0.418 -0.001 0.007 0.882 0.013 0.014 0.374 0.042 0.022 0.057 

Baseline bilirubin 

(μmol/l) 

-0.041 0.064 0.524 -0.106 0.051 0.042 -0.090 0.117 0.442 -0.350 0.177 0.054 

Baseline ALT (IU/l) 0.022 0.012 0.060 0.017 0.010 0.088 0.028 0.022 0.198 -0.036 0.034 0.301 

CXR score -0.001 0.010 0.894 -0.001 0.008 0.885 0.033 0.018 0.070 -0.031 0.028 0.285 

Table 5.8: Univariate linear regression – predictors of alveolar cell:plasma penetration ratio for RHZE 
* Based on source of infection, and 2 or more of: temperature <36oC or >38oC, pulse >90 beats per minute, respiratory rate >20 breaths per minute, white cell count <4 or >12 x 103/µl. SE: 
standard error. 
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5.3.4 Intrapulmonary PK indices 

 

Individual-level plasma estimates for AUC0-∞ and Cmax were generated in NONMEM from the final 

models. Estimates for ELF and AC were generated algebraically by multiplying the plasma estimates 

by the participants individual ELF:plasma concentration ratio (RELF) and AC:plasma concentration 

ratio (RAC). The final PK parameter estimates for the intrapulmonary models are summarised below 

(Table 5.9). 

 

Drug PK index Matrix 

Plasma 

(median [IQR]) 

ELF 

(median [IQR]) 

AC 

(median [IQR]) 

Rifampicin AUC (μg.h/ml) 

 

Cmax (μg/ml) 

 

30.6 [27.3, 36.7] 

 

4.0 [3.5, 4.8] 

56.0 [41.3, 81.7] 

 

7.9 [5.9, 10.1] 

47.4 [20.3, 84.8] 

 

5.9 [2.9, 11.9] 

Isoniazid AUC (μg.h/ml) 

 

Cmax (μg/ml) 

 

18.3 [11.2, 26.0] 

 

2.5 [2.3, 3.0] 

284.4 [134.5, 406.6] 

 

39.2 [20.6, 63.7] 

21.5 [12.9, 42.6] 

 

3.6 [2.2, 5.7] 

Pyrazinamide AUC (μg.h/ml) 

 

Cmax (μg/ml) 

 

305.7 [282.9, 387.0] 

 

23.8 [21.7, 26.3] 

15,573 [11,076, 20,286] 

 

1166 [868, 1429] 

1055 [674, 1730] 

 

81.7 [48.4, 114.2] 

 

Ethambutol AUC (μg.h/ml) 

 

Cmax (μg/ml) 

 

2.7 [2.2, 3.1] 

 

1.3 [1.1, 1.7] 

10.0 [8.1, 12.6] 

 

4.9 [4.2, 6.9] 

40.6 [30.6, 53.5] 

 

20.0 [15.3, 27.1] 

Table 5.9: Final steady state parameter estimates for AUC0-∞ and Cmax in plasma, ELF, and AC 

 

5.3.5 Intrapulmonary pharmacokinetics and treatment response 
 

Logistic regression was used to evaluate the relationship between intrapulmonary PK indices and 

2MCC or final outcome at 18-months (Table 5.10 and Table 5.11). The baseline MICs for rifampicin, 

isoniazid, and ethambutol were used to generate AUC/MIC and Cmax/MIC estimates for the subset of 

participants with complete data.  

Higher ethambutol AUC/MIC or Cmax/MIC, in either ELF or alveolar cells, was associated with poorer 

rates of 2MCC after adjusting for baseline bacillary load, CXR score, respiratory rate and symptom 

duration (Figure 5.21 and Table 5.10). The difference in median AUC/MIC or Cmax/MIC between 

culture converters and non-converters was small, and accompanied by wide inter-quartile ranges 

(Figure 5.21): these results should be interpreted with caution.   

Rifampicin Cmax in ELF was associated with final treatment outcome after adjusting for baseline 

bacillary load, CXR score, respiratory rate and symptom duration (Table 5.11). There was a trend 
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towards more favourable outcomes in participants with higher drug exposure for rifampicin, 

isoniazid, or pyrazinamide, but not ethambutol.  

 

 

Figure 5.21: Intrapulmonary PK and 2MCC 
Ethambutol AUC/MIC and Cmax/MIC in ELF or alveolar cells were associated with poorer odds of 2-month culture 
conversion. AC: alveolar cells; ELF: epithelial lining fluid.



 

  

Drug PK index Epithelial lining fluid Alveolar cells 

OR 95% CI p value Adjusted OR * 95% CI p value OR 95% CI p value Adjusted OR * 95% CI p value 
Rifampicin AUC 

AUC/MIC  

 

Cmax  

Cmax/MIC 

 

9.59 

0.19 

 

5.67 

0.19 

0.55-211.40 

0.02-1.56 

 

0.47-81.38 

0.02-1.37 

0.134 

0.148 

 

0.184 

0.120 

13.07 

0.22 

 

9.04 

0.25 

0.50-417.97 

0.01-2.42 

 

0.53-184.69 

0.02-2.51 

0.129 

0.239 

 

0.135 

0.264 

1.76 

0.33 

 

1.63 

0.33 

 

0.38-8.38 

0.06-1.36 

 

0.39-6.91 

0.07-1.29 

0.467 

0.158 

 

0.498 

0.142 

1.98 

0.31 

 

1.97 

0.37 

0.34-11.73 

0.04-1.76 

 

0.39-10.12 

0.06-1.82 

0.441 

0.224 

 

0.409 

0.251 

Isoniazid AUC 

AUC/MIC 

  

Cmax  

Cmax/MIC 

 

1.30 

0.54 

 

3.74 

0.60 

0.36-4.73 

0.19-1.37 

 

0.63-25.35 

0.19-1.59 

0.686 

0.223 

 

0.157 

0.333 

2.04 

0.56 

 

6.47 

0.65 

0.46-9.49 

0.17-1.62 

 

0.85-60.22 

0.18-2.00 

0.351 

0.310 

 

0.081 

0.478 

0.78 

0.38 

 

1.26 

0.39 

0.22-2.61 

0.11-0.99 

 

0.23-7.04 

0.10-1.10 

0.682 

0.075 

 

0.791 

0.117 

0.97 

0.36 

 

1.63 

0.39 

0.22-4.13 

0.09-1.11 

 

0.22-11.77 

0.08-1.31 

0.972 

0.106 

 

0.627 

0.176 

Pyrazinamide AUC 

 

Cmax  

 

0.77 

 

3.36 

0.05-11.27 

 

0.14-92.24 

0.844 

 

0.458 

1.38 

 

15.47 

0.06-31.57 

 

0.44-678.90 

0.839 

 

0.137 

0.24 

 

0.48 

0.02-1.97 

 

0.05-3.94 

0.196 

 

0.501 

0.30 

 

1.06 

0.02-4.09 

 

0.08-13.12 

0.384 

 

0.966 

Ethambutol AUC 

AUC/MIC  

 

Cmax  

Cmax/MIC 

 

2.42 

0.42 

 

0.86 

0.20 

0.46-12.85 

0.11-1.35 

 

0.05-15.57 

0.03-0.96 

0.294 

0.168 

 

0.917 

0.068 

1.49 

0.13 

 

1.48 

0.07 

0.2-11.17 

0.02-0.70 

 

0.05-42.01 

0.00-0.53 

0.695 

0.031 

 

0.817 

0.023 

2.06 

0.35 

 

0.59 

0.15 

0.40-10.66 

0.09-1.14 

 

0.04-8.91 

0.02-0.74 

0.386 

0.102 

 

0.701 

0.036 

0.83 

0.09 

 

0.33 

0.04 

0.11-6.22 

0.01-0.50 

 

0.01-8.12 

0.00-0.35 

0.861 

0.014 

 

0.499 

0.009 

Table 5.10: Intrapulmonary pharmacokinetic indices and 2MCC treatment response 
As only 39 culture-conversion outcomes were recorded in the Intrapulmonary Arm, the PK estimates for the whole cohort assessed here (n=121). Modelled estimates of AUC, AUC/MIC, Cmax, 
and Cmax/MIC are related to rates of 2-month culture conversion by logistic regression. * OR adjusted for known confounding variables identified in earlier chapters: CXR score, baseline bacillary 
load, symptom duration and baseline respiratory rate. OR: odds ratio; 95% CI: 95% confidence interval. 

 

 

 



 

 

 

Drug PK index Epithelial lining fluid Alveolar cells 

OR 95% CI p value Adjusted OR * 95% CI p value OR 95% CI p value Adjusted OR * 95% CI p value 
Rifampicin AUC 

AUC/MIC  

 

Cmax  

Cmax/MIC 

 

10.99 

3.25 

 

57.05 

5.75 

0.11-2179 

0.1-77.6 

 

0.62-10619 

0.23-137 

0.344 

0.472 

 

0.102 

0.270 

53.93 

2.96 

 

918.25 

6.18 

0.13-65926 

0.09-92.01 

 

2-2159897 

0.23-197.04 

0.230 

0.529 

 

0.048 

0.275 

0.91 

0.87 

 

1.57 

1.24 

0.08-9.26 

0.05-7.9 

 

0.15-14.7 

0.11-9.88 

0.941 

0.910 

 

0.702 

0.851 

0.73 

0.59 

 

1.95 

1.06 

0.02-14.91 

0.03-7.65 

 

0.09-29.37 

0.07-10.92 

0.860 

0.717 

 

0.646 

0.963 

Isoniazid AUC 

AUC/MIC 

  

Cmax  

Cmax/MIC 

 

6.2 

1.83 

 

7.16 

1.77 

0.63-74.6 

0.45-6.31 

 

0.36-133.31 

0.41-5.96 

0.129 

0.351 

 

0.187 

0.381 

5.24 

1.71 

 

8.65 

1.69 

0.43-82.66 

0.41-6.3 

 

0.33-243.09 

0.38-6.09 

0.208 

0.425 

 

0.191 

0.438 

2.36 

1.34 

 

1.75 

1.28 

0.3-19.82 

0.32-4.2 

 

0.1-30.43 

0.27-4.08 

0.419 

0.644 

 

0.704 

0.700 

1.53 

1.18 

 

1.16 

1.15 

0.14-17 

0.24-4.27 

 

0.04-32.84 

0.2-4.22 

0.722 

0.812 

 

0.932 

0.847 

Pyrazinamide AUC 

 

Cmax  

 

3.09 

 

9.47 

0.05-461.89 

 

0.05-2113.1 

0.632 

 

0.408 

12.29 

 

55.84 

0.04-8856 

 

0.08-70818 

 

0.417 

 

0.243 

2.66 

 

3.15 

0.07-91.64 

 

0.11-85.04 

0.589 

 

0.500 

2.16 

 

2.79 

0.03-180.3 

 

0.05-202.33 

0.729 

 

0.630 

Ethambutol AUC 

AUC/MIC  

 

Cmax  

Cmax/MIC 

 

0.29 

0.54 

 

1.61 

0.56 

0.01-4.27 

0.05-3.06 

 

0.02-129.88 

0.03-4.24 

0.399 

0.535 

 

0.827 

0.632 

0.33 

0.38 

 

1.32 

0.51 

0.01-9.13 

0.03-2.77 

 

0-513.82 

0.03-4.46 

0.532 

0.400 

 

0.923 

0.590 

0.38 

0.63 

 

4.22 

0.71 

0.02-5.88 

0.07-3.46 

 

0.05-497.73 

0.05-4.95 

0.518 

0.629 

 

0.539 

0.758 

0.49 

0.47 

 

3.65 

0.66 

0.01-12.9 

0.04-3.22 

 

0.02-1765 

0.05-5.35 

0.682 

0.489 

 

0.654 

0.720 

Table 5.11: Intrapulmonary pharmacokinetic indices and final treatment response 
As only 2 unfavourable outcomes were recorded in the Intrapulmonary Arm, the PK estimates for the whole cohort assessed here (n=121). Modelled estimates of AUC, AUC/MIC, Cmax, and 
Cmax/MIC are related to rates of favourable/unfavourable final outcomes by logistic regression. * OR adjusted for known confounding variables identified in earlier chapters: CXR score, baseline 
bacillary load, symptom duration and baseline respiratory rate. OR: odds ratio; 95% CI: 95% confidence interval. 
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5.4 Discussion 
 

This is the largest study of the intrapulmonary pharmacokinetics of first-line anti-TB therapy to date, 

using steady-state samples from patients with active pulmonary TB. These data show that the four 

first-line drugs have different abilities to penetrate epithelial lining fluid and alveolar cells, and all 

achieve higher concentrations in the lung than plasma.  

Given the conflicting data from plasma PK studies, it was hypothesised that site of infection PK may 

explain response to TB treatment. Similar to plasma, peak concentration of rifampicin in ELF was 

associated with more favourable final outcomes. There was a non-significant trend towards more 

favourable outcomes at 18-months in those with higher AUC and Cmax for rifampicin, isoniazid, and 

pyrazinamide in ELF and ACs, but this analysis was limited by a low number of unfavourable events in 

the cohort.  

Participants with lower ethambutol AUC/MIC or Cmax/MIC in alveolar cells or epithelial lining fluid 

had improved rates of 2 month culture conversion on adjusted analysis. Box and whisker plots show 

little difference in drug exposure between culture converters and non-converters, and this seems 

unlikely to be a real effect. This likely represents an incidental association as a result of outlying data 

points, or a spurious finding secondary to multiple comparisons, which may not be reproducible or of 

clinical significance. The following chapter will relate these PK indices to a continuous measure of 

bacillary elimination, and will offer greater resolution on any intrapulmonary PK-PD relationships.  

All patients in this study were receiving weight-based dosing of ATT according to international 

guidelines [100], and most patients were on appropriate mg/kg dosing (Chapter 4). While a range of 

drug exposures in plasma, ELF, and AC was seen, more pronounced PK-PD responses may be 

observed with increased dose. For rifampicin, doses up to 35 mg/kg result in “super-proportional” 

increases in plasma AUC, with improved early bactericidal activity [304, 308].  

Drug concentrations in epithelial lining fluid were several fold higher than plasma: nearly 50-fold for 

pyrazinamide, 15-fold for isoniazid, 4-fold for ethambutol, and 2-fold for rifampicin, and suggests 

that considerable anti-tuberculosis activity is present in this compartment. This differs from prior 

work by Conte et al in San Francisco, reporting that pyrazinamide ELF concentrations were 20-fold 

higher than plasma [233], isoniazid 3-fold higher in slow acetylators [208], but rifampicin ELF 

concentrations were one-fifth of plasma [345]. Where previous work occurred in healthy volunteers 

(with or without HIV infection), the samples in this study came from a cohort of adult patients with 

active pulmonary TB, many of whom were significantly immunosuppressed. Active inflammation, 

with increased permeability, cellular influx, and disruption of the blood-alveolar barrier may alter 

tissue drug penetration in those with ongoing infection, and partly explain the higher concentrations 

observed here [329]. Indeed, smoking, HIV-infection, and sepsis at baseline were all identified as 
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possible modulators of intrapulmonary drug penetration. However, no clear trends in ELF drug 

concentration with increasing right mid zone parenchymal involvement at baseline CXR were seen. 

There are some other important differences between this study and the previous work that explain 

the variances in PK profiles. Where previous work took single intrapulmonary samples after 5 days of 

single-drug treatment, this cohort had been taking quadruple therapy for 7-8 weeks by the time their 

first sample was taken. By this time, drugs will have reached steady-state, particularly important 

considering rifampicin auto-induction [141]. Additionally, samples were taken here at 3 timepoints 

post-dose. Peak intrapulmonary concentrations for rifampicin and isoniazid were seen 2-hours after 

drug administration, suggesting that single PK measurements at 4-hours post-dose will 

underestimate drug exposure. Furthermore, the volunteers in the previous studies were taking lower 

mg/kg doses of RHZE than the weight-based therapeutic doses prescribed in this study [208, 233, 

251, 345]. 

Previous data reported an association between slow acetylator status and higher intrapulmonary 

isoniazid concentrations [208]. Genotypic data were not collected here, but previous work on TB 

patients in Malawi found a high prevalence of slow acetylators [154][Sloan et al, unpublished data], 

that could also contribute to the higher isoniazid AUCs seen here.  

Differential drug penetration to ELF and AC can be explained by both the physicochemical properties 

of the drug, and the effects of active transport or drug efflux. Of the 4 first line drugs, pyrazinamide 

and isoniazid are smaller molecules, less protein-bound, and more hydrophilic than rifampicin [329, 

532]. These characteristics allow for greater penetration of ELF from alveolar capillaries, and will also 

enable rapid equilibration and good penetration of the caseum of granulomas [53, 210, 340]. By 

contrast, spatial LC-MS has demonstrated that rifampicin distributes slowly, but gradually 

accumulates in avascular caseum with repeated doses and remains detectable even after levels in 

plasma and uninvolved lung become undetectable [210]. As a large, hydrophobic molecule, 

rifampicin and its’ metabolites bind non-specifically to extracellular macromolecules or proteins in 

the caseum [210]. The data presented here demonstrate some accumulation within macrophages, 

but less than that seen for ethambutol. Macrophage uptake, and physicochemical properties that 

favour protein-binding in the caseum, may lead to sustained accumulation of rifampicin in cells and 

the caseum over time [210]. By these means, combined with potency against non-replicating bacilli 

[532, 533], rifampicin achieves excellent sterilising activity.   

Ethambutol concentrations in alveolar cells were nearly 15-fold greater than plasma, in agreement 

with previous studies [251, 329, 534]. Ethambutol has high macrophage uptake, but less caseum 

binding, with subsequent slow but substantial diffusion into caseum [534]. In contrast to rifampicin, 

ethambutol is poorly active against non-replicating Mtb [532, 534], and is unlikely to sterilise the 

caseum despite its’ favourable distribution. Instead, active transport of ethambutol into 

macrophages achieves high intracellular concentrations [349], and points to intracellular bacilli as a 
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main target of its’ anti-TB effectiveness. Resident macrophages are thought to derive from 

circulating monocytes during active disease, and measurement of concentrations of rifampicin and 

ethambutol in peripheral blood mononuclear cells of TB patients have shown comparable 

intracellular concentrations [535, 536]. Further drug partitioning may occur within intracellular 

compartments, and it is important to note that these concentrations represent whole cell only. 

Technical factors, errors, and assumptions made in the collection and analysis of BAL PK samples 

may lead to spurious conclusions if not considered. For one, samples taken at BAL do not represent 

true site of infection samples, but rather ‘near infection’ PK samples. The drug concentrations in ELF 

are of relevance to activity against free extracellular organisms, while intracellular drug 

concentrations may be extrapolated to those levels in the cellular mantle of granulomas. 

Furthermore, understanding the physicochemical properties of the drug allow us to assume that 

small, polar molecules such as isoniazid and pyrazinamide, having achieved high concentrations in 

ELF, will also penetrate the caseous material well.  

All intrapulmonary PK measurements were taken from the right middle lobe, with the assumption 

that they are representative of the whole lung. Ventilation-perfusion mismatch will result in greater 

drug exposure in the lower lobes of the lung [537], and disruption of the blood-tissue barrier at sites 

of infection may increase drug exposure as seen for fluoroquinolones in CNS TB [352].  No 

relationship between drug concentration and extent of parenchymal involvement was observed. By 

sampling from the same location in every participant it is possible to make comparisons between 

individuals. 

The method of BAL sampling introduces sources of variability into the PK measurements. Instillation 

of 200 ml of saline during the procedure results in an over 100-fold dilution of ELF. The LC-MS assay 

was successful in detecting drug in most samples at these low concentrations, but measures 

concentration in BAL rather than ELF. Assuming the urea concentration in plasma and ELF are in 

equilibrium, the urea dilution method estimates ELF volume in the BAL return [347, 348]. This 

method is imperfect: with longer BAL fluid dwell times, more urea diffuses into the BAL, artificially 

increasing the estimated of ELF volume, and reducing the estimates of ELF drug concentration. To 

minimise this, BAL dwell times were kept below 10 seconds. Traumatic BAL sampling, or right middle 

lobe inflammation may further alter the BAL urea measurements. 

Drug efflux from alveolar cells may follow the instillation of a large volume of BAL fluid, further 

compounded by cell lysis during sampling [329, 330, 349].  Moreover, the processing required to 

separate cell pellet from supernatant will result in additional drug loss. Previous work as part of the 

PI’s MRes project demonstrated that rapid centrifugation and separation of the cell pellet, and 

keeping samples cool, would reduce drug efflux and lysis during sampling (data not shown), built on 

work on intracellular accumulation of protease inhibitors [538]. In vitro studies of intracellular 

protease inhibitor efflux showed that 80% of saquinavir is lost within 5 minutes with washing and 
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extraction at 37oC, whereas use of cold centrifugation and ice-cold PBS in sample processing steps 

resulted in retention of >80% of cell-associated drug at 60 minutes. While ice-cold saline could not 

be used to collect clinical samples, BAL was placed immediately on ice, and centrifuged within 10 

minutes of collection. The high AC:ELF ratio for ethambutol, in agreement with previous work [251, 

534], shows that drug has successfully been retained in the cells by this sampling method. Though 

not possible to quantify the effect of cell lysis or drug efflux in these samples, consistency in the 

sample processing techniques here should minimise the effects of laboratory manipulation, and 

allow for comparison between study participants. 

Measurement of intracellular drug concentration is based on several assumptions; firstly that most 

of the cells retrieved are alveolar macrophages. AMs represent more than 90% of cells retrieved in 

healthy subjects [430], and immunophenotyping of BAL in Chapter 7 demonstrated that AMs were 

the most abundant cells retrieved. The first BAL aliquot will contain a greater proportion of epithelial 

cells, and as such, all samples were pooled. Given the mix of cells obtained, results are recorded as 

μg/ml of alveolar cells rather than μg/ml of alveolar macrophages. 

Secondly, the typical alveolar macrophage has a volume of 2.42 μl/106 cells. It was not possible to 

measure the cell volume in this work, and an estimate from the literature was used [329, 531]. This 

value has been used by other studies allowing ready comparison of the results [208, 233, 251, 345]. 

Alveolar macrophages are large cells, and the calculation of drug concentration for ‘alveolar cells’ 

using a volume denominator of 2.42 μl/106 cells will result in an underestimation of intracellular drug 

concentration. The high proportion of AMs retrieved in BAL will minimise this effect.  

Thirdly, the cell count is accurate. The cell count was obtained from the first pooled BAL Falcon Tube, 

immediately before centrifugation. Cell loss during centrifugation will result in fewer cells recovered 

than counted, and an underestimation of intracellular drug concentration by up to 20% [539]. Single 

centrifugation and minimal handing of the cell pellet will reduce this effect. Furthermore, only 

macrophages were counted at haemocytometry, with the effect that the measure of drug/106 cells 

would be over-estimated. Again, as macrophages form the majority of cells recovered, these effects 

are likely to be minimal, and the AC concentration is mainly a reflection of drug concentration in 

alveolar macrophages. Taken together, the effect of these sampling assumptions would 

underestimate the drug concentrations in the AMs.  

Use of block sampling and population PK modelling allows for some of the dynamics of tissue 

penetration to be seen, and in general, the intrapulmonary PK tended to mirror that of plasma. 

Despite observing concentrations in ELF and AC, attempts to fit 3-compartment mammillary or 

catenary models were unsuccessful. The parent plasma PK models were all 1-compartment in 

nature, and even when these peripheral compartments are observed, there was insufficient multi-

compartment character to the data to enable a stable fit. Modelling elimination from the peripheral 

lung compartments, such as in sputum or exhaled breath, may improve the model fit, but is likely to 



Chapter 5  Intrapulmonary pharmacokinetics 
 

  Page 167 

lead to problems with model identifiability [540]. Extending the plasma sampling window out to 24 

hours might identify 2-compartment plasma PK for isoniazid or ethambutol [159, 167], but was 

impractical in this cohort. Even with intrapulmonary samples at different timepoints, the model 

struggles to predict the compartmental PK with high precision. 

The final models described a constant ratio between plasma and ELF or AC, with inter-individual 

variability. This model fit for all 4 drugs, and the estimates for RELF and RAC were in keeping with the 

trends seen on the scatterplots. Describing intrapulmonary PK by ELF:plasma or AC:plasma 

concentration ratios is typical in the literature [208, 233, 251, 345, 347, 522]. While this gives an 

indication of the extent of distribution to the intrapulmonary compartment, it cannot capture 

system hysteresis or the dynamics of intrapulmonary drug penetration. As these models assume 

instantaneous equilibration, if the equilibration is not rapid, exposure in plasma will not be a good 

marker of intrapulmonary exposure.  

Finally, all PK measurements here are for total drug (protein-unbound plus bound), whereas only the 

unbound fraction is pharmacologically active and able to be transported or diffuse in to the ELF [329, 

520]. This is particularly important for rifampicin, where up to 80% in plasma may be protein-bound 

[329]. ELF protein concentrations in children are around 10% of plasma [541, 542], and lacking a 

more relevant value for this population, it is reasonable to assume negligible protein binding in ELF. 

Failing to account for the extent of protein binding would incorrectly suggest poor penetration into 

this compartment. 

Descriptions of CSF:plasma ratio are met with similar challenges, and it is recommended that 

corrections are made for plasma protein binding for rifampicin or fluoroquinolones [352, 543, 544]. 

Given an unbound fraction of rifampicin in plasma of 20% [126, 329], the RELF/unbound-plasma ratio will be 

approximately five-fold greater than the RELF/total-plasma recorded here: 9.85 compared to 1.97. 

Estimating the effect and extent of protein binding within the cellular compartment is more 

challenging to account for, and as such must be reported as a RELF/total-plasma ratio. Differences in the 

extent of protein binding between plasma and alveolar cells limits the usefulness of this ratio for 

rifampicin.  

In conclusion, the data in this chapter show high concentrations of RHZE in epithelial lining fluid and 

alveolar cells, well in excess of baseline MICs for drug-sensitive Mtb. Differences in drug partitioning 

within the intrapulmonary compartment may be important when developing new regimens, both to 

reduce transmission, and to ensure adequate sterilisation of lesions.  
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6 Pharmacodynamics 

6.1 Introduction 
 

In this cohort of patients with microbiologically-confirmed pulmonary TB, 37.3% of those with 

sufficient data remained culture positive at 2 months into treatment. Of the 114 participants with 

final outcome data at 18-months, 14 (12.3%) had an unfavourable outcome (treatment failure, 

death, or relapse). In this chapter, pharmacodynamic and microbiological endpoints are explored as 

early continuous measures of response to treatment, and related to the plasma and intrapulmonary 

pharmacokinetics of first-line drugs. 

Commonly used surrogates for relapse-free cure include 2MCC and time to culture conversion. While 

binary endpoints such as 2MCC and treatment failure or post-treatment relapse are simple to 

understand and interpret, the former has only modest correlation with final outcomes [66, 75, 76], 

and the latter requires lengthy follow up and large sample sizes [65]. Time to culture conversion 

offers a continuous measure of treatment response and more information than 2MCC alone, but is 

dependent on sampling frequency. 

The widespread adoption of automated liquid culture techniques has facilitated serial quantitative 

measures of bacillary load, offering greater resolution in monitoring response to treatment. Serial 

measures of TTP in culture, combined with mathematical modelling of bacillary elimination rates, 

have shown promise as an early surrogate marker of treatment response [89], but analysis can be 

computationally challenging. Furthermore, culture-based methods remain expensive, are prone to 

contamination, and can take up to 6 weeks to obtain a result.  As a treatment monitoring tool, they 

are limited to those with culture-confirmed PTB at baseline. 

DNA-based testing may address some of the limitations of culture-based methods. The Xpert 

MTB/RIF assay is a rapid, sensitive, commercially available PCR test that can accurately measure Mtb 

load beyond the detection limit of 131 organisms/ml in an in vitro suspension [545]. It is thought to 

only detect DNA from intact organisms, and may detect organisms not grown on conventional 

culture. Previous work has shown that Xpert MTB/RIF positivity may persist out to the end of TB 

treatment for up to a quarter of patients, when most smear and culture results have converted to 

negative [85]. Furthermore, Xpert MTB/RIF provides a semi-quantitative measure of bacillary load – 

the cycle threshold – that correlates well with the results of solid and liquid culture [546-548]. 

Mixed-effects modelling of serial cycle-threshold data, with partial likelihood modelling to account 

for negative / above limit of quantification samples [549, 550], may be a novel approach to using 

Xpert MTB/RIF as a treatment monitoring tool, and is explored in a pilot study in this chapter.  

Baseline minimum inhibitory concentrations for rifampicin, isoniazid, and ethambutol are described. 

RHZE efficacy is driven by AUC/MIC [261, 263-265], and to a lesser extent, the Cmax/MIC for RHE 
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[263-265], but limited data exists describing Mtb MIC distributions from most high-incidence TB 

settings [156, 279, 280]. At the end of this chapter, the PK indices generated in the preceding 

chapters are related to drug sensitivity (MIC) and bacillary elimination rates to better understand the 

interplay between drug exposure and microbiological response. 
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6.2 Methods 

6.2.1 Sputum smear microscopy 
 

Spot and overnight sputum samples were collected from participants at 5 points during the intensive 

phase of TB treatment, and once at the end of treatment. Samples were brought to the study office 

early in the morning on the day of collection, and transported to the MLW/CoM TB Laboratory as 

described in Chapter 2. On arrival at the laboratory, samples were logged and prepared for smear 

microscopy and liquid MGIT culture. 

Two microscopy methods were used: Auramine Phenol (AP) staining for serial sputum samples, and 

Ziehl Neelsen (ZN) staining of positive MGIT cultures. Slides were prepared in the same manner for 

both stains: glass slides were labelled with the participant ID number and the laboratory number, 

and the densest particles of sputa were selected and aspirated with a Pasteur pipette. The specimen 

was spread in a circular motion over an area of 1 x 2 cm, creating a thin smear on the slide. Slides 

were left to dry on a slide dryer for 5 minutes, then fixed by passing the slide through a flame 3-4 

times with the smear uppermost. A known positive and negative smear was included in every batch 

as a quality control measure, and whenever a newly prepared stain used.  

 

6.2.1.1 Auramine Phenol staining and microscopy 

6.2.1.1.1 Preparation of reagents 

AP solution 1 was made by dissolving 1 g of auramine in 100 ml 70% ethanol; solution 2 by dissolving 

30 g of phenol crystals in 900 ml distilled water. Solution 1 was filtered into solution 2. Decolourising 

solution (0.5% acid-alcohol) was prepared by mixing 5 ml of hydrochloric acid with 1000 ml 70% 

ethanol. Potassium permanganate counter stain was prepared by dissolving 5 g of potassium 

permanganate in 1000 ml of distilled water. All solutions were stored in amber bottles for a 

maximum of 3 months. 

 

6.2.1.1.2 Staining procedure 

Fixed slides were flooded with AP solution and stained for 15 minutes. Slides were rinsed with 

distilled water, and decolourised with 0.5% acid-alcohol for 2 minutes. Slides were again rinsed with 

distilled water, and flooded with potassium permanganate counter stain for 2 minutes. After a final 

rinse with distilled water, slides were air dried and read as soon as possible.  

 

6.2.1.1.3 Reading procedure 

Each slide was read by 2 independent readers. A third reader was employed in the event of 

discordant results. The positive control slide was read first. Slides were examined with the 40x 
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objective, making a series of systematic sweeps over the length of the smear (Figure 6.1). Mtb 

appeared as rod-shaped or curved, bright yellow emitting, bacilli against a dark background. A 

minimum of 70 fields were read before reporting as negative. AP slides were interpreted as per 

Table 6.1.  

 

 

Figure 6.1: Systematic smear microscopy 
Slides were moved longitudinally after examining a field to read the field immediately to the right. 

Grading Fields Interpretation 

‘negative’ 70 No bacilli seen 

‘doubtful’ 70 1-2 bacilli seen 

‘scanty’ or actual number counted 70 1 to 19 bacilli seen 

‘1+’ 50 2 to 18 bacilli seen 

‘2+’ 10 4 to 36 bacilli seen 

‘3+’ 1 10 to 90 bacilli seen 

Table 6.1: Interpretation of AP staining results 

 

6.2.1.2 Ziehl Neelsen staining and microscopy 

6.2.1.2.1 Preparation of reagents 

Carbol fuschin solution 1 was made by dissolving 3 g of basic fuschin in 100 ml 96% ethanol; solution 

2 by dissolving 50 g of phenol crystals in 900 ml distilled water. Solution 1 was added to solution 2 

and filtered into an amber bottle. Decolourising solution (3% acid-alcohol) was prepared by mixing 3 

ml of hydrochloric acid with 97 ml 70% ethanol. Methylene blue counter stain was prepared by 

dissolving 3 g of methylene blue in 1000 ml of distilled water. All solutions were stored in amber 

bottles; carbol fuschin and methylene blue for up to 12 months, decolourising agent for up to 6 

months. 

 

6.2.1.2.2 Staining procedure 

Fixed slides were flooded with carbol fuschin solution and stained for 15 minutes. During staining, 

slides were heated slowly until they were steaming, but not allowed to boil dry. Slides were heated 

to steaming 3 times at 5-minute intervals using a low or intermittent heat. Slides were rinsed with 

distilled water, and decolourised with 3% acid-alcohol for 3 minutes. If the carbol fuchsin stain was 

retained in the smear, the slide was under-decolourised and 3% acid-alcohol added for a further 

minute. Slides were again rinsed with distilled water, and flooded with methylene blue counter stain 

for 30 seconds. After a final rinse with distilled water, slides were air dried and read as soon as 

possible.  
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6.2.1.2.3 Reading procedure 

Slides were read in duplicate as for AP stained slides. Slides were examined with the 100x oil 

immersion objective, making a series of systematic sweeps over the length of the smear (Figure 6.1). 

Mtb appeared as fine red rods, slightly curved, 1-10 µm long. The bacilli may appear isolated, or in 

pairs or groups, standing out clearly against the blue background. A minimum of 100 fields were read 

before reporting as negative. ZN slides were interpreted as per Table 2.2.  

 

6.2.2 Xpert MTB/RIF 
 

The Xpert MTB/RIF assay (Cepheid) is an automated real time PCR assay that simultaneously detects 

Mtb and rifampicin resistance through identification of mutations in the rpoB gene [547]. Screening 

sputum samples were all processed using the Xpert MTB/RIF assay unless already performed by the 

NTP and the printed result seen. 

 

6.2.2.1 Sample preparation 

Raw sputum was used for this assay, without NALC-NaOH decontamination, as per manufacturer’s 

instructions [551]. In brief, Sample Reagent at a 2:1 ratio (v/v) was added to the raw sputum sample. 

The sample container’s lid was secured, and the sample shaken vigorously 10-20 times. The sample 

was left to liquefy at room temperature for 15 minutes, with further shaking halfway through the 

incubation.  

The liquefied sample was added to the sample chamber of the Xpert MTB/RIF cartridge using a 

sterile transfer pipette. The lid was secured, and the GeneXpert Instrument System turned on. The 

participant’s details were entered, the cartridge barcode scanned, and the cartridge loaded into the 

instrument module door. After 2 hours, the test would be complete, and the result available on 

screen for printing.  

 

6.2.2.2 Interpretation of results 

The assay is semi-quantitative, with a linear relationship between the Mtb-specific cycle threshold 

(CT) and the log of Mtb colony forming units present in the sample [552]. The assay has 5 rpoB 

probes, and automatically assigns each sample a semi-quantitative grade based on the CT of the first 

positive probe (‘High’: CT ≤ 16; ‘Medium’: CT > 16 and ≤22; ‘Low’: CT > 22 and ≤ 28; ‘Very low: CT >28 

and ≤38). ‘MTB DETECTED’ is reported when at least two probes result in CT values within the valid 

range and a delta CT min (the smallest CT difference between any pair of probes) is less than 2.0. ‘Rif 

Resistance DETECTED’ is reported if the delta CT max is >4.0 [551]. 
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All participants were required to have a positive result (‘MTB DETECTED’) with no evidence of 

rifampicin resistance. Results were captured onto a spreadsheet (‘Negative’, ‘Positive, rifampicin 

resistance NOT detected’, ‘Positive, rifampicin resistance detected’ or ‘Invalid / error’), and the CT 

value recorded. 

 

6.2.2.3 Monitoring tuberculosis treatment using Xpert MTB/RIF 

This was a nested sub study performed by Aaron Chirambo, SPITT Study Laboratory Technician, 

supported by the Helse Nord Tuberculosis Initiative. Raw sputum samples from the 50 participants in 

the Intrapulmonary Arm were retrieved from storage, thawed, and processed using the Xpert 

MTB/RIF assay. In addition, BAL supernatant was thawed, vortexed, and 15 ml transferred to 2 kDa 

NMWL Amicon Ultra-15 Centrifugal Filter Units (Merck). Samples were centrifuged at 2,700 x g for 

40 minutes to achieve a concentrated solution of 600 – 5,000 µl. 1.5 ml of Sample Reagent was 

added to 500 µl of concentrated BAL, and processed using the Xpert MTB/RIF assay. Results were 

recorded as a binary positive / negative, and the CT value of positive samples documented. 

This created a dataset of Xpert MTB/RIF results consisting of sputum samples taken at screening 

(week 0), S2 (weeks 3-4), S4 (weeks 7-8), and end of treatment (week 26), alongside BAL concentrate 

collected at weeks 7-8 and 15-16. Data analysis was performed by Aaron and the PI. The relationship 

between sputum smear grade, time-to-positivity in liquid culture, and Xpert MTB/RIF cycle threshold 

at the different time points was explored using logistic and linear regression. Bacillary elimination in 

sputum by Xpert MTB/RIF was modelled using the ‘nlme’ package in R and NONMEM as described 

later for the serial TTP results. 

 

6.2.3 Liquid MGIT culture 

 

6.2.3.1 Sputum sample decontamination 

Use of selective media supports mycobacterial growth, but may be contaminated by mycobacteria 

other than tuberculosis (MOTT), bacterial, and fungal pathogens [553] that overgrow any Mtb 

present. Contamination rates in the region of 2-30% of samples have been reported [496, 553-557], 

and as such, clinical specimens from non-sterile sites must be decontaminated before culture. 

Insufficient decontamination will result in high sample loss to contamination, whereas excessive 

decontamination may kill Mtb resulting in false negatives and underestimated measures of bacillary 

load [558, 559]. 

All study sputum samples collected were cultured in liquid media. Samples were processed within 24 

hours of receipt at the laboratory. Sputum samples were transferred to a 50 ml Falcon Tube by 

Pasteur pipette, and an equal volume of N-acetyl-L-cysteine / sodium hydroxide 3% (NALC-NaOH) 

added. Samples were decontaminated for 15 minutes, vortexing once during this time. 
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NALC-NaOH was neutralised by adding sterile pH 6.8 phosphate buffer up to the 50 ml mark of the 

centrifuge tube. The sample was inverted several times, and centrifuged at 3,000 x g for 20 minutes. 

Supernatant was discarded in Surfanios, and the pellet resuspended in the residual fluid and 0.5 ml 

of PBS. 

 

6.2.3.2 Liquid culture using BACTEC MGIT 960 

Liquid culture was performed using the BACTEC MGIT 960 automated mycobacterial detection 

system (Becton Dickinson) following manufacturer’s instructions. In brief, this system uses an 

oxygen-sensitive fluorescent compound embedded in silicone at the bottom of the culture tube 

(Figure 6.2). This compound is sensitive to the presence of oxygen dissolved in the broth, and 

fluoresces as the oxygen is used up by respiring organisms [553]. An instrument-positive tube 

contains approximately 105 to 106 CFU/ml [560]. 

 

Figure 6.2. MGIT tube and serpentine cording 
A: MGIT tube. The tube contains 7 ml of modified Middlebrook 7H9 broth, and OADC growth supplement and 
PANTA antibiotic mixture added before use. The orange at the bottom of the tube is the oxygen-sensitive 
fluorescent compound embedded in silicone. B: Serpentine cording of Mtb-complex in liquid media. From [561]. 

 

MGIT bottles containing 7 ml of modified Middlebrook 7H9 Broth base were labelled with participant 

and laboratory ID, and date. 1 vial of antibiotic mixture (PANTA: 6000 units polymyxin B, 600 µg 

amphotericin B, 2400 µg naladixic acid, 600 µg trimethoprim, 600 µg azlocillin) was reconstituted in 

15 ml of MGIT growth supplement (OADC) and 0.8 ml added to each MGIT tube before specimen 

inoculation. Using a sterile pipette, 0.5 ml of well-mixed concentrated specimen was added to the 

appropriately labelled MGIT tube, and mixed by inverting the tube several times. A positive (H37Rv 

or any known positive) and negative control were included in every batch. 

MGIT tubes were taken to the automated mycobacterial detection system and scanned in. Samples 

were placed in the assigned station in the drawer, and incubated at 37oC until the instrument flags 
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them as positive. After a maximum of 6 weeks, the instrument flags the tube as negative if no 

growth has been detected. 

 

6.2.3.3 Confirming culture positivity 

All positive MGIT cultures were further examined to confirm the presence of Mtb, and to identify any 

contaminants. A range of possible outcomes of these tests were possible, as described for 2MCC in 

Chapter 3, and illustrated in Figure 6.3. 

 

 

Figure 6.3: Flowchart for assigning TB culture results 
A positive result from liquid MGIT culture may indicate Mtb, contaminated Mtb growth (bacterial / fungal), or 
MOTT. ZN staining, MTP64 antigen testing, cording and growth on LJ slopes under different conditions were all 
used to differentiate between these conditions.  

 

Positive samples were removed from the automated detection system, concentrated by 

centrifugation, and a ZN smear prepared from the resuspended pellet as described above. Negative 
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ZN smears were returned to the incubator for a further 2 weeks. If subsequently confirmed 

identification as Mtb, these samples were reported as ‘initial contamination’. If not confirmed after 2 

weeks, the sample would be re-cultured from the stored pellet, and if still ZN negative, reported as 

‘final contamination’.  

Positive samples with AFB identified on ZN staining underwent further tests to confirm the presence 

of Mtb: examination for cording, MTP64 antigen testing, and culture on blood agar to identify 

contaminants. Mtb grown in liquid media display serpentine cording, with the AFB orientated in 

parallel along the long axis of the cord (Figure 6.2) [562]. Cord formation had a positive predictive 

value of 98.5%, and could be used for the presumptive identification of Mtb-complex [561]. As cord 

formation is typically absent in cultures of MOTT, this was used as one of the criteria to identify Mtb-

complex. 

A second test used a lateral flow immunochromatographic assay to detect the Mtb-complex-specific 

MTP64 antigen. This assay detects the secreted protein MTP64, found in unheated culture fluids 

from Mtb-complex [563-565]. The presence of Mtb rather than MOTT was confirmed using the MGIT 

TBc Identification Test with 100 µl of resuspended cell pellet (Becton Dickinson) [566, 567]. 

Confirmation of Mtb required identification of cording on ZN staining, and MTP64 antigen positivity. 

Confirmation of Mtb culture positivity did not exclude the possibility of contamination with 

additional bacterial or fungal organisms in the culture. As the TTP was used as a measure of bacillary 

load, contaminating organisms may shorten the TTP and give a false measure of bacillary burden. 50 

µl of cell pellet from positive cultures, with Mtb confirmed by cording and MTP64 antigen testing, 

was plated onto blood agar and incubated for 48 hours at 37oC. Should any bacterial or fungal 

organisms grow, the sample was reported as ‘mixed contamination’. 

Positive samples with no cording on ZN stain, or MTP64 antigen negative, underwent further 

investigation for MOTT by assessing for growth at different temperatures with and without 

paranitrophenol benzoic acid (PNB). MOTT will grow on Lowenstein-Jensen (LJ) at 25oC, 37oC, and 

45oC, in the presence or absence of PNB [568, 569]. Mtb will only grow on the LJ slopes at 37oC with 

no additional PNB. 

LJ slopes were prepared as per WHO/IUATLD guidelines [570]. Positive samples were inoculated 

onto 3 LJ-only slopes, incubated at 25oC, 37oC, or 45oC, and 1 LJ slope containing 500 mg/l PNB 

incubated at 37oC. Positive and negative controls were included with every batch. Growth only on 

the LJ-only slope indicated Mtb, whereas growth on any of the other slopes indicated MOTT. As 

before, samples identified as Mtb were cultured on blood agar to identify mixed contamination. 

Mtb-positive isolates were stored in 30% glycerol at -80oC. 
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6.2.3.4 Determining time-to-positivity 

The BACTEC MGIT 960 automated mycobacterial detection system scans the MGIT tubes every 60 

minutes for increasing fluorescence. Time to positivity is output by the instrument as the time 

between the start of incubation and the detection of growth to the nearest hour.  

Final culture results (Figure 6.3) with the TTP were recorded on a spreadsheet and uploaded to the 

study server. TTP results for negative (> 42 days), contaminated, re-cultured, and MOTT cultures 

were not included in the analysis. 

 

6.2.4 Mixed effects modelling of TTP data 
 

Mixed effects modelling of TTP data was performed using the ‘nlme’ package in R. Participants 

required 2 or more TTP measurements from serially collected sputum samples collected in the 

intensive phase of treatment for this analysis. TTP data were transformed into the log of the 

reciprocal (log10(1/TTP)), subsequently referred to as the transformed TTP, to show a decline in 

bacillary load over time. 

Several different models were attempted: a linear mixed effects model of Mtb-positive TTP results 

only, linear mixed effects models with an imputed TTP value of 43 days for the first negative culture, 

and non-linear mixed effects models. Attempts to model curvature with quadratic and spline 

functions were met with non-convergence, and consequently a linear mixed effects model was 

adopted. This took the form: 

 log10(
1

𝑇𝑇𝑃
) = 𝑎 + 𝑏 ∗ 𝑑𝑎𝑦𝑠 𝑜𝑛 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡 

where a represented the intercept (modelled baseline bacillary load), and b the slope (bacillary 

elimination rate: BER). Random effects on a and b were included in the model.  

To account for TTP results above the limit of quantification (LOQ, 42 days using the BACTEC MGIT 

960), a partial likelihood approach using the M3 method (Laplacian) was adopted [549, 550]. 

Observations above the LOQ are treated as fixed-point censored observations, and the maximum 

likelihood estimation method used to fit the PD model to all the observations. The likelihoods for the 

above LOQ observations are taken to be the likelihoods that these observations are indeed above 

LOQ. The partial likelihood method was performed in NONMEM VII version 3.0 (Icon Development 

Solutions), and the control stream included in Appendix J: Pharmacodynamics NONMEM control 

stream.  

Basic goodness-of-fit diagnostics were used to evaluate systematic errors and model 

misspecification. The minimal OFV (equal to -2 log likelihood) was used as a goodness-of-fit metric 
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with a decrease of 3.84 corresponding to a statistically significant difference between models 

(p=0.05, χ2 distribution, one degree of freedom). Residual plots were also examined.  

 

6.2.5 MIC determination 
 

For an antibiotic dose to effectively kill an organism, it must achieve a certain threshold exposure 

above the MIC at the site of infection [571]. AUC/MIC and Cmax/MIC are key PK-PD indices in 

understanding drug efficacy. Baseline drug susceptibility of screening isolates was measured on 

custom-made microtitre plates (UKMYC3 Sensititre, Thermo Scientific). These assays used 96 well 

plates with increasing concentrations of rifampicin (0.015-16 µg/ml), isoniazid (0.015-16 µg/ml), and 

ethambutol (0.25-16 µg/ml) (Figure 6.4). Pyrazinamide was not assessed due to its’ need for acidic 

test conditions.  

84 plates were available, with each plate containing space for 1.5 samples run in duplicate. Only 

participants with uncontaminated isolates of Mtb on screening samples were included in this 

analysis. Mtb isolates were retrieved from -80oC storage, and revived by incubating in liquid MGIT 

culture. Once flagged as positive on the automated mycobacterial detection system (approximately 

105 to 106 CFU/ml [560]), the Mtb isolates were inoculated onto LJ slopes and read weekly 

thereafter. Mtb colonies appeared as rough, crumbly, waxy, non-pigmented or cream/yellow 

coloured colonies, and microscopic confirmation using ZN staining confirmed that the colonies were 

AFB. 

All MIC work was completed in the Containment Level 3 facility at the MLW/CoM Hit TB Hard 

Laboratory. Colonies were scraped from the LJ slope and emulsified in a tube containing saline, 0.2% 

Tween, and glass beads. Samples were vortexed for 30 seconds, and allowed to settle for 15 

minutes. Turbidity was adjusted to 0.5 McFarland standard (approximately 1.5 x 108 cfu/ml, 

absorbance 0.08 to 0.1) using a 600 nm optical density reader (Biochrom). 100 µl of the suspension 

was transferred to a Falcon Tube containing 10 ml 7H9 broth supplemented with 10% OADC, 

vortexed for 30 seconds, and allowed to settle for 15 minutes. 100 µl was transferred into each well 

of the microtitre plate, sealed, and placed in the incubator at 37oC. Plates were incubated for 10 

days before inspection for growth. If growth was poor after 10 days, the plates were rechecked at 14 

and 21 days. 

Plates were read when growth was clearly visible in the 3 positive control wells for each sample 

(Figure 6.4). The MIC was recorded as the lowest concentration with no visible growth for each 

antibiotic. Each plate was read independently by 2 readers, and each sample duplicated. Samples 

were repeated from a fresh inoculum if there was a discrepancy between the results from duplicate 

assessment or between the 2 readers. 



Chapter 6  Pharmacodynamics 
 

Page 180 

 

Figure 6.4. MIC microtitre plates 
A: Layout of MIC plates. 3 samples, or 1.5 in duplicate, could be run per plate. Each sample has 3 positive 
controls in the top row, with the 3 antibiotics at increasing concentration in the remaining wells. B: MIC plate 
(underside) showing Mtb growth. Mtb colonies appear as chalky circles in the bottom of the well. The positive 
controls (boxed, red) must show growth for the plate to be read. Plate photographed from underside to better 
show colonies. POS CON: positive control; RIF: rifampicin; INH: isoniazid; EMB: ethambutol. Concentrations in 
µg/ml. 
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6.2.6 PK-PD Modelling 
 

The plasma, ELF, and AC PK indices (AUC0-∞ and Cmax) generated in Chapters 4 and 5 were used to 

inform the PK-PD modelling. AUC/MIC and Cmax/MIC were calculated from measurements of baseline 

MIC above.  

Two pharmacodynamic responses were assessed: BER from mixed effects modelling of serial 

transformed TTP data, and time-to-negativity (TTN). Both give slightly different pharmacodynamic 

information: the BER measures the decline in bacillary load over time on treatment, and the TTN 

combines information on both BER and baseline bacillary load. 

Log-transformed PK indices were included as covariates in the final BER model developed in 6.2.4 

above. Covariates were added to the base model as shown below. 

𝑇𝑉(𝐵𝐸𝑅) = 𝜃𝐵𝐸𝑅 + (𝜃𝑃𝐾 ∗ (
𝑃𝐾

𝑚𝑒𝑎𝑛𝑃𝐾

)) 

The typical value for BER (TV(BER)) was calculated from the sum of the fixed/population effect for 

BER (θBER) and the fixed effect for the log-transformed PK parameter (θPK), multiplied by the 

standardised PK parameter. Inter-individual effects were included on TV(BER). Analysis was 

restricted to those with observations in the compartment of interest. PK-BER relationships were 

considered significant if associated with a decrease in OFV (>3.84, p=0.05, χ2 distribution, one degree 

of freedom), with improved goodness of fit plots and parameter estimate precision. 

TTN was calculated using the equation below: 

𝑇𝑇𝑁 =
𝐿𝐿𝑄 − 𝑎

𝑏
 

where LLQ was the transformed TTP limit of quantification (log10(1/42 days)), a the intercept, and b 

the slope, generated from mixed effects modelling above. Univariate linear regression was used to 

explore the relationships between PK indices and TTN. 
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6.3 Results: smear, culture, and Xpert MTB/RIF conversion 

6.3.1 Sample collection and contamination 
 

A total of 990 sputum samples were collected and analysed by smear microscopy and liquid culture. 

138 (14%) cultures were contaminated (Figure 6.5), of which 62 were initial or mixed contamination 

with Mtb also identified in the sample. Only 2 samples were identified as containing a MOTT. 

Bacillary load data from contaminated samples were discarded. 460/990 (46.5%) of samples grew 

pure cultures of Mtb.  

 

 

Figure 6.5: Sputum culture contamination rates at different study visits 
Pre-treatment: samples collected at TB diagnosis as part of extended monitoring and evaluation; Screening: 
week 0; S1: weeks 1-2; S2: weeks 3-4; S3: weeks 5-6; S4: weeks 7-8; EOT: end-of-treatment at week 26.   

 

6.3.2 Two-month smear conversion 
 

926 sputum smear microscopy results were available. 836 were collected by the study, and a further 

90 diagnostic sample results were made available by the NTP and Hit TB Hard Study.  

The number of smear-positive samples declined over time, with only 4 participants remaining smear-

positive after 6 months of treatment. 35 (22.4%) were already smear-negative on their screening 

sample. This spot sample was typically taken on day 0 of treatment, but ranged up to a maximum of 

5 days into treatment. After 1 or 2 doses of RHZE, some participants with lower bacillary loads may 

be expected to have already smear-converted. Scanty and doubtful smear results were counted as 

positive, though may be reported as inconclusive in some laboratories. 
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Smear 

status 

NTP 

diagnostic 

sample  

(n=90) 

Screening  

Week 0 

(n=156) 

S1  

Weeks 1-2 

(n=147) 

S2 

Weeks 3-4 

(n=140) 

S3  

Weeks 5-6 

(n=131) 

S4 

Weeks 7-8 

(n=136) 

End-of-

treatment 

Week 26 

(n=126) 

Negative 

(n, %) 

0 (0.0) 35 (22.4) 48 (32.7) 61 (43.6) 70 (53.4) 90 (66.2) 122 (96.8) 

Positive 

(n, %) 

 

Scanty 

1+ 

2+ 

3+ 

90 (100.0) 

 

 

4 (4.4) 

17 (18.9) 

24 (26.7) 

45 (50) 

121 (77.6) 

 

 

11 (7.1) 

21 (13.5) 

26 (16.7) 

63 (40.4) 

99 (67.3) 

 

 

11 (7.5) 

15 (10.2) 

26 (17.7) 

47 (32) 

79 (56.4) 

 

 

16 (11.4) 

16 (11.4) 

22 (15.7) 

25 (17.9) 

61 (46.6) 

 

 

15 (11.5) 

20 (15.3) 

16 (12.2) 

10 (7.6) 

46 (33.8) 

 

 

16 (11.8) 

11 (8.1) 

13 (9.6) 

6 (4.4) 

4 (3.2) * 

 

 

3 (2.4) 

1 (0.8) 

0 (0.0) 

0 (0.0) 

Table 6.2: Sputum smear status over time on treatment 
* Patients with any degree of smear-positivity at end of treatment were referred back to the NTP for 
consideration of re-treatment. 

Smear conversion required a positive smear at baseline, converting to negative smear, without 

subsequent reversion to positive (stable conversion). 130/157 (82.8%) participants had at least one 

positive smear result, and 115/157 (73.3%) participants had sufficient data to assign a two-month 

smear conversion (2MSC) outcome. 70/115 (60.9%) had smear converted by 2 months (Figure 6.6).  

 

6.3.3 Two-month culture conversion 

 

142/157 (90.4%) participants had at least one confirmed Mtb culture. Additional ‘pre-treatment’ 

culture results were available from the Hit TB Hard extended monitoring and evaluation (M&E) 

programme. Sputum samples were collected from the NTP offices at the time of TB diagnosis, and 

cultured using the same liquid MGIT culture protocol, in the same laboratory, by the same 

personnel. Pre-treatment culture results were available for 140 study participants. Sputum culture 

results are summarised in Table 6.3. Participants with no positive culture results were withdrawn 

from this analysis. 

Culture status 

Total participants 

n=142 

M&E pre-

treatment 

sample  

(n=140) 

Screening  

Week 0 

(n=141) 

S1  

Weeks 1-2 

(n=133) 

S2 

Weeks 3-4 

(n=126) 

S3  

Weeks 5-6 

(n=117) 

S4 

Weeks 7-8 

(n=122) 

End-of-

treatment 

Week 26 

(n=111) 

Negative 

(n, %) 

 

Culture negative 

Final contamination 

MOTT 

18 (12.9) 

 

 

16 (11.4) 

0 (0.0) 

2 (1.4) 

12 (8.5) 

 

 

10 (7.1) 

2 (1.4) 

0 (0.0) 

23 (17.3) 

 

 

18 (13.5%) 

5 (3.8%) 

0 (0%) 

55 (43.7) 

 

 

45 (35.7) 

10 (7.9) 

0 (0.0) 

56 (47.9) 

 

 

45 (38.5) 

11 (9.4) 

0 (0.0) 

75 (61.5) 

 

 

66 (54.1) 

9 (7.4) 

0 (0.0) 

110 (99.1) 

 

 

101 (91.0) 

9 (8.1) 

0 (0.0) 

Positive 

(n, %) 

 

Positive, Mtb 

Initial contamination 

Mixed contamination 

122 (87.1) 

 

 

115 (82.1) 

7 (5.0) 

0 (0.0) 

129 (91.5) 

 

 

116 (82.3) 

7 (5.0) 

6 (4.3) 

110 (82.7) 

 

 

91 (68.4) 

14 (10.5) 

5 (3.8) 

71 (56.3) 

 

 

55 (43.7) 

14 (11.1) 

2 (1.6) 

61 (52.1) 

 

 

46 (39.3) 

12 (10.3) 

3 (2.6) 

47 (38.5) 

 

 

37 (30.3) 

8 (6.6) 

2 (1.6) 

1 (0.9) * 

 

 

0 (0.0) 

1 (0.9) 

0 (0.0) 

Table 6.3: Sputum culture status over time on treatment 
Serial sputum samples were decontaminated and cultured in MGIT. Only the 142 participants with at least one 
positive culture are shown here. * Participants with a positive culture at end of treatment were referred back to 
the NTP for consideration of re-treatment.   
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38.5% of samples remained culture-positive for Mtb at the end of the intensive phase. 2MCC was 

defined as positive Mtb culture at baseline, converting to negative culture by week 8 of treatment, 

without subsequent reversion to positive (stable culture conversion). 126 participants had sufficient 

data to assign this endpoint, with 79/126 (62.7%) culture converting by 2 months. Figure 6.6 is a 

Kaplan-Meier plot of time to smear and culture conversion. The time to culture conversion (TTCC) 

was taken as the midpoint between the last positive and first negative culture for each participant. 

The median TTCC was 30 days [IQR 15-42 days]. 

 

 

Figure 6.6: Kaplan-Meier plot of time to smear and culture conversion 
Smear conversion: blue dotted line (n=115); culture conversion: red solid line (n=126). 

 

6.3.4 Xpert MTB/RIF conversion 
 

These data were collected and analysed by the study laboratory technician and the PI. Samples from 

43 of the participants in the Intrapulmonary Arm were assessed. 197 sputum samples taken during 

the intensive phase and at treatment completion were processed, alongside 74 concentrated BAL 

samples. Only one BAL sample, taken at the first bronchoscopy, was positive on Xpert MTB/RIF 

testing.  

There was a clear relationship between both smear grade, transformed TTP, and cycle threshold, and 

in keeping with the trends in smear and culture status on treatment, cycle threshold increased over 

time (Figure 6.7). 4/34 (11.8%) of samples remained Xpert MTB/RIF-positive at the end of TB 

treatment (Figure 6.8). Section 6.5.6 explores the use of modelled BER by serially collected Xpert 

MTB/RIF cycle threshold as a treatment monitoring tool.  
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Figure 6.7. Sputum cycle threshold and bacillary load 
A: Sputum cycle threshold on Xpert MTB/RIF was closely correlated with smear grade. The red dashed line 
represents the limit of detection. B: Sputum cycle threshold on Xpert MTB/RIF was closely correlated with 
transformed TTP in liquid (MGIT) culture. Transformed TTP (log10(1/TTP)) is a measure of bacillary load. TTP and 
cycle threshold data from all participants pooled for these plots. 

 

Figure 6.8: Sample positivity by diagnostic modality 
4/34 (11.8%) of samples remained positive by Xpert MTB/RIF testing after 26 weeks of treatment. 

 

 

 

 

 

 

A B 
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6.4 Results: microbiological predictors of response 

6.4.1 Two-month culture conversion 
 

Predictors of 2MCC are explored in Chapter 3. The relationship between plasma and intrapulmonary 

pharmacokinetics of ATT and 2MCC were explored in Chapters 4 and 5.  

 

6.4.2 Baseline bacillary load 

The time-to-positivity in liquid culture was used as a measure of bacillary load, with greater 

transformed TTP values representing a heavier bacillary burden. On exploratory univariate linear 

regression (Table 6.4), CXR score, cavitation on baseline CXR, and baseline haemoglobin were 

associated with baseline bacillary load. On multivariate analysis, only CXR score had a significant 

relationship to baseline bacillary load (estimate: 0.002; SE: 0.001; p=0.030), with higher CXR scores 

associated with higher bacillary loads. Those with higher bacillary loads were less likely to culture 

convert by 2 months (Figure 6.9). 

 

Variable Univariate analysis Multivariate analysis 

Estimate SE p value Estimate SE p value 

Age (years) -0.003 0.002 0.210 - - - 

Male sex -0.012 0.052 0.813 - - - 

Duration of symptoms 
(weeks) 0.007 0.005 0.194 - - - 

Ever smoked tobacco 0.052 0.044 0.246 - - - 

Ever drank alcohol -0.009 0.044 0.835 - - - 

HIV infected -0.008 0.044 0.866 - - - 

Baseline CD4 (cells/mm3) 0.000 0.000 0.312 - - - 

Change in CD4 (cells/mm3) 0.000 0.000 0.982 - - - 

BMI (kg/m2) -0.012 0.009 0.175 - - - 

Change in weight over 
treatment in kg 0.005 0.006 0.367 - - - 

Baseline pulse (bpm) 0.000 0.001 0.696 - - - 

Baseline respiratory rate 
(bpm) -0.004 0.005 0.392 - - - 

Clinically septic at baseline* -0.056 0.064 0.382 - - - 

Baseline haemoglobin 
(g/dl) -0.021 0.012 0.091 -0.017 0.012 0.166 

Baseline white cell count 
(x103/μl) 0.011 0.008 0.160 - - - 

Baseline monocyte-
lymphocyte ratio 0.027 0.049 0.58 - - - 

Baseline creatinine 
clearance (ml/min) 0.000 0.001 0.561 - - - 

Baseline bilirubin (μmol/l) 0.001 0.003 0.69 - - - 

Baseline ALT (IU/l) 0.002 0.001 0.106 - - - 

CXR score 0.002 0.001 0.019 0.002 0.001 0.030 

No cavitation on CXR -0.076 0.044 0.083 - - - 

Table 6.4: Univariate and multivariate analysis of factors influencing baseline transformed TTP 
Transformed TTP (log10(1/TTP)) is a measure of bacillary load.  Variables significant to p<0.10 on univariate 
testing included in the multivariate analysis. Cavitation not included in the multivariate analysis due to 
collinearity with CXR score. * Based on source of infection, and 2 or more of: temperature <36oC or >38oC, pulse 
>90 beats per minute, respiratory rate >20 breaths per minute, white cell count <4 or >12 x 103/µl. SE: standard 
error. 
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Figure 6.9: Two-month culture conversion versus baseline transformed TTP 
Transformed TTP (log10(1/TTP)) is a measure of bacillary load. Participants with lower bacillary loads were more 
likely to convert. 

 

6.4.3 Time-to-culture conversion 
 

TTCC was associated with multiple predictor variables on exploratory univariate analysis: age, male 

sex, HIV status, baseline CD4, baseline pulse, baseline white cell count, creatinine clearance, ALT, 

CXR score and presence of cavitation. On multivariate analysis, male sex (estimate: -9.097; SE: 3.654; 

p=0.016) and higher baseline pulse (estimate: -0.229; SE: 0.084; p=0.009) were associated with 

shorter TTCC. Participants with a higher baseline bacillary load had a shorter time to culture 

conversion (p=0.004, Figure 6.10).  

 

Figure 6.10: Time to culture conversion versus baseline transformed TTP 
Participants taking longer to culture convert were more likely to have a higher baseline transformed TTP. 
Transformed TTP (log10(1/TTP)) is a measure of bacillary load. 



Chapter 6  Pharmacodynamics 
 

Page 188 

6.5 Results: modelling bacillary elimination rate 

6.5.1 Description of dataset 
 

TTP data from Mtb-positive cultures were used to model changes in bacillary load over time. From 

990 sputum cultures, 522 (52.7%) grew Mtb. 62 of these samples were contaminated and their TTP 

result discarded. Pre-treatment TTP results were available for several participants, collected through 

the extended M&E programme (see Chapter 2) and included in this total. As participants could only 

have one baseline result, the criteria below were used to choose the baseline specimen: 

• Screening culture Mtb positive at day 0 – this was the baseline TTP 

• Screening culture Mtb negative, but M&E result positive – the latter was the baseline TTP 

• M&E culture Mtb positive at day 0 and screening culture Mtb positive at day 1 or later – the 

former was the baseline TTP, the latter counted as a ‘late screening’ result 

• M&E culture negative and screening culture Mtb positive at day 1 or later – the latter was 

the baseline TTP  

By adopting these criteria, it was possible to increase the size of the dataset, and collect more results 

as close to the start of TB treatment as possible. For 110 participants, the TTP data collected by the 

SPITT Study were used for the baseline bacillary load, and in 17 participants, the M&E data were 

used. In 30 participants, the M&E data were used for the baseline, with an additional data point 

provided by the later SPITT screening sample. As pharmacodynamic modelling requires at least 2 

positive results per participant, the final dataset for modelling contained TTP data from 390 cultures. 

TTP results were transformed into the log of their reciprocal (transformed TTP) prior to modelling. 

Transformed TTP, and therefore bacillary load, decreased on treatment, though there was 

considerable variability in results over time. Figure 6.11 shows the trends in transformed TTP over 

time by participant.  
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Figure 6.11. Transformed TTP over time 
A: Transformed TTP decreases over time on treatment. Transformed TTP (log10(1/TTP)) is a measure of bacillary 
load. The distinction between ‘screening’ and ‘late screening’ is described in the text. S1: weeks 1-2; S2: weeks 3-
4; S3: weeks 5-6; S4: weeks 7-8. The red line represents the limit of detection in MGIT culture: log10(1/42 days). 
Samples that have not flagged positive after 42 days in culture were recorded as negative. B: Spaghetti plot of 
Mtb-positive results over time, each colour representing a different participant. The black line represents the line 
of best fit. 

 

A 

B 
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Figure 6.12: Facet plot of transformed TTP versus days on treatment by participant 
The numbers represent the participant ID. Only Mtb-positive samples are shown, and contaminants removed. 
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6.5.2 Modelling approaches 

 

6.5.2.1 Structural model 

Four main structural models were attempted to describe the pharmacodynamic data: monophasic 

linear, biphasic linear, curvilinear quadratic, and nonlinear biexponential models (Table 6.5). The 

latter model failed to converge, and inclusion of a quadratic term did not significantly improve the 

model fit. Despite considerable variability (Figure 6.11 and Figure 6.12), the relationship between 

transformed TTP and time appeared to be linear. 

Biphasic decline in bacillary load has been described using serial log10CFU/ml counts [72, 74, 77]. 

While possible to fit a biphasic model to the transformed TTP data, this made little impact on the AIC 

(biphasic AIC: 1135.975; monophasic AIC: 1136.802), and the alpha slope parameters were 

estimated poorly (estimate -0.626, SE 1.317, CV 210%). Subsequent models were constructed using 

linear mixed effects (LME) modelling with monophasic decline in transformed TTP. 

Structural model Equation Parameter estimates AIC 

Parameter Estimate SE %CV 

Monophasic linear  𝑦 = 𝑎 + 𝑏𝑥 a 

b 

-0.993 

-0.008 

0.016 

0.001 

1.6 

10.6 

1136.802 

Biphasic linear α slope: 

𝑦 = 𝑎𝛼 + 𝑏𝛼𝑥 * 

β slope: 

𝑦 = 𝑎𝛽 + 𝑏𝛽𝑥 † 

 

aα 

bα  

aβ 

bβ 

 

-1.756 

-0.626 

-1.036 

-0.007 

 

0.202 

1.317 

0.030 

0.001 

 

11.5 

210.4 

2.9 

17.6 

1135.975 

Curvilinear / 

quadratic 

𝑦 = 𝑎 + 𝑏𝑥 + 𝑐𝑥2 a 

b 

c 

-0.917 

-0.012 

0.00007 

0.020 

0.002 

0.00005 

- 

- 

- 

-12.622 

Nonlinear negative 

biexponential 

Non-convergence 

Table 6.5: Structural model building process 
* α slope represents the initial decline in bacillary load: the early bactericidal activity. † β slope represents the 
sterilising activity. AIC: Akaike information criterion. 

 

6.5.2.2 Handling missing data 

Samples not flagged as positive after 42 days in MGIT culture are recorded as negative, but in reality 

have a TTP result ranging from 43 days to infinity. Several approaches may be used to handle data 

above or below the limit of quantification [549]. The approaches attempted here included: 

• Original dataset: discard observations below the lower limit of quantification (LLQ 

log10(1/TTP)=-1.623) and apply extended least squares to remaining Mtb-positive 

observations (Beal Method 1, M1). 

• Imputed dataset: replace first observation below LLQ with an imputed value of -1.633 (TTP 

43 days) and discard remaining negative observations (Beal Method 7, M7). 

• Partial likelihood dataset: maximise the likelihood for all the data, treating below LLQ 

observations as censored (Beal Method 3, M3, Laplacian).  
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6.5.3 Linear mixed effects modelling of transformed TTP data 

 

6.5.3.1 Original dataset 

110/157 (70.1%) participants had two or more TTP results for LME modelling. A total of 361 

observations were available in this dataset. The maximum likelihood method was used to fit an LME 

model to the data, with random effects on the intercept and slope. Table 6.6 summarises the model. 

 

 

The LME model of the original dataset estimates a baseline transformed TTP of -0.927 (intercept, a), 

with a decrease in transformed TTP of -0.009 per day on TB treatment (slope, b), or by -0.063 per 

week. Figure 6.13 shows the diagnostic plots for the LME model. Other than a few outlying points, 

the standardised residuals and random effects are near-normally distributed, and there is no 

systematic increase in the variance as the level of the observed response increases. As such, the LME 

model assumptions are not violated. 

 

LME model fit by maximum likelihood (original dataset) 

AIC -51.316 -logLik 31.658 

Fixed effects, log10(1/TTP) ~ days on treatment 

 Estimate SE p value 

Intercept (a) -0.927 0.017 <0.001 

Slope (b) -0.009 0.001 <0.001 

Random effects, ~1 + days | participant  

 SD  

Intercept (a) 0.101 

Slope (b) 0.002 

Residual 0.193 

Table 6.6: Parameter estimates for LME model of original dataset 
Model fit by maximum likelihood. The intercept (a) represents the baseline bacillary load, and the slope (b) the 
bacillary elimination rate. AIC: Akaike information criterion; -logLik: negative log likelihood; SE: standard error; 
SD: standard deviation.  
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Figure 6.13: Diagnostic plots for LME model of original dataset 
A: distribution of standardised residuals versus fitted values. Few samples had residuals greater than ±2, and the 
residuals were mainly clustered around 0. There was no heteroscedasticity seen. B: Q-Q plot of standardised 
residuals versus quantiles of standard normal distribution. Other than a few outlying values, the plot is near 
linear and symmetrical around 0. C: Q-Q plot of random effects versus quantiles of standard normal distribution. 

  

6.5.3.2 Imputed dataset 

By including an imputed value of log10(1/43 days) for the first negative sputum result, it was possible 

to model serial transformed TTP data from 115/157 (73.2%) participants using 368 samples. The 

model fit is summarised in Table 6.7. By including first negative results, the estimate of BER is 

increased to -0.015 per day on treatment (-0.105 per week). The LME model fit was poorer with the 

imputed dataset, with a higher AIC and greater residuals.  
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6.5.3.3 Partial likelihood dataset 

Partial likelihood modelling (PLM) was used to handle data below LLQ, implemented in NONMEM. 

This approach used a dataset containing all non-contaminated transformed TTP results, with an 

additional variable flagging observations below LLQ. Several structural models were attempted - 

random effects on slope and/or intercept, a covariance block, or variance function - and the data 

were best described by a LME model with random effects on intercept and slope (Table 6.8, 

Appendix J: Pharmacodynamics NONMEM control stream). An additive model was used for random 

effects. 

531 observations from 130/157 (82.8%) participants were modelled using the PLM method. The 

model estimated a baseline transformed TTP of -0.900, with a decrease in transformed TTP of -0.016 

per day on treatment (-0.112 per week). Residual standard error on the fixed effects was less than 

10%, and on random effects less than 30%. Model diagnostic plots are shown in Figure 6.14. The 

residuals increase with the size of the fitted values. Figure 6.15 shows the modelled BER for each 

participant.  

 

 

 

 

 

 

 

LME model fit by maximum likelihood (imputed dataset) 

AIC 75.033 -logLik -31.516 

Fixed effects, log10(1/TTP) ~ days on treatment 

 Estimate SE p value 

Intercept (a) -0.963 0.019 <0.001 

Slope (b) -0.015 0.001 <0.001 

Random effects, ~1 + days | participant  

 SD  

Intercept (a) 0.110 

Slope (b) 0.004 

Residual 0.229 

Table 6.7. Parameter estimates for LME model of imputed dataset 
Model fit by maximum likelihood. The intercept (a) represents the baseline bacillary load, and the slope (b) the 
BER. AIC: Akaike information criterion; -logLik: negative log likelihood; SE: standard error; SD: standard 
deviation. 
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Figure 6.14. Diagnostic plots for PLM LME model 
A: Distribution of standardised residuals versus fitted values. B: Histogram and density plot for ETA1 (random 
effects on intercept) and ETA2 (random effects on slope). C: Q-Q plot of plot of random effects versus quantiles 
of standard normal distribution. 

 

PLM LME model fit by maximum likelihood (partial likelihood dataset) 

Fixed effects, log10(1/TTP) ~ days on treatment 

 Estimate SE RSE (%) 

Intercept (a) -0.900 0.006 4.7 

Slope (b) -0.016 0.001 7.9 

Sigma -0.270 0.044 8.2 

Random effects, ~1 + days | participant  

 Estimate SE RSE (%) 

Intercept (a) 0.267 0.077 28.8 

Slope (b) 0.456 0.070 15.4 

Table 6.8. Parameter estimates for PLM LME model 
Model fit by maximum likelihood with observations below the limit of detection treated as censored. The 
intercept (a) represents the baseline bacillary load, and the slope (b) the BER. Sigma represents the 
parameterised standard deviation on the residual error. SE: standard error; RSE: residual standard error. 
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Figure 6.15: Facet plot of modelled transformed TTP versus days on treatment by participant 
Partial likelihood modelling used to estimate the transformed TTP observations. The numbers represent the 
participant ID.   
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6.5.3.4 Comparison of models 

The PLM LME model was selected for further analysis. This model made the most efficient use of the 

data, and is likely to lead to the most precise parameter estimates [549, 550]. When the three 

models are compared (Figure 6.16), the PLM LME model gives the steepest bacillary elimination 

slope as a result of including estimated observations below the LLQ.  

 

6.5.4 Predictors of bacillary elimination rate 
 

A selection of clinical and socioeconomic variables were chosen a priori and their relationship with 

BER explored using univariate linear regression. HIV status, baseline pulse, white cell count, ALT, 

cavitation and CXR score were all associated with bacillary elimination on univariate analysis. On 

multivariate analysis, increasing CXR score was associated with slower bacillary elimination, and 

higher baseline ALT and pulse with more rapid decline in bacillary load. Pharmacokinetic 

relationships are discussed later. 

 

Variable Univariate analysis Multivariate analysis 

Estimate SE p value Estimate SE p value 

Age (years) -0.0001 0.0001 0.459 - - - 

Male sex -0.0013 0.0021 0.539 - - - 

Duration of symptoms 
(weeks) 0.0003 0.0002 0.225 - - - 

Ever smoked tobacco 0.0001 0.0018 0.959 - - - 

Ever drank alcohol 0.0007 0.0018 0.692 - - - 

HIV infected -0.0035 0.0018 0.058 0.0005 0.0018 0.769 

Baseline CD4 (cells/mm3) 0.0000 0.0000 0.058 - - - 

Change in CD4 (cells/mm3) 0.0000 0.0000 0.840 - - - 

BMI (kg/m2) 0.0001 0.0004 0.737 - - - 

Change in weight over 
treatment in kg 0.0001 0.0002 0.808 - - - 

Baseline pulse (bpm) -0.0001 0.0000 0.007 -0.0001 0.0000 0.002 

Baseline respiratory rate 
(bpm) -0.0003 0.0002 0.136 - - - 

Clinically septic at baseline* -0.0026 0.0028 0.354 - - - 

Baseline haemoglobin 
(g/dl) 0.0003 0.0005 0.591 - - - 

Baseline white cell count 
(x103/μl) 0.0008 0.0003 0.023 0.0005 0.0003 0.128 

Baseline monocyte-
lymphocyte ratio -0.002 0.002 0.309 - - - 

Baseline creatinine 
clearance (ml/min) 0.0001 0.0000 0.042 0.0000 0.0000 0.103 

Baseline bilirubin (μmol/l) -0.0001 0.0001 0.617 - - - 

Baseline ALT (IU/l) -0.0002 0.0001 0.001 -0.0001 0.0001 0.027 

CXR score 0.0001 0.0000 0.001 0.0001 0.0000 0.024 

No cavitation on CXR -0.0054 0.0018 0.003 - - - 

Table 6.9: Univariate and multivariate analysis of factors influencing bacillary elimination rate 
Variables significant to p<0.10 on univariate testing included in the multivariate analysis. Cavitation not included 
in the multivariate analysis due to collinearity with CXR score. * Based on source of infection, and 2 or more of: 
temperature <36oC or >38oC, pulse >90 beats per minute, respiratory rate >20 breaths per minute, white cell 
count <4 or >12 x 103/µl. SE: standard error. 

  



 
 

 

                   

Figure 6.16: Modelled transformed TTP over time 
A: Scatterplot of transformed TTP versus days on treatment for the 3 modelled datasets. Transformed TTP (log10(1/TTP)) is a measure of bacillary load. The red dotted line and circles represent 
the original dataset, with Mtb-positive transformed TTP results only. The blue dashed line and squares represent the imputed dataset, with a transformed TTP value of -1.633 imputed for the 
first negative result. The green solid line and triangles represents the PLM LME model with estimated observations. The dashed horizonal line is the LLQ for MGIT data at -1.623. B: Spaghetti 
plot of modelled BER with the PLM dataset. Each line represents an individual participant.  

A B 
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6.5.5 Bacillary elimination rate and treatment response 
  

The relationship between modelled BER and treatment response was explored by logistic regression. 

There was a clear relationship between BER and 2MCC, with those culture converting by 2 months 

likely to have a steeper BER (-0.021 [IQR -0.016, -0.027] vs. -0.012 [IQR -0.010, -0.016], p<0.001). 

They were also more likely to have a lower bacillary load at baseline (lower transformed TTP) as per 

Table 6.10 . This is summarised in Figure 6.18. Those culture converting by 2 months took median 

30.3 days [IQR 23.0 – 40.2] to become culture negative, compared to a projected 60.6 days [IQR 53.4 

– 69.6] for culture non-converters. No relationship between BER and final outcome was seen. 

   

Figure 6.17: Modelled bacillary elimination rate on treatment, stratified by 2MCC 
In both panels, solid blue lines and points represent samples from those that culture converted by 2 months, 
dashed red lines and hollow points those participants that failed to culture convert. In the left panel, each line 
represents an individual participant. In the right panel, the line summarises the bacillary elimination rate for 
converters and non-converters.  

 

Figure 6.18: Boxplots of modelled BER versus 2MCC and final outcome 
The more negative the BER, the greater the reduction in bacillary load over time. 
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 n Mean (SD) Median [IQR] p value 

Bacillary elimination rate (slope) 

 

Culture converters 

Culture non-converters 

 

Favourable final outcome 

Unfavourable final outcome 

 

 

74 

47 

 

88 

11 

 

 

-0.023 (0.011) 

-0.014 (0.008) 

 

-0.018 (0.011) 

-0.023 (0.011) 

 

 

-0.021 [-0.027, -0.016] 

-0.012 [-0.016, -0.010] 

 

-0.016 [-0.024, -0.012] 

-0.027 [-0.032, -0.015] 

 

 

<0.001 

 

 

0.186 

Baseline bacillary load (intercept) 

 

Culture converters 

Culture non-converters 

 

Favourable final outcome 

Unfavourable final outcome 

 

 

74 

47 

 

88 

11 

 

 

-1 (0.2) 

-0.856 (0.207) 

 

-0.914 (0.203) 

-0.960 (0.214) 

 

 

-1 [-1.1, -0.9] 

-0.903 [-0.956, -0.848] 

 

-0.941 [-1.015, -0.868] 

-1.042 [-1.091, -0.835] 

 

 

<0.001 

 

 

0.186 

Table 6.10: Bacillary elimination rate and baseline bacillary load versus 2MCC and final outcome 

 

6.5.6 Bacillary elimination rate by modelled Xpert MTB/RIF cycle threshold 
 

Mixed effects modelling of serially collected Xpert MTB/RIF cycle thresholds was implemented in 

NONMEM. As for the TTP data, CT was transformed into the logarithm of the reciprocal, and missing 

data below the LLQ estimated using Beal’s M3 method [549]. Data were available from 43 

participants. The model fit is summarised in Table 6.11.  

 

 

As for the transformed TTP dataset, it was possible to generate an individual cycle threshold BER. 

This was found to have a significant association with 2MCC (p<0.001), but not final outcome 

(p=0.149). Whilst there was a relationship between BER determined from serially-collected TTP and 

CT measurements (Figure 6.20), the R-squared was only 0.164. 

 

PLM LME model fit by maximum likelihood (partial likelihood dataset) – Xpert MTB/RIF cycle threshold 

Fixed effects, log10(1/CT) ~ days on treatment 

 Estimate SE RSE (%) 

Intercept (a) -1.329 0.003 6.7 

Slope (b) -0.003 0.003 10.6 

Sigma 0.224 0.025 10.9 

Random effects, ~1 + days | participant  

 Estimate SE RSE (%) 

Intercept (a) 0.098 0.040 40.4 

Slope (b) 0.280 0.042 15.0 

Table 6.11: Parameter estimates for PLM LME model using serially collected Xpert MTB/RIF cycle thresholds 
Model fit by maximum likelihood with observations below the limit of detection treated as censored. The 
intercept (a) represents the baseline bacillary load, and the slope (b) the BER. Sigma represents the 
parameterised standard deviation on the residual error. SE: standard error; RSE: residual standard error. 
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Figure 6.19: Modelled cycle threshold bacillary elimination rate on treatment, stratified by 2MCC 
Samples below the LLQ were estimated using partial likelihood modelling (M3 method). In the panel on the left, 
each line represents each individual’s cycle threshold BER. In the panel on the right, solid blue lines and points 
represent samples from those that culture converted by 2 months, dashed red lines and hollow points those 
participants that failed to culture convert. The red dashed line represents the LLQ: log10(1/40). 

 

Figure 6.20: Relationship between bacillary elimination rate from serially-collected sputum TTP results versus 
Xpert MTB/RIF results 
BER calculated by mixed effects modelling with below LLQ results handled by partial likelihood estimation.  

 

6.6 Results: baseline drug sensitivity 
 

MICs for rifampicin, isoniazid, and ethambutol, were determined from 88 Mtb screening isolates 

(Figure 6.21). Not all participants had baseline MICs recorded due to contaminated or unavailable 

screening samples, limitations in the number of MIC plates available, or invalid results. No 
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participants had rifampicin-resistance detected, but rifampicin-resistance on baseline Xpert MTB/RIF 

was an exclusion criterion. 6/88 (6.8%) participants had isoniazid mono-resistance detected, and one 

further participant had MICs above breakpoints for both isoniazid and ethambutol. 4/88 (4.6%) 

participants had ethambutol MICs above 5 µg/ml. There was no significant relationship between 

isoniazid resistance and BER (p=0.674), 2MCC (p=0.642), or final outcome (p=1.000).  

 

 

Figure 6.21: Baseline MICs for Mtb isolates 
Sensitivity breakpoints taken from [156] 

 

6.7 Results: PK-PD modelling 

6.7.1 Bacillary elimination rate 

 

The relationship between log transformed PK parameters and modelled bacillary elimination rate 

were explored in NONMEM. Each PK parameter (AUC, AUC/MIC, Cmax, Cmax/MIC) in plasma/ELF/ACs 

was added to the base model and considered significant if associated with a significant reduction in 

OFV (>3.84, p=0.05, χ2 distribution, one degree of freedom) and improvement in goodness of fit plots 

and parameter estimate precision. 

Initially, none of the PK parameters had a significant association with bacillary elimination rate. The 

transformed TTP model fit was mainly determined by the extent of inter-individual variability on the 

intercept (baseline bacillary load); inclusion of PK covariates on the slope (BER) only marginally 

improved the fit overall. Baseline bacillary load was closely associated with CXR score (section 6.4.2), 

and by including CXR score as a covariate on the intercept it was possible to adjust for baseline 

(radiological) severity of disease (Appendix K: PK-PD NONMEM control stream). This was associated 

with a drop in objective function of -5.536, and improved RSE on parameter estimates. Table 6.12 

shows the results of the different model fittings after adjusting for baseline extent of disease. 

Four parameters were significantly associated with the modelled bacillary elimination rate: 

rifampicin ELF Cmax and AUC, and isoniazid ELF Cmax and AUC. Example goodness of fit plots for the 

rifampicin ELF AUC PK-PD model are shown in Figure 6.22, demonstrating that the model described 
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the data well. Bacillary elimination rate increased with greater ELF exposure to rifampicin and 

isoniazid (Figure 6.23). 

Overall, increased exposure (by measure of AUC or Cmax) to rifampicin, isoniazid, pyrazinamide, or 

ethambutol, in plasma or ELF, was associated with a trend towards more rapid bacillary elimination 

in sputum (Table 6.12). Drug concentrations in alveolar cells were not significantly associated with 

bacillary elimination.  

The relationship between BER generated by partial likelihood modelling of the pilot Xpert MTB/RIF 

data and plasma and intrapulmonary PK indices did not identify any significant associations on 

univariate linear regression and was not explored further. 

 

Drug Matrix Model fit: no MIC data Model fit: including MIC data 

PK 

index 

n Trend ΔOFV PK index n Trend ΔOFV 

RIFAMPICIN 

PLASMA 
AUC 125 ↑ BER 0.000 AUC/MIC 70 ↓ BER -2.047 

Cmax 125 ↓ BER -1.954 Cmax/MIC 70 ↑ BER -2.002 

ELF 
AUC 42 ↑ BER -6.014 AUC/MIC 30 ↑ BER -2.808 

Cmax 42 ↑ BER -5.009 Cmax/MIC 30 ↑ BER -1.069 

AC 
AUC 42 ↑ BER -0.070 AUC/MIC 30 ↑ BER -0.921 

Cmax 42 ↑ BER -0.003 Cmax/MIC 30 ↑ BER -1.710 

ISONIAZID 

PLASMA 
AUC 125 ↓ BER -0.166 AUC/MIC 70 ↑ BER -0.283 

Cmax 125 ↓ BER -0.112 Cmax/MIC 70 ↑ BER -0.159 

ELF 
AUC 42 ↑ BER -5.248 AUC/MIC 30 ↑ BER -2.646 

Cmax 42 ↑ BER -4.741 Cmax/MIC 30 ↑ BER -2.120 

AC 
AUC 42 ↑ BER -0.210 AUC/MIC 30 ↓ BER -0.149 

Cmax 42 ↑ BER -0.001 Cmax/MIC 30 ↓ BER -0.332 

PYRAZINAMIDE 

PLASMA 
AUC 125 ↑ BER -0.816 - -  - 

Cmax 125 ↑ BER -0.017 - -  - 

ELF 
AUC 42 ↑ BER -2.544 - -  - 

Cmax 42 ↑ BER -2.289 - -  - 

AC 
AUC 42 ↓ BER -0.681 - -  - 

Cmax 42 ↓ BER -1.242 - -  - 

ETHAMBUTOL 

PLASMA 
AUC 125 ↑ BER -2.301 AUC/MIC 70 ↑ BER -1.857 

Cmax 125 ↑ BER -0.052 Cmax/MIC 70 ↑ BER -0.010 

ELF 
AUC 42 ↓ BER -0.005 AUC/MIC 30 ↑ BER -2.041 

Cmax 42 ↑ BER -0.013 Cmax/MIC 30 ↑ BER -1.511 

AC 
AUC 42 ↓ BER -1.063 AUC/MIC 30 ↓ BER -0.092 

Cmax 42 ↓ BER -0.804 Cmax/MIC 30 ↓ BER -0.007 

Table 6.12: PK parameters influencing BER 
PK parameters added to base BER model as a covariate on slope. Analysis restricted to those with observations 
in the matrix / compartment of interest. Trend shows the effect of the PK parameter on the bacillary elimination 
rate. ↑: faster elimination (negative BER estimate); ↓: slower elimination (positive BER estimate). Models 
adjusted for baseline extent of disease by including CXR score as a covariate on intercept. AC: alveolar cells; AUC: 
area under the curve; Cmax: maximal concentration; ELF: epithelial lining fluid; OFV: objective function value; 
MIC: minimum inhibitory concentration 
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Figure 6.22: Example goodness of fit plots for the transformed TTP partial likelihood model.   
Rifampicin plasma Cmax covariate effect on slope. Observed concentrations (DV) versus population predictions 
(PRED, top left) and individual predictions (IPRED, top right), in which the solid line represents the line of identity. 
Absolute weighted predictions (WRES) versus population predictions (bottom left) and time after dose (bottom 
right). 

  

 

Figure 6.23: PK versus bacillary elimination rate 
Higher rifampicin (Left) and isoniazid (Right) ELF AUC were associated with more rapid sputum bacillary 
elimination. Line of best fit shown. PK data have been log-transformed. BER: bacillary elimination rate. ELF: 
epithelial lining fluid. 
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6.7.2 Modelled time-to-negativity 
 

TTN is a measure of both baseline bacillary load and BER. Greater rifampicin and isoniazid AUC and 

Cmax in plasma and ELF were associated with shorter sputum time-to-negativity on univariate analysis 

(Table 6.13). Multivariate analysis, adjusting for CXR score, baseline respiratory rate, and symptom 

duration, identified rifampicin and isoniazid Cmax in plasma, and rifampicin AUC and Cmax in ELF, as 

important determinants of sputum time-to-negativity.  

 

Drug Matrix PK parameter Univariate analysis Multivariate analysis 

Estimate SE p value Estimate SE p value 

R
IF

A
M

P
IC

IN
 

Plasma AUC -125.854 56.305 0.031 -89.734 49.381 0.077 

AUC/MIC 15.207 21.596 0.487 - - - 

Cmax -110.266 49.528 0.032 -108.183 41.001 0.012 

Cmax/MIC 11.314 20.864 0.592 - - - 

ELF AUC -66.972 28.167 0.022 -56.945 23.906 0.022 

AUC/MIC -5.885 19.652 0.767 - - - 

Cmax -68.216 27.406 0.017 -67.979 22.635 0.005 

Cmax/MIC -7.915 19.122 0.682 - - - 

AC AUC -11.756 15.84 0.462 - - - 

AUC/MIC -0.414 12.203 0.973 - - - 

Cmax -11.847 15.136 0.438 - - - 

Cmax/MIC -1.254 11.736 0.916 - - - 

IS
O

N
IA

ZI
D

 

Plasma AUC -68.18 24.775 0.009 -38.694 23.365 0.106 

AUC/MIC -2.096 9.119 0.820 - - - 

Cmax -168.643 58.735 0.006 -116.753 52.961 0.034 

Cmax/MIC -1.975 9.714 0.840 - - - 

ELF AUC -31.019 15.269 0.049 -19.748 13.701 0.158 

AUC/MIC -9.581 9.396 0.316 - - - 

Cmax -22.47 17.861 0.215 - - - 

Cmax/MIC -10.264 9.923 0.310 - - - 

AC AUC -15.042 14.811 0.316 - - - 

AUC/MIC 0.728 8.594 0.933 - - - 

Cmax -4.444 17.913 0.805 - - - 

Cmax/MIC 1.141 8.99 0.900 - - - 

P
Y

R
A

ZI
N

A
M

ID
E 

Plasma AUC 6.013 53.106 0.910 - - - 

Cmax -75.099 93.561 0.427 - - - 

ELF AUC 5.581 31.228 0.859 - - - 

Cmax -5.866 34.781 0.867 - - - 

AC AUC 5.408 23.506 0.819 - - - 

Cmax -0.404 22.6 0.986 - - - 

ET
H

A
M

B
U

TO
L 

Plasma AUC 3.379 54.174 0.951 - - - 

AUC/MIC -6.246 14.436 0.669 - - - 

Cmax 1.785 52.939 0.973 - - - 

Cmax/MIC -8.451 14.125 0.555 - - - 

ELF AUC 2.604 41.721 0.951 - - - 

AUC/MIC -10.685 14.262 0.461 - - - 

Cmax 1.662 41.15 0.968 - - - 

Cmax/MIC -12.701 13.925 0.370 - - - 

AC AUC 2.412 36.845 0.948 - - - 

AUC/MIC -2.548 14.221 0.859 - - - 

Cmax 1.748 37.21 0.963 - - - 

Cmax/MIC -4.764 13.883 0.734 - - - 
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Table 6.13: Univariate and multivariate analysis of factors influencing sputum time-to-negativity 
Variables significant to p<0.10 on univariate testing included in the multivariate analysis. Multivariate analysis 
performed by controlling for the covariate effects of symptom duration, baseline respiratory rate, and CXR score. 
Estimate shows the change in TTN associated with a log-change in the PK parameter. AC: alveolar cells; AUC: 
area under the curve; Cmax: maximal concentration; ELF: epithelial lining fluid; MIC: minimum inhibitory 
concentration; SE: standard error.  



Chapter 6  Pharmacodynamics 
 

  Page 207 

6.8 Discussion 
 

Improvements in tuberculosis chemotherapy are hindered by the absence of an early predictor of 

outcome. Detailed interrogation of pharmacokinetic-pharmacodynamic responses may highlight 

drivers of TB treatment response for treatment optimisation, or identify clinically-relevant 

surrogates for use in phase II trials.  

Three surrogates for TB treatment response were explored in detail: 2-month culture conversion, 

bacillary elimination rate, and modelled time to negativity. 2MCC is commonly used as an early 

marker of treatment efficacy in clinical trials [72-74]; BER has been shown to correlate with late 

outcomes [89]; and modelled TTN – capturing elements of both bacillary elimination and baseline 

bacillary load – was included as an early surrogate of late response. Both BER and TTN, as continuous 

measures of pharmacodynamic response, were closely correlated with rates of culture-conversion, 

but provide additional information over a binary outcome at a single time point. 

Modelling serial transformed TTP data showed a monophasic decline in bacillary load over time on 

treatment. While serial sputum colony counting has shown separate early bactericidal and sterilising 

phases of treatment [72, 74, 77], this is often not seen in serial TTP data likely as a consequence of 

specimen handling: sputum decontamination kills some actively replicating organisms [572, 573], 

and broth provides a better medium for revival of persister organisms [84, 85]. As such, the BERs 

generated here are typically considered a measure of the sterilising activity of a regimen: a key 

determinant of treatment duration [58, 89, 97, 435, 574].  

Several factors were identified that affect these early endpoints: notably pharmacokinetics, and the 

radiological extent of disease on chest X-ray. Rifampicin and isoniazid AUC and Cmax in plasma and 

ELF were related to treatment response across several endpoints. Peak concentrations of both drugs 

in plasma were associated with a shorter time to sputum negativity, and more favourable final 

outcomes. AUC or Cmax in ELF were associated with more rapid bacillary elimination, shorter time to 

sputum negativity, and for rifampicin Cmax in plasma, more favourable late outcomes.   

These data are significant, and address the hypothesis that site of infection PK may explain response 

to treatment. Increased intrapulmonary exposure to rifampicin and isoniazid were associated with 

more rapid bacillary clearance. Rifampicin was instrumental in reducing treatment duration to 6 

months [15], and these data suggest that favourable intrapulmonary tissue penetration is an 

important determinant of the sterilising activity of a regimen. Isoniazid by contrast is not generally 

considered a sterilising drug, and has previously been shown to achieve rapid reductions in the 

bacillary load in the first few days of treatment [90, 211]. Isoniazid was observed to achieve ELF 

concentrations nearly 15-fold greater than plasma, and higher concentrations in ELF may be playing 

an important role in debulking the disease. 
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Prior work has implicated pyrazinamide exposure as an important predictor of treatment response 

[286-288]. In this study, higher pyrazinamide Cmax in plasma or ELF was associated with a trend 

towards faster bacillary elimination and shorter modelled time-to-negativity, but these relationships 

were not statistically significant. Furthermore, no relationships between pyrazinamide exposure and 

2MCC or late outcome were identified. This may be partly explained by a relatively narrow range of 

pyrazinamide exposures in this cohort (median plasma Cmax 23.8 μg/ml [IQR 21.7-26.3]), all patients 

having ‘low’ peak concentrations [268], and the analysis methods used. Previous work used 

classification and regression tree analysis [288] to assess multiple interacting variables - such as co-

administered drugs - and their relationship to treatment response, identifying a hierarchy of 

predictors. Future work may re-appraise this dataset using alternative statistical techniques or 

machine learning methods to identify additional predictors of response. 

Notably, alveolar cell drug exposure was not associated with late outcomes, bacillary elimination 

rate, or modelled sputum time-to-negativity, despite alveolar macrophages representing the main 

reservoir of intracellular mycobacteria [339]. This may be secondary to some of the technical 

challenges of measuring PK in this compartment. Firstly, drug concentrations were measured in the 

cell pellet as a whole, with the assumption that most of the cells retrieved were alveolar 

macrophages. Variability in the differential cell count in BAL will reduce the accuracy of this 

measurement. Secondly, no wash steps were performed on the cell pellet to minimise the impact of 

drug efflux. Consequently, cell-associated drug will be measured in addition to intracellular drug, 

further increasing the variability in cell pellet concentrations. Thirdly, drug may partition further 

within the cell, reducing the usefulness of a measure of total drug concentration for the cell. Analysis 

with fractionation may be required to measure drug at the subcellular level where the intracellular 

mycobacteria reside. These limitations may reduce our ability to detect a PK-PD relationship for TB 

drugs in the alveolar cells. 

Alongside intrapulmonary PK, cavitation on baseline CXR, or a simple numerical CXR score [459], was 

a leading predictor of baseline bacillary load, TTN, BER and 2MCC in this cohort. The relationship 

between bacillary load and CXR cavitation is well-recognised [455, 575, 576], with resected cavities 

containing as many as 107-109 organisms as compared to 102-104 in caseous necrosis [577]. The high 

bacillary load and lung destruction seen in cavitatory disease may drive higher rates of treatment 

failure and relapse [76, 489, 578], and these patients may benefit from treatment prolongation 

[491]. Interestingly, these data suggest that those with more severe disease on baseline CXR have 

slower bacillary elimination rates: lung destruction may adversely affect the ability of drugs or the 

immune system to efficiently kill the Mtb. Use of simple CXR scoring tools at baseline may identify 

patients that would benefit from early treatment intensification [459]. 

Higher sputum bacillary load, demonstrated by a shorter TTP in liquid culture, is an important risk 

factor for transmission [575]. Furthermore, as higher bacillary loads have been associated with more 

tissue destruction [579], more rapid reduction in bacillary load may reduce morbidity of pulmonary 
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TB. Strategies that increase bacillary elimination rates in sputum, by optimising intrapulmonary PK or 

intensifying treatment in those with more extensive radiological disease, may limit further tissue 

damage, reduce the period of infectiousness, and are of public health importance. 

Rates of 2MCC were relatively low in this cohort - 62.7% - but this was not reflected in a higher rate 

of poor outcomes to 18-months of follow-up. There are several explanations for these low rates: the 

use of stable culture conversion as the definition, the use of liquid rather than solid media [495], and 

general trends towards delayed culture conversion in African cohorts [15, 66, 494]. Sampling times 

may also reduce rates of 2MCC. Patients were recruited to the study based on a positive smear or 

Xpert MTB/RIF taken at referral health centres by the NTP. Given that a proportion of participants 

arrived for screening a few days after treatment commenced, those with low smear grades may have 

already culture-converted prior to the first sputum culture being collected. As such, rates of 2MCC 

are likely to be higher than estimated here. Similarly, rates of smear-conversion are low. By including 

‘doubtful’ smear results as positive, a higher proportion of positive smears may be seen to two 

months.  

None of the early markers of treatment response were predictive of final treatment outcome in this 

cohort. Relapse-free cure to 18-months was included as a secondary endpoint, but the study was not 

powered to assess this endpoint. Low rates of 2MCC, the limited variability in BER measurements at 

a uniform mg/kg dosing, and relatively few unfavourable outcomes meant that a significantly larger 

sample size would be required to demonstrate any relationship between early markers of response 

and relapse-free cure. Earlier work from the same setting in a larger cohort has shown a correlation 

between bacillary elimination rate and final treatment outcome [89], and suggested its’ 

development as a surrogate in future Phase II trials. Peak plasma rifampicin and isoniazid 

concentrations were associated with final outcome, and this may be linked to higher intrapulmonary 

drug exposure and bacillary clearance. 

AUC/MIC and Cmax/MIC for first-line drugs have been described as major drivers of treatment 

efficacy in pre-clinical models [261, 263-265], but local variation in MICs of non-genotypically 

resistant Mtb isolates against first-line ATT have not been well described. Using finely-graded MIC 

plates, baseline isolates in Malawi were seen to be remarkably sensitive to rifampicin, with a modal 

MIC of 0.015 μg/ml. This compares to 0.25 μg/ml in Sweden (predominately imported disease) [156] 

and 0.125 μg/ml in South Africa [289]. This demonstrates the effectiveness of a robust and 

responsive National TB Programme. Compared to its’ neighbours, Malawi has readily adopted new 

TB control measures such as DOTS [426], has low rates of DR-TB [107], and these data suggest that a 

strong tuberculosis control programme may be able to preserve first-line drug sensitivity for longer. 

High plasma and intrapulmonary AUC/MIC and Cmax/MIC ratios are achieved in these patients as a 

result of preserved drug sensitivity, particularly for rifampicin. These PK indices were well in excess 

of any threshold for poor response: the case for rifampicin dose escalation may be strongest in 

settings with higher MICs. 
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Isoniazid mono-resistance was seen in 6.8% of participants, compared to 3.2% in new cases in 2010 

[107]. These differences may be attributed to different laboratory methodologies to determine MIC, 

though would be in keeping with global trends [580]. While not seen in this cohort, isoniazid mono-

resistance is associated with poorer outcomes [581, 582], and is frequently undiagnosed in settings 

with treatment algorithms based on Xpert MTB/RIF [581]. 

The pilot work using serial Xpert MTB/RIF cycle threshold data with partial likelihood modelling may 

represent an avenue for future research. Cycle threshold correlates with both smear grade and TTP 

in culture [583], Xpert MTB/RIF remains positive for longer than smear and culture [584], and serial 

cycle threshold data may be amenable to mixed-effects modelling as for TTP data [85, 585]. One 

previous study has shown a relationship between higher doses of rifapentine and cycle threshold 

BER [585]. Compared to liquid (MGIT) culture, generation of cycle threshold data is simple, rapid, 

sensitive, and less prone to contamination [552]. The imperfect relationship seen here between BER 

generated from modelling TTP versus Xpert data may be a result the different sensitivities of the 

tests. By detecting DNA from viable, intact, organisms in various metabolic states, as well as DNA 

fragments from lysed or dying bacteria [85], longitudinal Xpert MTB/RIF data may give more 

complete information on bacillary elimination over time. Furthermore, while decontamination steps 

for liquid culture may kill rapidly replicating organisms, the absence of this step for Xpert may allow 

for rapid early kill to be captured and modelled [585]. However, variation in cycle threshold data 

between instruments and laboratories may limit its clinical usefulness [586], and the WHO has 

argued that risk of detection of non-viable bacteria should preclude its use as a treatment 

monitoring tool [587]. With a larger dataset, PK-PD relationships with first-line ATT and longitudinal 

Xpert MTB/RIF data may offer new insights. 

Pharmacodynamic analysis of the TTP dataset met four major challenges: the degree of variability in 

TTP readings, data beyond the limit of quantification, missing data, and uniform mg/kg dosing across 

the cohort. High variability in quantitative sputum-based assays is to be expected, given that 

specimen quality depends on the strength of the cough, diligence in overnight collection, storage 

and transport to the clinic, and risk of sample contamination. Furthermore, the use of spot rather 

than overnight samples for the first sample may increase variability in the baseline bacillary load. 

Despite this variability, it was possible to fit linear mixed effects models with random effects on 

slope for each of the datasets reviewed. This enabled modelling of inter-individual variability on BER. 

Most inter-individual variability in the modelled transformed TTP dataset was around the baseline 

bacillary load (the intercept), rather than the bacillary elimination rate (the slope). Adjusting for the 

baseline radiological extent of disease using CXR score as a covariate on intercept significantly 

improved the description of the data, and identified rifampicin and isoniazid in ELF as important 

drivers of bacillary elimination. Those with low concentrations of multiple drugs may be more likely 

to have slower bacillary elimination, but models with multiple PK covariates were overparameterised 

and failed to converge. 
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Multiple approaches to handling data beyond the limit of quantification were explored, and the final 

choice of a Laplacian approach enabled the construction of a PD model with random effects on both 

intercept and slope incorporating data above the limit of 42 days. Restricting analysis to only positive 

samples will bias the model, underestimating the BER [549]. Adopting this method allowed for 

estimation of BER for more participants, and generated a steeper BER at the population level. 

Missingness in the MIC data restricted the pool of participants with full AUC/MIC and Cmax/MIC 

estimates, and thus analysis of relationships with BER or TTN was restricted only to those 

participants with data. Baseline isolates have been stored, and it may be possible to collect further 

MIC data, including pyrazinamide MICs, from these samples later.  

Finally, most patients were receiving mg/kg doses according to current guidelines [100]. While 

associations between BER and PK parameters were observed with standard dosing, more 

pronounced PK-PD relationships may be identified with dose-escalation. In the HIRIF studies, in 

settings where baseline rifampicin MICs are likely to be higher, an exposure-response relationship 

was not seen with doses of rifampicin of up to 35 mg/kg when conventional statistical methods were 

used [304]. However, when mixed effects modelling and Laplacian estimation were adopted, higher 

rifampicin exposure was seen to significantly improve bacterial kill [308].  

In conclusion, the work in this chapter has shown that the plasma and intrapulmonary 

pharmacokinetics of first-line therapy, and the radiological extent of disease, are drivers of TB 

treatment response. Identifying and targeting factors that improve rates of culture-conversion or 

bacillary elimination has a number of potential benefits: by reducing the bacillary burden, 

transmissibility and infectiousness may be reduced; the infection controlled; and progression of lung 

damage terminated. Dose escalation, or intensive phase prolongation, may offer treatment 

shortening potential.  
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7 Intrapulmonary immunology 

7.1  Introduction 
  

Having explored pharmacokinetic and pharmacodynamic aspects of TB treatment, this chapter 

considers host immune factors important in the control of TB infection, primarily focussing on how 

time on treatment and HIV status impact on some of the key innate immune functions of the 

alveolar macrophage. Using fluorochrome-labelled beads tagged with a substrate, macrophage 

phagocytosis was assessed ex vivo, alongside superoxide burst and bulk proteolytic activity within 

the phagosome. These processes are essential for ingestion of inhaled organisms, microbial kill [357, 

367], and antigen presentation to the adaptive arm of the immune system [357, 588, 589].  

To prevent damage to the delicate alveolar structures through an over-exuberant inflammatory 

response, these functions are tightly regulated to favour degradative functions over immune 

mediator release [339]. Indeed, macrophage phagosomes typically show high proteolytic activity 

[377, 590], which is reduced in the presence of IFN-γ activation to enable enhanced antigen 

processing [588]. Previous work from Malawi has shown impairment of some of these alveolar 

macrophage effector functions after exposure to household air pollution [374], or in the presence of 

HIV [365, 591]. In HIV infection, alveolar macrophage proteolytic function is blunted, and not 

restored until after 4 years of suppressive ART [591]. Impairment of these innate immune functions 

is implicated in the pathogenesis of respiratory infections [592].  

Mtb itself will alter some of these functions in the macrophage. As a host-adapted intracellular 

organism, Mtb can survive within the alveolar macrophage by disrupting phagolysosomal fusion 

[387, 388], or interrupting assembly of NADPH oxidase required for the superoxide burst [392]. In 

this chapter, alveolar macrophage function in patients with pulmonary TB infection, in the presence 

or absence of HIV, is described. Whereas previously conducted work on alveolar macrophage 

function in HIV infection has been cross-sectional [365, 591], these assays were performed at 2 and 4 

months into TB treatment to capture some of the dynamics of the innate immune response in these 

patients during treatment. In addition, immunophenotyping of whole BAL was used to quantify the 

proportion and relative cell counts of alveolar macrophages as well as CD4+ and CD8+ T lymphocytes 

in the alveolar space over the course of treatment.  

Accompanying and coordinating the cellular response runs the humoral response to infection. 

Several cytokines regulate the intrapulmonary inflammatory response to Mtb, with IFN-γ pivotal to 

the control of TB infection [593-595]. IFN-γ is predominantly produced by CD4+ T cells in response to 

Mtb-specific antigens [594], and activates macrophages to increase the intensity of the superoxide 

burst [370] and downregulate proteolysis [377]. In animal models, loss of the IFN-γ response to 

infection is associated with rampant Mtb replication and death [596], and in humans, HIV-related 

depletion of IFN-γ-producing cells may predispose to lower respiratory tract infections such as TB 
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[591, 597]. IFN-γ concentrations in the alveolar space of these patients were measured to explain the 

macrophage functional assay results, and to assess the pro- and anti-inflammatory balance in the 

lungs of TB mono-infected and TB/HIV co-infected patients early and late in treatment. Additional 

cytokines quantified included the pro-inflammatory tumour necrosis factor alpha (TNF-α), and the 

anti-inflammatory cytokines transforming growth factor beta (TGF-β) and interleukin-10 (IL-10). The 

latter 2 cytokines suppress macrophage activation and responsiveness to IFN-γ [598, 599], while 

TNF-α activates infected macrophages and recruits macrophages and lymphocytes to form the 

granuloma [600-604]. 

Development of a method to measure intraphagosomal pH was a secondary aim in this chapter. 

Phagolysosomal acidification is a marker of phagosome maturation, and important in bactericidal 

activity [605, 606]. Late macrophage phagolysosomes can acidify to a luminal pH of ≤ 5.0, impairing 

viability of microbes and creating an optimal environment for the activity of proteases and lysosomal 

hydrolases [605, 607]. Furthermore, the intracellular pH is of key importance to the 

antimycobacterial activity of pyrazinamide. Pyrazinamide requires conversion to POA within the cell, 

only occurring in an acidic environment [161, 608]. Pyrazinamide only appears to be effective in the 

first 2 months of treatment [13, 14, 122], and the reasons for this are incompletely understood; 

assessing changes in the intracellular acid-alkali balance over the course of treatment may help 

explain the pharmacodynamics of that drug. 

Finally, this chapter reviews co-infection in patients with pulmonary TB using multiplex PCR on 

sputum and BAL. TB treatment involves prolonged antimicrobial therapy, which may alter the 

intrapulmonary microbiome [609]. Furthermore, co-infecting organisms may disturb the balance of 

pro-inflammatory / anti-inflammatory responses in TB, potentially impacting on local TB control, and 

even outcome (cure, or long-term respiratory morbidity). For example, influenza A exposure prior to 

Mtb infection in mouse models is associated with enhanced mycobacterial growth and decreased 

survival [610], potentially through downregulation of the IFN-γ receptor and effects on macrophage 

activation [611]. Previous work with sputum cultures has identified bacterial co-infection in samples 

from up to 30% of TB cases [612], with Klebsiella pneumoniae, Mycoplasma pneumonia, 

Haemophilus influenzae among the commonest [612], while 16S sequencing has identified wider 

shifts in the pulmonary microbiome [613, 614]. This exploratory work will attempt to identify co-

infecting pathogens in sputum and BAL in patients receiving treatment for pulmonary TB. 
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7.2 Methods 

7.2.1 Collection and processing of BAL 
 

The conduct of the bronchoscopy visits and technique for BAL sampling is described in Chapters 2 

and 5. Labelled BAL samples were placed in 50 ml Falcon Tubes held on ice, taken immediately to the 

MLW Immunology Laboratory, and the volume of BAL recorded. 5 ml of whole BAL were removed 

and frozen at -80oC. BAL was filtered through sterile gauze to remove mucous plugs into sterile, 50 

ml Falcon Tubes, aiming for approximately 40 ml per tube. 

Samples were centrifuged at 500 x g at 4oC for 8 minutes to obtain cell pellets. The first 50 ml Falcon 

Tube was used for the pharmacokinetic assays described in Chapter 5 (Figure 5.1), while the 

remaining tubes were used for the immunology assays. Not all assays were performed on all samples 

due to limitations in cell numbers. Superoxide burst / phagocytosis assays were prioritised, followed 

by bulk proteolysis, and finally, intracellular pH or immunophenotyping analysis. 15 ml and 50 ml 

aliquots of BAL supernatant were removed by electronic pipettor and archived at -80oC, and 

remaining supernatant discarded. After the BAL for PK assessment had been removed, a maximum 

of 3 cell pellets in 50 ml Falcon Tubes were available for immunological assessment. 

Cell pellets were resuspended and 25 ml of cold phosphate-buffered saline (PBS) added. Cell 

suspensions were pooled, vortexed for 10 seconds, then centrifuged at 500 x g at 4oC for 8 minutes. 

The supernatant was discarded and 25 ml of RPMI-1640 culture medium added (Life Technologies). 

Again, the sample was vortexed, centrifuged, and the supernatant discarded. 5 ml of culture medium 

(RPMI-1640 + 10% foetal bovine serum + 2 mM L-glutamine (2%), Sigma-Aldrich) were added to the 

resuspended cell pellet and vortexed. 5 µl of suspension were removed, added to 45 µl Trypan Blue 

(VWR), and the macrophages counted using a haemocytometer. 

The concentration of the cell suspension was adjusted to 1 x 106 cells/ml by dilution with culture 

media. 3 million cells (3 ml) were added to each well of a 6-well tissue culture plate and incubated at 

37°C, 5% CO2 for 2 hours to allow macrophage adherence. After 2 hours, macrophage confluency 

was assessed by light microscopy, and the media and non-adherent cells removed by careful 

pipetting. 2 ml of media (RPMI 1640 + 10% foetal bovine serum + 2 mM L-glutamine) pre-warmed to 

37oC were added to each well in preparation for the functional assays below. 

 

7.2.2 Assessment of alveolar macrophage function 
 

Alveolar macrophage function was assessed using quantitative flow cytometry-based reporter bead 

assays as described previously [357]. In brief, the assays exploit silica beads derivatized with a 

calibration fluorochrome (Alexa 633 or Alexa 405-SE) and the fluorogenic reporter substrates 

Oxyburst Green, succinimidyl ester (H2DCFDA-SE) for superoxide burst or DQ Green BSA for bulk 
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proteolysis. When the beads are internalised by alveolar macrophages, they gain fluorescence 

intensity proportional to the degree of activity in the phagosome.  

 

7.2.2.1 Generation of reporter beads 

250 µl of carboxylate-modified silica beads (Kisker Biotech) were washed 3 times in 1 ml PBS by brief 

vortexing and centrifugation at 2000 x g for 60 seconds. Beads were resuspended in PBS (pH 7.2) 

with 25 mg/ml of cyanamide (Sigma-Aldrich) and incubated for 20 minutes at room temperature 

with agitation. Again, beads were washed 3 times in 1 ml PBS to remove as much buffer as possible. 

Coupling buffer was made by dissolving 0.1 M sodium borate in double distilled water, and adjusted 

to pH 8.0 with 10 M sodium hydroxide.  

 

7.2.2.1.1 Superoxide burst beads 

900 µl of coupling buffer, 100 µl of defatted BSA (10 mg/ml, Sigma-Aldrich) and 10 µl of murine IgG 

(10 mg/ml, Sigma-Aldrich) were added to the bead pellet. Beads were conjugated on the mixer 

overnight, then washed 3 times with coupling buffer. The pellet was resuspended in a further 900 µl 

of coupling buffer, and a mixture of 5 µl OxyBurst Green, succinimidyl ester (H2DCFDA-SE, 25 mg/ml 

in DMSO in aliquots at -20oC, Molecular Probes) and 95 µl DMSO added to the beads. This was left to 

couple for 60 minutes, rinsed in coupling buffer, and repeated once to maximise OxyBurst labelling.  

Beads were washed twice in coupling buffer, resuspended in 1 ml of coupling buffer, and 5 µl Alexa 

405 or Alexa 633 (5 mg/ml in DMSO, stored in aliquots at -20oC, Molecular Probes) added. Beads 

were incubated on the mixer for 60 minutes at room temperature before a final 2 washes with 

coupling buffer, and 1 with PBS. Labelled beads were stored in the dark at 4oC in 500 µl of PBS with 

0.02% sodium azide. 

OxyBurst Green fluoresces at 519 nm following excitation at 488 nm. The calibration fluorochrome 

Alexa 633-SE fluoresces at 647 nm following excitation at 635 nm, and Alexa 405 fluoresces at 421 

nm following excitation at 405 nm. The 633-labelled Oxyburst beads were not stable and underwent 

spontaneous oxidation (in the first 16 samples). As such, only those using the Alexa 405-SE 

calibration fluorochrome were included in the superoxide burst analysis. 

 

7.2.2.1.2 Bulk proteolysis beads 

1 ml of coupling buffer with 3 mg of DQ Green BSA (Molecular Probes) and 10 µl of murine IgG (10 

mg/ml, Sigma-Aldrich) were added to the bead pellet. This was conjugated on the mixer overnight, 

before washing 3 times with coupling buffer. The remaining conjugation with calibration 

fluorochrome and wash steps occurred as for the superoxide burst beads.   
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7.2.2.2 Preparation of reporter bead suspension 

Prior to performing the functional assays, 5 µl of bead suspension per experimental well were 

removed, and an extra 10 µl added to provide sufficient beads to calibrate the flow cytometer. Beads 

were washed twice in 1 ml of media (RPMI 1640 + 10% foetal bovine serum + 2 mM L-glutamine) in a 

microfuge (1000 x g, 1 minute) to remove the sodium azide. Beads were resuspended in 100 µl of 

media per experimental well prior to use. Preparation was done in semi-darkness to prevent 

degradation, with the bead suspensions wrapped in aluminium foil when not in use. 

 

7.2.2.3 Performance of alveolar macrophage functional assays  

Phagocytosis of reporter beads is rapid, typically occurring within 2-3 minutes of addition of beads, 

and as such the first timepoint (OXY 10 and DQ 10) was collected at t = 10 minutes [372]. Superoxide 

burst reaches maximal activity 30 minutes after phagocytosis [370, 372, 615], with samples collected 

at t = 60 minutes (OXY 60); whereas as bulk proteolysis, requiring efficient acidification and delivery 

of lysosomal enzyme delivery to the phagosome, is a slower process and was harvested at t = 240 

minutes (DQ 240) [372, 615]. 

Plates were set up as per Figure 7.1 below. 100 µl of bulk proteolysis beads (DQ Green BSA) were 

added to the DQ 10 and 240 wells, and 100 µl of superoxide burst beads to the OXY 10 and 60 wells. 

The plate was agitated gently to distribute the beads, and incubated at 37°C, 5% CO2. This was time 0 

(t = 0 min). The control well had no reporter beads added to enable the gates on the flow cytometer 

to be set prior to analysis of the experimental wells. Figure 7.2 shows the confluent macrophage 

monolayer with reporter beads. 

 

 

Figure 7.1: Plate layout for functional assays 
3 million cells were plated into each well. DQ 240: bulk proteolysis 240 minutes; DQ 10: bulk proteolysis, 10 
minutes; OXY 60: superoxide burst 60 minutes; OXY 10: superoxide burst 10 minutes; CONT: control, no beads. 
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After 10 minutes, the first timepoint (t = 10 minutes) was taken.  The plate was agitated gently, and 

the media and unbound beads removed from the OXY 10 and DQ 10 wells. 1 ml of cold PBS was 

added, and the cells scraped into suspension. The cell suspensions were transferred into 5 ml round 

bottom FACS tubes, centrifuged at 500 x g for 5 minutes at 4oC, and the supernatant discarded. The 

cells were fixed in 1 ml of 3.7% paraformaldehyde (Sigma-Aldrich) for 20 minutes then washed 3 

times with 1 ml of PBS, before resuspension in 500 µl PBS and refrigeration at 4oC in the dark until 

ready to acquire on the flow cytometer. 

The media in the remaining wells was removed gently and replaced with 2 ml of media (RPMI 1640 + 

10% foetal bovine serum + 2 mM L-glutamine) at 37oC. This removed unbound beads from the wells. 

At t = 60 minutes (superoxide burst, OXY 60) or t = 240 minutes (bulk proteolysis, DQ 240), the cells 

were harvested as described above. At the conclusion of the assay, 50 μl of unused reporter beads 

were added to 2 ml of PBS with 3.7% paraformaldehyde, washed 3 times with 1 ml of PBS, and 

placed in the dark at 4˚C with the other samples. 

 

 

Figure 7.2: Macrophage monolayer with reporter beads 
After 2 hours of incubation, the alveolar macrophages form a confluent monolayer on the bottom of the 6-well 
plate. The small round beads are the reporter beads, some of which have already been phagocytosed in this light 
microscopy image. 

 

7.2.2.4 Flow cytometry 

The samples were analysed by flow cytometry, using the CyAn ADP 9-Colour flow cytometer 

(Beckman Coulter). Data were analysed using FlowJo software version 10.4 (Tree Star). 200,000 
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events were acquired for each sample. First, reporter beads alone were run and their relative 

fluorescence recorded, graphing calibration fluorochrome (PB channel, 450 nm) against the reporter 

fluorochrome (FITC channel, 530 nm) shown in Figure 7.3A. Second, cells alone were acquired to set 

the forward (FS) and side scatter (SS) gates at the appropriate level. The major cell populations were 

defined initially by their FS and SS characteristics, identifying a population of alveolar macrophages 

and lymphocytes (Figure 7.3B). The identity of the cell populations was subsequently confirmed by 

demonstrating the gated cell populations labelled with anti-CD206 and anti-HLA-DR (alveolar 

macrophages), and anti-CD3, anti-CD4 and anti-CD8 (T lymphocytes), discussed later.   

Finally, the cells from the experimental conditions were acquired. Figure 7.3D shows a 

representative dot plot following 10 minutes of incubation with superoxide burst reporter beads. 3 

populations are seen: alveolar macrophages that had not internalised beads at the bottom of the 

plot, and alveolar macrophages with internalised reporter beads at the top of the plot (oxidised and 

unoxidised populations). Reporter beads within the phagosome are progressively oxidised by the 

superoxide burst, and are thought to respond predominantly to H2O2 [357, 615]. The fluorescence 

emission of OxyBurst Green increases following oxidation, and is seen as increased fluorescence on 

the FITC channel after 60 minutes of incubation and a shift to the right of the AM population with 

internalised reporter beads (Figure 7.3E). 

Bulk proteolytic activity within the phagosome is captured by the DQ reporter beads. Internalised 

beads are hydrolysed by protease enzymes within the phagosome, releasing fluorescence [615]. This 

increased fluorescence on the FITC channel was read after 240 minutes of incubation. This assay 

reports the sum total of multiple steps in the phagosome maturation process, as total proteolytic 

activity will be influenced by pH, activation of lysosomal hydrolases, and fusion with pre-existing 

lysosomal compartments [615]. 

The readout for the superoxide burst and bulk proteolysis assays was the Activity Index, a ratio of 

the substrate fluorescence to the calibration fluorescence. This was calculated by first determining 

the ratio of median fluorescence intensity of the reporter over calibration fluorescence at 10 and 60 

minutes (for superoxide burst) or 10 and 240 minutes (for bulk proteolysis) time points, and then 

dividing the ratio at 60 or 240 minutes by the ratio at 10 minutes. This provides an internal 

correction for dosage, and allows for comparison between samples. 

The readout for phagocytosis was the proportion of cells that had internalised the superoxide burst 

reporter beads after 60 minutes. Baseline superoxide burst, bulk proteolytic, and phagocytic activity 

were related to HIV status, clinical and radiological predictors, and bacteriological endpoints. Change 

in activity between bronchoscopy 1 and 2 was captured and related to bacteriological and clinical 

endpoints. 
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Figure 7.3: Representative flow cytometry gating strategy and dot plots for alveolar macrophage reporter 
bead assays 
A: Flow cytometry dot plot showing reporter beads only. Reporter beads alone were acquired, plotting 
calibration fluorescence (PB: Pacific Blue fluor, vertical axis) against reporter fluorescence (FITC fluor, horizontal 
axis).  
B: Gates were reset, and cells alone acquired. The populations of alveolar macrophages (AMs) and lymphocytes 
were identified by their forward scatter (FS, linear scale) and side scatter (SS, log scale) characteristics.  
C: Dot plot of alveolar macrophages alone (no reporter beads) 
D: Dot plot of alveolar macrophages after incubation with superoxide burst beads for 10 minutes. Macrophages 
with internalised beads are seen at the top of the plot. Some of the beads have already been oxidised, seen as a 
shift in the cell population to the right. 
E: After 60 minutes, oxidative activity within the phagosome is seen as increased fluorescence on the FITC 
channel. 

 

 

7.2.2.5 Statistical analysis 

Flow cytometry data were log transformed and analysed using one-way analysis of variance, 

Student’s t-test or Welch’s t-test (unequal variances). Differences were considered statistically 

significant at p less than 0.05. All statistical analysis was performed using the open-source statistical 

software R version 3.5.0 [439]. 

Paired results were not available from all participants due to assay failure, low cell recovery, or 

failure to attend. These data were considered ‘missing completely at random’. Restricting the 

functional assay analysis to only paired or unpaired samples makes inefficient use of the data, and 

thus multiple imputation techniques were adopted to handle this missing data. Multiple imputation 

by chained equations was implemented in the ‘mice’ package in R. In brief, the package creates 

multiple imputations for multivariate missing data, and imputes plausible data values drawn from a 
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distribution designed for each missing data point. Predictive mean matching was used for 

imputation, and 25 imputed data sets generated. 

 

7.2.3 Intrapulmonary cytokine measurement 
 

IFN-γ, TNF-α, IL-10, and TGF-β were measured in BAL supernatant using commercially available ELISA 

kits according to manufacturer’s instructions (Thermo Fisher). BAL supernatant was thawed, 

vortexed, and 15 ml transferred to 3 kDa NMWL Amicon Ultra-15 Centrifugal Filter Units (Merck). 

Samples were centrifuged at 2,700 x g for 40 minutes to achieve a concentrated solution of 600 – 

5,000 µl. The volume of ELF in concentrated BAL supernatant was calculated by the urea dilution 

method as described in Chapter 5. 

In brief, concentrated BAL was added to 96-well plates coated with anti-human IFN-γ (50 μl sample), 

anti-human TNF-α (100 μL sample), anti-human IL-10 (50 μl sample) or anti-human Latency 

Associated Peptide (precursor to TGF-β1, 10 μl sample) in duplicate. Each plate included a standard 

curve and blank wells. Assay characteristics are summarised in Table 7.1.  

Plates were incubated for 2 hours, washed, and incubated with Streptavidin-HRP. After a further 30-

minute incubation, plates were washed again, substrate solution reactive with HRP added, and 

incubated in the dark for a final 30 minutes. A blue coloured product is formed in proportion to the 

amount of substrate in the sample. The reaction was terminated by the addition of stop solution, 

yielding a yellow product, and plates read on an ELISA plate reader set at 450 nm.  

 

Assay Assay range (pg/ml) Sensitivity (pg/ml) Intra-assay %CV 

IFN-γ 25.6-1000 <2 3.71 

TNF-α 15.6-1000 1.7 3.84 

IL-10 15.36-600 <3 7.10 

TGF-β (Latency Associated Peptide) 0.16-10 0.098 5.84 

Table 7.1: Cytokine assay characteristics 
Latency associated peptide was measured instead of TGF-β. This is a precursor peptide, cleaved to form active 
TGF-β. Measuring LAP rather than TGF-β avoids the need for pre-treatment with acid. 

 

Standard curves were plotted for each plate, and used to calculate the concentration of cytokine in 

BAL concentrate. Cytokine concentrations in ELF were calculated from the equation below.  

𝑐𝑜𝑛𝑐𝐸𝐿𝐹 = 𝑐𝑜𝑛𝑐𝐵𝐴𝐿𝐶𝑂𝑁𝐶 ∗ (
𝑣𝑜𝑙𝐵𝐴𝐿𝐶𝑂𝑁𝐶

15
) ∗ (

𝑣𝑜𝑙𝐵𝐴𝐿

𝑣𝑜𝑙𝐸𝐿𝐹

) 

The dilution factor is calculated by dividing the volume of concentrated BAL returned by the 15 ml of 

BAL supernatant placed in the concentrator. volBAL represents the volume of BAL returned at 
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bronchoscopy, volELF the volume of ELF in the sample calculated from the urea dilution method, and 

concBALCONC the cytokine concentration in concentrated BAL.  

 

7.2.4 Surface immunophenotyping of BAL cells 
 

Surface immunophenotyping of whole BAL was performed to differentiate and to quantify the cell 

populations. 1 million cells from whole BAL were transferred to each of 3 FACS tubes and centrifuged 

at 500 x g for 8 minutes. The supernatant was discarded and cell pellet resuspended. The first tube 

served as the control containing unstained cells, to which 100 µl of PBS were added. In the second 

tube, the AM panel, cells were stained with 10 µl anti-CD45 PE, 15 µl anti-CD206 FITC, 10 µl anti-

HLA-DR AlexaFluor700, and the volume was made up to 100l by adding 65 µl PBS. The final tube, 

the T cell panel, was stained with 5 µl anti-CD3 PE-Cy5, 5 µl anti-CD4 BV421, 10 µl anti-CD8 PC7 and 

10 µl anti-CD45 PE. The volume was made up to 100l by adding 70 µl PBS. All antibodies were from 

BD Bioscience. 

Samples were vortexed and incubated in the dark for 20 minutes. Cells were washed once in 1 ml 

cold PBS (centrifuged at 500 x g, 8 minutes), resuspended in 500 µl PBS, and acquired on the flow 

cytometer. Figure 7.4 shows the gating strategy used for surface immunophenotyping of whole BAL.  

Proportions of alveolar macrophages, T cells, CD4+ T cells, and CD8+ T cells at the early and late 

bronchoscopy timepoints were compared by HIV status. Relative absolute cell counts were 

calculated using methods described previously [616]. In brief, macrophages in whole BAL were 

counted using a haemocytometer, and converted into cells x106 /100 ml BAL. The T cell/alveolar 

macrophage ratio was calculated from the proportions obtained from the flow cytometer leukocyte 

gate (Figure 7.4B), and multiplied by the alveolar macrophage count to generate a T cell count. 

Relative absolute CD4+ and CD8+ T cell counts were similarly calculated based on the approximate 

CD3+ T cell count and the frequencies of CD4+ and CD8+ T cells relative to the flow cytometry parent 

gate. 
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Figure 7.4: Flow cytometry gating strategy for surface immunophenotyping of BAL cells 
A: Leukocytes were gated by anti-CD45 (leukocyte common antigen, PE fluor: phycoerythrin) 
B: The populations of alveolar macrophages and lymphocytes were gated on their forward scatter (FS) and side 
scatter (SS) characteristics.  
C: Alveolar macrophage panel. The identities of the cell populations were then confirmed by demonstrating the 
gated cell populations with anti-CD206 (mannose receptor, FITC fluor: fluorescein isothiocyanate) and anti-HLA-
DR (major histocompatibility complex class II, AF700: Alexa Fluor 700).  
D and E: T cell panel. The identity of the gated cell population was confirmed by demonstrating the gated cell 
populations with anti-CD3 (T lymphocyte, PC5 fluor: phycoerythrin cyanin 5.1), followed by anti-CD4 (BV421 
fluor: Brilliant Violet 421) and anti-CD8 (PE-Cy7 fluor: phycoerythrin-Cy7).  

 

7.2.5 Intracellular pH measurement 
 

The pHrodo phagocytosis bead labelling kit (Molecular Probes) was adapted to measure pH within 

the alveolar macrophage phagosome. The pHrodo dye is almost non-fluorescent at neutral pH, and 

fluoresces brightly in acidic environments [617]. By coupling with biological particles, for example 

bacteria, it is possible to assess phagocytic activity in whole blood samples by flow cytometry.  

Lyophilised E. coli (Sigma Aldrich) were labelled with pHrodo for these assays. 60 mg of lyophilised E. 

coli were washed and resuspended in 100 mM sodium bicarbonate buffer. A 10 mM solution of 

amine-reactive pHrodo SE was prepared by resuspending 1 mg of dye in 150 µl DMSO, and added to 

the E. coli to achieve a final concentration at 0.5 mM labelling. After 45 minutes incubation, 

unincorporated dye was removed by washing with methanol [617]. pHrodo dye-labelled E. coli were 

kept at 4oC until ready for use.  
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Prior to use, the pHrodo dye-labelled E. coli were diluted with buffer to obtain a 5 mg/ml suspension. 

For optimal assay conditions, a ratio of > 20:1 pHrodo particles to phagocytosing cells was 

recommended [617]. In practice, this meant that 20 µl of particle suspension were added to 100 µl 

of whole blood. The particle suspension was vortexed, sonicated, and held on ice for 10 minutes 

prior to use. 

For each sample, 4 tubes were set up as per Table 7.2. The manufacturer recommends the use of 

whole blood [617]. Whole blood was used to optimise the assay, and latterly a suspension of alveolar 

macrophages. 3 million cells (3 ml) were added to the empty well of a 6-well tissue culture plate 

(Figure 7.1) and incubated at 37°C, 5% CO2 for 2 hours to allow the alveolar macrophages to adhere. 

After 2 hours, the media and non-adherent cells were removed, and the alveolar macrophages 

scraped into suspension with 1 ml of cold PBS. 100 µl of this suspension were used for the pH assay. 

Samples, with or without particles, were placed on ice or in a 37oC water bath, initially for 15 

minutes. In later experiments, 30 or 45 minute incubations were used, and a rotating incubator used 

to minimise macrophage adherence to the FACS tubes. 

 

 Tube Name Volume of whole blood / 

macrophage suspension 

pHrodo dye-labelled particles 

1 Negative control on ice 100 µl - 

2 Negative control at 37oC 100 µl - 

3 Positive control on ice 100 µl > 2 x 107 beads / 20 µl 

4 Positive control at 37oC 100 µl > 2 x 107 beads / 20 µl 

Table 7.2: Intracellular pH assay experimental conditions 
For each sample, 4 tubes were set up. 100 µl of whole blood or alveolar macrophage suspension was required. 

 

After the incubation, all tubes were placed on ice, and ammonium-chloride-based lysis buffer added 

[617]. This lyses erythrocytes, with minimal effect on leukocytes. Cells were resuspended in 0.5 ml 

wash buffer for flow cytometry analysis on the CyAn ADP 9-Colour flow cytometer (Beckman 

Coulter). The optimal absorption of the pHrodo dye-labelled particles is approximately 560 nm, and 

fluorescence emission maxima of 585 nm [617]. The manufacturers report that the fluorophore is 

readily excited with the 488 nm argon-ion laser. To analyse samples, FS versus SS was plotted first, 

followed by FS versus fluorescence on the PE channel. Figure 7.5 shows the gating strategy for whole 

blood and alveolar macrophages.  

The degree of fluorescence on the PE channel was compared between tubes 3 and 4: a control 

where phagocytosis was inhibited by incubating on ice, and the experimental condition. The sample 

held on ice showed very little fluorescence as the pHrodo particles were not in acidic phagosome 

compartments, whereas the sample incubated at 37oC showed increased fluorescence emission.  
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The pHrodo assay was ran only on a subset of BAL samples with sufficient cells after the functional 

assays and immunophenotyping experiments had been run. The manufacturer suggested a greater 

than 5-fold increase in fluorescence signal between the control and experimental samples as a good 

result [617]. In whole blood, greater than 96% phagocytosing granulocytes could be expected. 

 

 

Figure 7.5: Representative dot plots of intracellular pH measurement using pHrodo-labelled E. coli  
A-C: Granulocyte intracellular pH measurement. In A, the granulocyte population in whole blood is selected 
based on its’ forward (FS, linear scale) and side scatter (SS, log scale) characteristics. The gated population of 
granulocytes was plotted against fluorescence on the Y axis. Negative controls (no particles) are not shown 
here. B shows a population of cells with particles in the positive control on ice (tube 3). Increased fluorescence 
is seen in C (tube 4) – positive control at 37oC. Quantification of fluorescence (by MFI) and comparison between 
B and C gives a measure of intracellular acidification.  
D-F: the same assay using alveolar macrophages. Again, the population of macrophages is selected based on FS 
and SS characteristics.  

  

7.2.6 Multiplex PCR for co-infection 

 

Multiplex PCR on sputum and BAL samples from the SPITT Study was performed as part of a MSc in 

Tropical and Infectious Diseases by Dr David Cox. While the methods have been described in detail in 

his master’s dissertation, they are summarised below. The data were reanalysed for this thesis. 

 

7.2.6.1 Sample selection 

All BAL supernatant samples were retrieved from -80oC for analysis. A subset of participants had 

their screening and S3/S4 sputum samples (paired with their first bronchoscopy) analysed. This was 
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restricted to those that were Mtb culture-confirmed, with a complete set of BAL and corresponding 

sputum samples. 

 

7.2.6.2 Sample processing 

Samples of raw sputum were retrieved from -20oC storage, 300 µl removed and homogenised with 

an equal volume of 1 g/l 1,4-dithiotheitol (Sputasol, Oxoid).  

BAL supernatant was thawed, vortexed, and 15 ml transferred to 3 kDa NMWL Amicon Ultra-15 

Centrifugal Filter Units (Merck). Samples were centrifuged at 2,700 x g for 40 minutes to achieve a 

concentrated solution of 600 – 5,000 µl. 

 

7.2.6.3 Multiplex PCR 

Total nucleic acids were extracted from 300 µl of specimen in batch with the Qiagen BioRobot 

Universal System, using the QIAamp One-For-All nucleic acid kit (Qiagen). 10 µl of eluate were used 

with the FTD Respiratory pathogens 33 (Fast-Track Diagnostics) real-time reverse transcriptase 

multiplex PCR kits according to manufacturer’s instructions, in combinations with the AgPath one-

step qRT-PCR reagents (Applied Biosystems). Samples were run on the Applied Biosystems 7500 or 

Viia 7 Real-time PCR Systems (Thermo Fisher Scientific), alongside positive and negative controls. 

Samples with exponential amplification below a cycle threshold (CT) of ≤ 38 were recorded as 

positive. 

Viral pathogens included in the FTD kit were: influenza A, B, C, and A (H1N1) swine-lineage viruses; 

coronaviruses OC43, NL63, HKU1 and 229E; parainfluenza viruses 1-4; respiratory syncytial viruses A 

and B; enterovirus; human metapneumoviruses A/B; rhinovirus; adenovirus; bocavirus; and 

parechovirus. Bacterial pathogens included Mycoplasma pneumoniae, Chlamydia pneumoniae, 

Streptococcus pneumoniae, Haemophilus influenzae type B, Staphylococcus aureus, Moraxella 

catarrhalis, Bordetella spp., Klebsiella pneumoniae, Legionella pneumophila/Legionella longbeachae, 

Salmonella species and Haemophilus influenza. Pneumocystis jirovecii was also included. 

One-way ANOVA and chi-squared tests were used to identify clinical or radiological predictors of the 

presence of organism in BAL or sputum. Co-infection in BAL was related to 2MCC, bacillary 

elimination, and final outcome by logistic or linear regression. 
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7.3 Results 

7.3.1 BAL recovery 
 

92 research bronchoscopies were performed; 51 early bronchoscopies (2 months into TB treatment), 

41 late bronchoscopies (4 months into TB treatment). The first bronchoscopies occurred at median 

48 days into treatment [IQR 44-50], the second at 108 days into treatment [IQR 106-112]. The 

median BAL return was 129 ml [IQR 115-140]. 

 

7.3.2 Alveolar macrophage function 

 

The alveolar macrophage functional assays (phagocytosis, superoxide burst, and bulk proteolysis) 

were attempted on all participants attending for bronchoscopy. However, paired samples from early 

and late bronchoscopies were available from a minority of participants. Assay failure, insufficient BAL 

return, insufficient cell counts, and failure to attend for the second bronchoscopy restricted the 

samples available for analysis. Multiple imputation, by allowing for paired analysis of functional 

assays at 2 and 4 months, made more efficient use of the data. The analysis below describes how 

alveolar macrophage functions change over time on TB treatment, or how function differs between 

those with or without HIV co-infection. 

 

7.3.2.1 Phagocytosis 

Alveolar macrophage phagocytic function was assessed in 65 samples: 32 early, 33 late, and 20 

paired. Data distribution was explored using summary statistics and plots: phagocytic activity was 

right skewed.  

There was no significant difference in phagocytic activity at the early and late bronchoscopy 

timepoints (median 72.5% cells with beads [IQR 60-77] vs. 72% [IQR 62-79]; p=0.652). When 

stratified by HIV status (Figure 7.6), there was a significant increase in the phagocytic activity in HIV-

infected participants by 4 months into TB treatment (median 61% cells with beads [IQR 56-68.5] vs. 

75 [IQR 69.5-79]; p=0.020), but not in HIV-uninfected participants (median 72% cells with beads [IQR 

53-75] vs. 71 [IQR 63-75]; p=0.476). 

Predictors of alveolar macrophage phagocytic activity were explored by univariate and multivariate 

linear regression, measured against the activity index at the 2 month bronchoscopy (closer to the 

start of treatment). There were too few HIV-infected participants established on ART to explore the 

effect of ART duration on phagocytic activity, but there was no relationship between baseline CD4 

count on univariate analysis (p=0.675). Those with a greater change in CD4 count over treatment 

tended to have poorer phagocytic function at the time of the first bronchoscopy (estimate: -0.036; 



Chapter 7  Intrapulmonary immunology 
 

Page 228 

SE: 0.017; p=0.042). This may reflect greater immunosuppression (due to HIV or TB) at baseline, or 

an effect of immune reconstitution. Phagocytic activity at 2 months was not associated with 2MCC 

(OR: 1.0; 95% CI: 0.96-1.05; p=0.913), bacillary elimination rate (p=0.656), or final outcome (OR: 

1.09; 95% CI: 0.97-1.39; p=0.225). 

 

Figure 7.6: Alveolar macrophage phagocytic function early (2 months) and late (4 months) into TB treatment, 
stratified by HIV status 
Paired data only. Bars represent mean proportion of cells with beads. Comparisons between early and late 
bronchoscopy made by paired t-test.  

 

7.3.2.2 Superoxide burst 

Alveolar macrophage superoxide burst was assessed in 42 samples: 30 early, 22 late, and 16 paired. 

Log-transformed activity index was normally-distributed. In pooled samples, there was no change in 

superoxide burst activity index over time (median 0.48 [IQR 0.25-0.68] at 2 months vs. 0.47 [IQR 

0.35-0.63] at 4 months; p=0.783).  

Differences in superoxide burst activity between 2 and 4 months of TB treatment seemed to be 

largely driven by HIV status (Figure 7.7): HIV-infected participants had higher superoxide burst 

activity late in treatment compared to HIV-uninfected participants (0.57 [IQR 0.45-0.67] vs. 0.42 [IQR 

0.34-0.48]; p=0.008), and compared to HIV-infected participants at 2 months into treatment (0.57 

[IQR 0.45-0.67] vs. 0.48 [IQR 0.24-0.67]; p=0.024). There was a trend towards reduced superoxide 

burst activity at 2 months into treatment in HIV-infected compared to HIV-uninfected participants 

(0.48 [IQR 0.24-0.67] vs. 0.64 [IQR 0.27-0.74]; p=0.089), but this was not significant on paired testing. 
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These differences in superoxide burst activity by HIV status and time were seen when the dataset 

was restricted to only those with paired data, but multiple imputation was required to detect 

statistical significance given the low numbers.   

 

 

Figure 7.7: Alveolar macrophage superoxide burst early (2 months) and late (4 months) into TB treatment, 
stratified by HIV status 
Bars represent mean log-transformed activity index. The transparent data points are example points from the 
first of the 25 imputed datasets. Comparisons between early and late bronchoscopy made by paired t-test.  

 

No predictor variables were associated with 2 month superoxide burst activity on exploratory 

univariate linear regression. Superoxide burst was not associated with treatment response by 2MCC 

(OR: 0.2; 95% CI: 0.0-7.8; p=0.380), modelled bacillary elimination rate (p=0.887), or final outcome 

(OR: 0.0; 95% CI: 0.0-16.6; p=0.293). 

 

7.3.2.3 Bulk proteolysis 

Bulk proteolytic activity was assessed in 43 samples: 29 early, 24 late, 17 paired. Figure 7.8 shows 

bulk proteolytic activity over time by HIV status. No significant differences in proteolytic activity 

were seen at the 2 timepoints, or between HIV-infected/uninfected individuals. Bulk proteolytic 

activity was slightly reduced in HIV-infected participants at the late bronchoscopy compared to the 

early, but this was not statistically significant (0.31 [IQR 0.22-0.59] vs. 0.52 [IQR 0.33-0.62]; p=0.079). 

When the analysis was restricted to only those participants with paired data, HIV-infected 
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participants had lower bulk proteolytic function compared to HIV-uninfected participants at 4 

months into treatment (0.30 [IQR 0.23-0.31] vs. 0.41 [IQR 0.24-0.58]; p= 0.030). 

 

 

Figure 7.8. Alveolar macrophage bulk proteolytic function early (2 months) and late (4 months) into TB 
treatment, stratified by HIV status 
Bars represent mean log-transformed activity index. The transparent data points are example points from the 
first of the 25 imputed datasets. Comparisons between early and late bronchoscopy made by paired t-test.  

 

There were too few HIV-infected participants established on ART to assess the effect of ART duration 

on proteolytic function: more than half of participants were newly diagnosed with HIV at the time of 

TB diagnosis. Several variables had a univariate association with bulk proteolytic activity at the early 

bronchoscopy: a history of smoking (estimate: -0.180; SE: 0.058; p=0.004), baseline pulse (estimate: 

0.003; SE: 0.001; p=0.029), and baseline white cell count (estimate: 0.035; SE: 0.013; p=0.013). None 

of these associations remained significant on multivariate regression analysis. 

Alveolar macrophage proteolytic function was a poor predictor of 2MCC (OR: 0.12; 95% CI: 0.0-24.7, 

p=0.451) or bacillary elimination rate (p=0.923). There were too few unfavourable outcomes to 

assess relationships between proteolytic activity and final outcome.  
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7.3.3 Intrapulmonary cytokine micro-environment 
 

Intrapulmonary cytokines were measured in 46 IPPK1 and 38 IPPK2 samples (IFN-γ & IL-10), or 43 

IPPK1 and 37 IPPK2 samples (TNF-α & TGF-β). Table 7.3 summarises the pooled ELF cytokine 

concentrations. There was considerable variability in the cytokine concentrations recorded in ELF. 

 

Cytokine N * Mean concentration 

(SD) in pg/ml 

Median concentration 

[IQR] in pg/ml 

IFN-γ 84 41.42 (63.08) 18.85 [5.62, 47.66] 

TNF-α 80 234 (239) 157.1 [41.73, 357.8] 

IL-10 84 8.89 (15.61) 0.32 [0, 11.86] 

TGF-β (Latency Associated Peptide) 80 5.77 (7.98) 3.16 [1.15, 6.33] 

Table 7.3: Cytokine concentrations in ELF 
* early and late bronchoscopy results are pooled. SD: standard deviation; IQR: interquartile range 

 

7.3.3.1 Intrapulmonary cytokines by HIV status and time 

Concentrations of the pro-inflammatory cytokine IFN-γ decreased significantly between the 2 

bronchoscopies (early 27.1 pg/ml [IQR 15.1, 63.5] vs. 7.1 [2.3, 35.6]; p=0.002). This was largely driven 

by the reduction in IFN-γ in HIV-uninfected participants (Figure 7.9). Compared to HIV-uninfected 

participants, those with HIV had persistently elevated concentrations of IFN-γ in the alveolar space 

out to 4 months of treatment (median 17.5 pg/ml [IQR 5.0-60.5] vs. 3.3 [IQR 1.9-10.4]; p=0.010). 

Overall, HIV-infected participants had higher concentrations of IFN-γ in their ELF as compared to HIV-

uninfected participants (p=0.006).  

In contrast, concentrations of TNF-α were seen to be higher at 4 months into treatment (early 96.2 

pg/ml [IQR 32.4, 245.5] vs. 224.5 [89.6, 480]; p=0.014), again largely driven by changes in the HIV-

uninfected participants (median 224.5 pg/ml [IQR 36.6-563.71] at 2 months vs. 87.7 [IQR 17.3-173.0] 

at 4 months; p=0.009, Figure 7.10). This relationship held true if pooled or paired samples were 

analysed. 

Concentrations of the anti-inflammatory cytokines IL-10 and TGF-β were low in ELF, and often below 

the limit of quantification. No significant changes over time, or by HIV status, were identified, though 

there was a trend to reduced IL-10 concentrations by 4 months in paired samples (Figure 7.11). 
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Figure 7.9: Epithelial lining fluid IFN-γ concentrations early (2 months) and late (4 months) into TB treatment, 
stratified by HIV status 
Bars represent mean concentration in pg/ml. Comparisons between early and late bronchoscopy made by paired 
t-test. 

 

Figure 7.10: Epithelial lining fluid TNF-α concentrations early (2 months) and late (4 months) into TB 
treatment, stratified by HIV status 
Bars represent mean concentration in pg/ml. Comparisons between early and late bronchoscopy made by paired 
t-test.  
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Figure 7.11: Epithelial lining fluid IL-10 concentrations early (2 months) and late (4 months) into TB treatment 

 

7.3.3.2 Intrapulmonary cytokines and alveolar macrophage function 

The relationships between intrapulmonary concentrations of IFN-γ, TNF-α, IL-10 and TGF-β, and 

alveolar macrophage phagocytosis, superoxide burst, and bulk proteolysis were explored by linear 

regression, assessing 2 and 4 month samples separately. No significant relationships were identified. 

 

7.3.3.3 Intrapulmonary cytokines and response to treatment 

An exploratory analysis of intrapulmonary cytokine concentrations at 2 months versus treatment 

response (2MCC, BER, and final outcome) was performed. Those that had sputum culture converted 

by 2 months had lower TNF-α concentrations in their 2 month ELF compared to those still culture 

positive (median 124.3 pg/ml [IQR 22.1-283.3] vs. 209.3 [77.7-425]; p=0.048; Figure 7.12). 
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Figure 7.12: ELF TNF-α versus 2-month culture conversion 
Bars represent mean concentration in pg/ml. Comparisons between culture converters and non-converters made 
by unpaired t-test.  

 

7.3.4 Surface immunophenotyping of BAL 
 

Surface immunotyping was performed on 31 whole BAL samples: 19 early, 12 late. The alveolar 

macrophage was the most abundant cell type in whole BAL (median 55.7% [IQR 40.9-73.3]), 

identified by anti-CD45, anti-CD206, and anti-HLA-DR staining.  

Table 7.4 compares the proportion of cell types in whole BAL stratified by HIV status at 2 months 

into treatment. HIV-infected participants were found to have a lower proportion of CD4+ T cells 

(anti-CD45, anti-CD3, and anti-CD4 staining), higher proportion of CD8+ T cells (anti-CD45, anti-CD3, 

and anti-CD8 staining), and a lower CD4+/CD8+ ratio.  

Figure 7.13 shows the proportions and relative absolute cell count for participants stratified by HIV 

status. As only 3 HIV-infected participants had samples available for surface immunophenotyping 4 

months into treatment, the results from the early and late bronchoscopy timepoints have been 

pooled. 
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Figure 7.13: Cell subsets in BAL, stratified by HIV status 
Proportions of alveolar macrophages and T cells calculated as a proportion of leukocytes. Proportions of CD4+ 
and CD8+ cells reported as proportion of T cells. Relative absolute cell counts calculated with reference to the 
macrophage cell count. Bars represent geometric mean.  
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Characteristic HIV uninfected (n=12) HIV infected (n=7) p value * 

% alveolar macrophages (mean (SD)) 65.2 (18.6) 51.2 (21.8) 0.153 

% T cells (median [IQR]) 11.8 [6.4, 25.1] 6.0 [2.1, 26.6] 0.398 

% CD4+ cells (mean (SD)) 51.2 (18.2) 21.6 (19.7) 0.004 

% CD8+ cells (median [IQR]) 20.8 [15.7, 41.2] 52.9 [40.9, 70.5] 0.018 

Alveolar macrophages x 106/100ml BAL 

(median [IQR]) 

14.0 [12.0, 20.5] 16.0 [16.0, 19.0] 0.265 

T cells x 106/100ml BAL (median [IQR]) 2.8 [1.6, 8.6] 4.0 [1.2, 9.5] 0.800 

CD4+ cells x 106/100ml BAL (median [IQR]) 1.5 [0.8, 4.0] 0.4 [0.2, 2.1] 0.176 

CD8+ cells x 106/100ml BAL (median [IQR]) 1.1 [0.5, 1.5] 2.1 [0.7, 2.7] 0.398 

CD4+/CD8+ ratio (median [IQR]) 2.6 [0.9, 4.0] 0.2 [0.2, 0.7] 0.005 

Male sex (%) 9 (75.0) 7 (100.0) 0.430 

Age in years (median [IQR]) 28 [23, 30] 37 [33, 39] 0.004 

ART duration (%) 

- HIV infected, not yet on ART 
- Established on ART 

  

- 4 (57.1) 

- 3 (42.9) 

- 

Baseline CD4 in cells/mm3 (median [IQR]) 428 [338, 667] 106 [57, 181] 0.003 

Table 7.4: Surface immunophenotyping of BAL cells at 2-months into treatment 
Relative absolute cell counts and proportions of alveolar macrophages, T cells, and CD4+ / CD8+ T lymphocytes 
(as a proportion of T lymphocytes), stratified by HIV status at baseline. Immunophenotyping data from early 
bronchoscopy samples only.  * compared by chi-squared or Fisher’s exact test. 

 

7.3.4.1 Kinetics of alveolar macrophages during anti-TB treatment 

Alveolar macrophages in whole BAL were identified by their forward and side scatter characteristics, 

anti-CD45, anti-CD206, and anti-HLA-DR staining. The proportion of alveolar macrophages retrieved 

from BAL reduced over time in HIV-uninfected participants (median 65.8% [IQR 54.7-81.3] vs. 50.3% 

[IQR 42.3-65.3]; p=0.021), but absolute relative cell counts were unchanged. There were too few 

HIV-infected participants with immunophenotyping data at 4 months to assess changes in this group.  

 

7.3.4.2 Kinetics of BAL T cells during anti-TB treatment 

The T cell population in whole BAL was characterised by anti-CD45 and anti-CD3 surface staining. T 

cells represented 19.7% (median, IQR [7.7-38.3]) of the total leukocyte population. There was no 

significant change in the relative abundance of T cells in HIV-infected participants, but only 2 samples 

were available at 4 months. The proportion of T cells increased in HIV-uninfected participants 

between the 2 bronchoscopies (median 13.1% [IQR 7.1-26.5] vs. 33.4% [IQR 18.5-42.3]; p=0.019). 

 

7.3.4.3 Kinetics of CD4 and CD8 T lymphocytes during anti-TB treatment 

The relative abundance of CD4+ and CD8+ T lymphocytes in whole BAL was calculated by gating on 

the anti-CD3 population (Figure 7.4). Samples were reported as a proportion of anti-CD3 cells (T 

cells). There were significant differences in the proportions of CD4+ and CD8+ lymphocytes by HIV 

status (Table 7.4 and Figure 7.14).  
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HIV-infected participants had a lower proportion of CD4+ T cells in the alveolar space at 2 months 

compared to HIV-uninfected participants (15.0% [IQR 8.7-27.5] vs. 52.3% [IQR 36.9-61.5], p=0.007), 

and a higher proportion of CD8+ T cells (52.9% [IQR 40.9-70.5] vs. 20.8% [IQR 15.7-41.2], p=0.024). 

The same trends were seen in absolute relative cell counts, but this was not statistically significant. 

With only 2 HIV-infected participants having a 4-month bronchoscopy, it is not possible to assess 

changes in proportions or absolute counts over time in HIV-infected participants. However, when 

samples from early and late bronchoscopies are pooled (as in Figure 7.13), HIV-infected individuals 

are seen to have a lower proportion and count of intrapulmonary CD4+ cells, and a greater 

proportion of intrapulmonary CD8+ cells. 

 

 

Figure 7.14: Relative proportion and absolute counts of CD4 and CD8 T lymphocytes over time and by HIV 
status 
Proportion of CD4 / CD8 cells is measured as percentage of CD45+ CD3+ T cells. There was a significant reduction 
in the proportion of CD4 cells at 2 months (early) and increase in CD8 cells in HIV-infected participants. 
Immunophenotyping data for HIV-infected participants at 4 months was only available in 3 participants. Bars 
represent mean. 
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Many of the co-infected participants were diagnosed with HIV in the course of care-seeking for TB, 

and typically started ART within the first 2 weeks of TB treatment (section 3.4.2). ART initiation and 

immune reconstitution may alter the proportion and count of alveolar CD4+ T lymphocytes. The 

number of participants established on ART was too few (n=3) to identify any difference in % CD4+ T 

lymphocytes by duration on ART, but a linear relationship between intrapulmonary and peripheral 

CD4 count was observed (p=0.04, Figure 7.15). Given that peripheral CD4 count in HIV-infected 

participants increased by median 61 cells/mm3 [IQR 4, 116] over the 6 months of TB treatment, 

increases in the alveolar CD4+ T lymphocyte count may also be expected. This may contribute to 

increased ELF concentrations of IFN-γ (section 7.3.3.1), and increased superoxide burst activity at 4-

months into treatment (section 7.3.2.2). 

 

      

Figure 7.15: Plasma versus intrapulmonary CD4 count 

 

7.3.5 Intracellular pH measurement 
 

Attempts were made to measure intracellular phagosomal pH in 15 participants. In 7 participants, 

granulocyte intracellular pH in whole blood was also assessed. All samples, bar one, were taken at 

the early bronchoscopy timepoint. Representative dot plots are shown Figure 7.5. 

 

7.3.5.1 Granulocyte intracellular pH 

Four incubation times were used in this assay: 15 minutes (as per manufacturer’s instructions), 30 

minutes, 45 minutes and 1 hour (additional timepoints during optimisation). The median percentage 

granulocytes that phagocytosed particles was 70% [IQR 26-91], with a 1.9-fold [IQR 1.1-2.0] increase 

in fluorescence (Table 7.5). The greatest percentage of phagocytosing cells was seen after 45 
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minutes of incubation (median 91%, [IQR 90-92]), and the greatest increase in fluorescence after 60 

minutes incubation (2.74-fold). These results were lower than expected (96% phagocytosing 

granulocytes, 5-fold increase in fluorescence). 

Incubation time n % phagocytosing cells 

(median [IQR]) 

Increase in fluorescence 

(median [IQR]) 

15 minutes 2 7 [4, 11] 0.9 [0.9, 0.9] 

30 minutes 2 66 [52, 80] 1.6 [1.5, 1.8] 

45 minutes 2 91 [90, 92] 2.0 [1.9, 2.0] 

60 minutes * 1 70 2.7 

TOTAL 7 70 [26, 91] 1.9 [1.1, 2.0] 

Table 7.5: Whole blood intracellular pH measurement 
Whole blood was incubated for 15-60 minutes with pHrodo-labelled E. coli. The % phagocytosing cells and 
increase in fluorescence (between samples at 37oC and samples held on ice) was measured by flow cytometry. * 

n=1 – no summary statistics included 

 

7.3.5.2 Alveolar macrophage intracellular pH 

The same experiments were attempted on 100 µl of AM suspension. Cellular recovery after 

incubation with pHrodo-labelled E. coli was minimal, with a median of 7% [IQR 3-31] phagocytosing 

cells (Table 7.6). While the highest % phagocytosing cells was seen after 45 minutes of incubation 

(29% [26-32]), few cells were recovered and this timepoint was abandoned. Use of a rotating 

incubator improved the cell yield slightly. As for the whole blood assay, a five-fold increase in 

fluorescence between samples held on ice, and samples at 37oC was anticipated [617]. The median 

increase was 1.0-fold [IQR 1.0-1.3]. Given that the assay was not running optimally by the time of the 

last early bronchoscopies, these experiments were discontinued to focus on the 

immunophenotyping work. 

Incubation time n % phagocytosing cells 

(median [IQR]) 

Increase in fluorescence 

(median [IQR]) 

15 minutes 2 1 [0, 1] 1.0 [1.0, 1.0] 

30 minutes 11 7 [5, 31] 1.1 [1.0, 1.3] 

45 minutes 2 29 [26, 32] 1.2 [1.1, 1.3] 

TOTAL 15 7 [3, 31] 1.0 [1.0, 1.3] 

Table 7.6: Alveolar macrophage intracellular pH measurement 
100 µl alveolar macrophage suspension was incubated for 15-45 minutes with pHrodo-labelled E. coli. The % 
phagocytosing cells and increase in fluorescence (between samples at 37oC and samples held on ice) was 
measured by flow cytometry.  

 

7.3.6 Multiplex PCR for co-infection 
 

156 respiratory samples were analysed by multiplex PCR, from the 51 participants undergoing 

research bronchoscopy. 51 IPPK1, 41 IPPK2, 32 screening sputum samples, and 32 S3/S4 sputum 

samples were available for analysis. 32 participants had a complete set of sputum and BAL samples 

for analysis. 
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7.3.6.1 Co-infecting organisms 

A total of 41 organisms were identified across the 156 respiratory samples: 11 viruses (26.8%), and 

30 bacteria (73.2%). Some participants had multiple organisms detected on a single sputum or BAL 

sample. Table 7.7 summarises the organisms identified by time of sampling and specimen type, and 

Table 7.8 by individual participant. Fewer organisms were recovered from BAL (n=9), compared to 

the screening sputum sample (n=32). Rhinovirus was the commonest virus isolated, K. pneumoniae 

the commonest bacteria. S. pneumoniae and H. influenzae were relatively common, and seen 

predominantly in sputum samples. 

 

 

Organism Sputum  

month 0  

 n=32, (%) 

Sputum  

month 2  

 n=32, (%) 

BAL  

month 2  

 n=50, (%) 

BAL  

month 4  

 n=40, (%) 

Total: 

organisms  

 n (%) 

Adenovirus 1 (3.1) - - - 1 (2.4) 

Coronavirus 63 2 (6.2) - 1 (2) - 3 (7.3) 

Coronavirus 229 - - 1 (2) 1 (2.5) 2 (4.9) 

Enterovirus / Parechovirus 1 (3.1) - - - 1 (2.4) 

Rhinovirus 2 (6.2) 1 (3.1) 1 (2) - 4 (9.8) 

Total: viruses 6 (18.8) 1 (3.1) 3 (6) 1 (2.5) 11 (26.8) 

Haemophilus influenzae 6 (18.8) 2 (6.2) 1 (2) 1 (2.5) 10 (24.4) 

Klebsiella pneumoniae 4 (12.5) 4 (12.5) 1 (2) 2 (5) 11 (26.8) 

Staphylococcus aureus 2 (6.2) 1 (3.1) - - 3 (7.3) 

Streptococcus pneumoniae 5 (15.6) 1 (3.1) - - 6 (14.6) 

Total: bacteria 17 (53.1) 8 (25) 2 (4) 3 (7.5) 30 (73.2) 

Overall total 23 (71.9) 9 (28.1) 5 (10) 4 (10) 41 (100) 

Table 7.7: Summary of co-infecting organisms identified by multiplex PCR in BAL and sputum from 
bronchoscopy patients 
156 respiratory samples were analysed. Bacterial organisms were identified more frequently than viral, with K. 
pneumoniae the most abundant organism in sputum and BAL. ‘Month’ refers to time into TB treatment.  
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Figure 7.16: Relative abundance of co-infecting pathogens in sputum and BAL over time 
The red shaded area represents the proportion of specimens in which no organisms were identified. The 
remaining colours represent the proportion of co-infecting pathogens in positive samples. ‘Month’ refers to time 
into TB treatment.  The screening sputum sample (month 0) had the highest proportion of organisms identified, 
mainly H. influenzae, S. pneumoniae, and K. pneumoniae. Fewer organisms were identified later in treatment, 
and in BAL.  

 

Figure 7.16 shows the relative abundance of co-infecting pathogens by sample type, and time on TB 

treatment. The screening sputum sample had the most organisms identified in the most participants 

(in 53% of participants), and BAL relatively few (8% participants). The proportion of rifampicin-

sensitive organisms (H. influenzae, S. pneumoniae, S. aureus) identified in sputum samples 

significantly reduced between months 0 and 2 of TB treatment (p=0.024). 

Table 7.8 shows the positive results by individual participant. 4 participants had the same organism 

identified in more than one sample:  H. influenzae in participants 55 and 94, K. pneumoniae in 

participants 31 and 41. Though numbers are few, there did not appear to be a relationship between 

the organisms detected in month 2 BAL and paired sputum. 
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Participant 

ID 

Sputum  

month 0  

 n=32 

Sputum  

month 2  

 n=32 

BAL 

month 2  

 n=50 

BAL 

month 4  

 n=40 

11 Coronavirus 63 

S. pneumoniae 

- - - 

12 Rhinovirus 

S. pneumoniae 

- - - 

13 K. pneumoniae - - - 

14 K. pneumoniae - Coronavirus 63 - 

26 S. pneumoniae - - - 

31 K. pneumoniae K. pneumoniae 

S. aureus 

- - 

32 Enterovirus/Parechovirus - - - 

34 H. influenzae - - - 

38 H. influenzae - - - 

41 S. aureus K. pneumoniae - K. pneumoniae 

51 Rhinovirus 

H. influenzae 

S. pneumoniae 

- - - 

55 H. influenzae H. influenzae - H. influenza 

94 Adenovirus 

H. influenzae 

H. influenzae 

S. pneumoniae 

- - 

97 K. pneumoniae - - - 

100 S. aureus 

S. pneumoniae 

- - - 

107 - K. pneumoniae H. influenza 

Rhinovirus 

- 

114 - - - Coronavirus 229 

K. pneumoniae 

115 - - Coronavirus 229 - 

119 H. influenzae - K. pneumoniae - 

120 - Rhinovirus 

K. pneumoniae 

- - 

122 Coronavirus 63 - - - 

Table 7.8: Organisms identified by multiplex PCR by individual study participants 
Colours correspond to the key on Figure 7.16. Some organisms are repeatedly isolated from the same 
participant.  

 

7.3.6.2 Predictors of co-infecting organism 

Given the small numbers of organisms identified in these samples, participants were grouped into 

those with any organism detected, and those without, for further analysis. The baseline clinical, 

demographic, and radiological data were interrogated for predictors of co-infecting organism. None 

of the predictor variables assessed were associated with the likelihood of co-infecting organism in 

sputum or BAL.   



Chapter 7  Intrapulmonary immunology 
 

  Page 243 

7.4 Discussion 
 

The work in this chapter demonstrates temporal changes in the local immune response to 

pulmonary TB infection, modulated by HIV co-infection. In the natural history of TB infection, inhaled 

Mtb in the alveolar space are phagocytosed, and the macrophage activated by pro-inflammatory 

signalling, chiefly by locally secreted IFN-γ [357, 618, 619]. Macrophage activation increases the 

activity of the superoxide burst to enhance microbial kill [370], and downregulates proteolysis to 

enable more efficient antigen presentation [377]. Secretion of TNF-α, IL-12, and chemokines from 

infected AMs encourages cellular influx [400, 401]. As treatment progresses, there is a rapid early 

down-regulation of expression of inflammatory markers as the bacterial load is debulked by 

isoniazid, followed by slower changes as dormant bacilli are eliminated [620].  

In HIV-uninfected participants, this pattern appears to hold true. Levels of IFN-γ in the alveolar space 

decline between 2 and 4 months of treatment, and there is a trend towards reduced superoxide 

burst activity later into treatment. In contrast, those with HIV co-infection show a very different 

pattern of macrophage activity over time. By 4 months, phagocytic capacity and superoxide burst 

activity increased, and there is a trend towards reduced proteolysis. Asymptomatic HIV-infected 

individuals already have high IFN-γ concentrations in the lungs [379], and it appears that IFN-γ 

concentrations remain elevated 4 months into treatment in TB/HIV co-infected patients. Given that 

bacillary elimination rates were not affected by HIV status (Chapter 6), delayed bacillary clearance in 

HIV-infected individuals is unlikely to explain these differences in alveolar macrophage function. 

With more than half of the HIV-infected cohort ART-naïve at baseline, immune reconstitution and 

influx of IFN-γ-producing CD4+ T cells may lead to a prolonged inflammatory response and ongoing 

active inflammation in the lungs of these patients at least until 4 months of treatment [621]. 

Alternatively, lymphocytic alveolitis secondary to increased alveolar CD8+ T cells  [379, 622], with 

persistent cell-free and cell-associated HIV in the lung [376, 591], may also be contributing to a 

prolonged inflammatory environment.  

TNF-α plays multiple roles in immune and pathologic responses to Mtb infection [623]. Alveolar 

macrophage infection induces TNF-α secretion [624], and TNF-α works synergistically with IFN-γ to 

activate macrophages and induce nitric oxide synthase [600]. By inducing expression of adhesion 

molecules, chemokines, and chemokine receptors, TNF-α appears central to the formation of an 

organised granuloma [602, 623]. Participants that failed to culture convert by 2 months had higher 

BAL levels of TNF-α than those that converted, in keeping with Mtb-induced TNF-α production and 

ongoing inflammation. No significant differences were seen in levels of TNF-α between HIV-infected 

and HIV-uninfected individuals, though HIV-uninfected participants had increased TNF-α at 4 

months. This may be due to a further role in the resolution of inflammation: neutrophil clearance by 

efferocytosis being mediated by TNF-α [625]. 
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Intrapulmonary concentrations of the primarily anti-inflammatory cytokines IL-10 and TGF-β were 

quantified in BAL. There was a trend towards reduced IL-10 over time in paired samples, but this was 

not statistically significant, and likely reflects the small sample size. Produced by macrophages and T 

cells during Mtb infection, IL-10 is involved in the down-regulation of macrophage activation and 

IFN-γ production [623]: its’ reduction here may be in keeping with resolution of infection in response 

to treatment. TGF-β, important in macrophage activation [626] and down-regulation of T cell 

proliferation [627], has previously been shown at elevated levels in BAL in new pulmonary TB 

patients [628]. This was not observed here, and may be partly explained by the collection of the 

earliest BAL sample after participants had already taken 2 months of therapy. While it was possible 

to observe trends in cytokine concentrations between 2 and 4 months of treatment, these 

concentrations may not reflect the pre-treatment situation ex vivo or in the lung. 

No relationship was seen between individual cytokine concentrations and key macrophage effector 

functions. While some of the differences in macrophage function may be explained by local levels of 

IFN-γ, it is important to acknowledge that cytokines exist in a homeostatic network of pro- and anti-

inflammatory signalling, and it can be difficult to unpick individual effects [629]. 

There was insufficient immunophenotyping data in the HIV-infected cohort to identify a CD4+ T cell 

influx by 4 months of treatment. However, given that peripheral and BAL CD4 T cell counts were 

correlated, and that peripheral CD4 T cell count improved over the course of TB treatment (Chapter 

3), we may expect a degree of intrapulmonary CD4 T cell reconstitution. The absolute relative T cell 

count increased in HIV-uninfected participants between months 2 and 4, in keeping with a delayed 

adaptive immune response [630] and potentially expansion of the pool of T regulatory cells in the 

lung [631]. 

Lymphocytic alveolitis has been described in HIV infection [632]. While HIV-infected participants had 

a lower proportion of alveolar CD4+ T cells, and higher proportion of CD8+ T cells, this did not 

translate into a higher absolute relative cell count. The small number of HIV-infected participants 

with immunophenotyping data limits this analysis. 

The use of multiplex PCR on respiratory samples from TB patients generated some interesting pilot 

data. There was a significant reduction in organisms expected to be rifampicin-sensitive (H. 

influenzae, S. pneumoniae, S. aureus) in sputum samples at 0 and 2 months of treatment, likely 

reflecting wider changes in the intrapulmonary microbiome. Animal models and 16S rRNA 

sequencing have shown that 6 months of RHZ induces rapid changes in intestinal microbial 

community structure, persisting for at least 3 months following cessation of treatment [633]. 

Furthermore, rifampicin, as a broad-spectrum antimicrobial, appeared to be the major driver of 

these changes. Similar intrapulmonary longitudinal microbiome studies are yet to be performed, but 

may provide useful insights into associations with local and systemic immune responses, particularly 

in the setting of HIV infection. Cross-sectional studies using 16S sequencing on the sputum of 
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patients with a new TB diagnosis, recurrent TB, treatment failure, or healthy controls suggests 

differences in the microbiota between these groups, and implicate dysbiosis in treatment response 

[634].  

The commonest co-pathogen identified was Klebsiella pneumoniae. Increased prevalence of 

Klebsiella in pulmonary tuberculosis patients compared to healthy volunteers has been described in 

China [613], and TB / Klebsiella co-infection in reports from India [635] and China [612]. Commonly 

considered a healthcare-associated infection, Klebsiella may present with cavitating pneumonia, and 

is not covered by first-line anti-tuberculosis medications.  

The finding of multiple organisms in sputum does not necessarily indicate infection, but may be 

explained by nasopharyngeal carriage of organisms. Relatively few organisms were retrieved from 

BAL. Nasopharyngeal carriage of Streptococcus pneumoniae may account for some of the positive 

results in sputum, but may also involve some cases of pneumococcal / Mtb co-infection [636]. 

Pneumococcal infection (invasive pneumococcal disease) has been temporally linked with TB 

infection [637], and superimposed pneumococcal pneumonia may prompt presentation with acute 

pneumonic symptoms in culture-confirmed TB in settings of high HIV and TB prevalence [638, 639]. 

Any relationship between nasopharyngeal carriage of S. pneumoniae and TB is less clear, and the 

numbers assessed in this study were too few to reach any conclusions. 

Assessment of temporal changes in intrapulmonary immunology and microbiology was limited by 

the sampling timepoints in this study: bronchoscopies were only performed at 2 and 4 months into 

treatment, and not at treatment initiation. This was a cohort of microbiologically-confirmed 

pulmonary TB patients, and thus research bronchoscopy at treatment initiation would pose a health 

risk to both participants and Clinical Investigation Unit staff. By sampling at 2 and 4 months, it is 

possible to get an indication of trends in immune response. Furthermore, given that a third of 

participants were still culture-positive by 2 months, active disease is still ongoing.  

Rates of HIV co-infection in the bronchoscopy arm were lower than in the main cohort (Chapter 3: 

45.1% vs. 64.2%, p<0.05). Participants were sequentially allocated to the 2 arms of the study, but 

only remained in the bronchoscopy arm if they attended for bronchoscopy at weeks 7-8 of 

treatment. Most HIV-infected participants were ART-naïve, and numbers on ART were too few to 

assess the impact of ART duration on macrophage function or cell subsets. 

Similarly, the surface immunophenotyping dataset was limited by sample numbers. 

Immunophenotyping was only performed on a small number of participants undergoing 

bronchoscopy, with results only available for 12 late bronchoscopies. It was not possible to assess 

changes in the intrapulmonary cell subsets over time in HIV-infected participants with only 3 late 

bronchoscopy results available. Previous work has described CD8+ T cell alveolitis in HIV-infected 

individuals [591, 640, 641], but could not be reliably assessed here given the low numbers. 
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Finally, BAL was performed exclusively in the right middle lobe of participants, regardless of the likely 

site of their infection. BAL return from the RML is typically greater than from upper or lower lobes, 

the RML is easily accessible, and is a standard sampling site in research bronchoscopy practice [430]. 

However, sampling from only the RML may miss the diagnosis of active alveolitis in interstitial lung 

disease [642, 643], and in sarcoidosis, cell differentials vary by sampling site [644]. Nevertheless, 

FDG-PET/CT scanning has shown that patients with subclinical TB infection may have more diffuse 

disease than previously thought [645], and bronchogenic spread in post-primary TB may be one of 

the earliest manifestations of pulmonary TB, resulting in a more widespread disease process [645, 

646]. As such, RML immune functions in pulmonary TB may give an indication of immunity 

elsewhere. Similarly, the function of alveolar macrophages in the interstitium or in the developing 

granuloma may differ from those retrieved from the alveolar space, but cannot be readily sampled 

for ex vivo functional analysis. As such, these data may be considered ‘near-infection’ immunology, 

rather than site of infection. 

In conclusion, pulmonary TB infection is associated with increased alveolar macrophage oxidative 

burst activity, and decreased proteolytic activity, in HIV-infected patients out to 4 months of 

treatment. This may reflect CD4+ T cell reconstitution on ART, high levels of IFN-γ, and ongoing, 

active inflammation despite TB treatment and reduction in the bacillary load. 
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8 General discussion 

8.1 Introduction 
 

Shorter, more efficacious, treatments for TB are essential to achieve the desired decline in global 

incidence by 2035, and must be informed by knowledge of the contribution of drug therapy and the 

immune system to successful cure. While not exclusively a lung disease, pulmonary tuberculosis is 

the commonest and most-recognised form of the disease. This thesis argued that drug exposure and 

host immune function at the pulmonary site of infection may be important determinants of 

response, and potential targets for therapeutic interventions to shorten or optimise TB treatment.   

This thesis addressed two hypotheses, summarised in Figure 8.1.  

1. Predictive PK-PD science:  Antibiotic exposure at the site of infection may determine the 

rate of bacterial clearance and clinical treatment response in TB patients. 

2. Immunological dysfunction: HIV and/or Mtb impair alveolar macrophage function, despite 

therapy, and impair the ability of the immune system to eradicate Mtb.  

Figure 8.1: Study hypotheses 

 

This study aimed to address the hypotheses by answering the following research questions: 

1. What is the relationship between the plasma and intrapulmonary pharmacokinetics of anti-

TB therapy? 

2. What is the relationship between intrapulmonary pharmacokinetics and TB treatment 

response? 

3. How does alveolar macrophage function change over time on anti-TB therapy; and how is 

this related to TB treatment response? 

This final chapter of the thesis will consider how effectively these hypotheses and questions have 

been addressed, summarise the key findings, consider their implications, and priorities for future 

work. 

 

8.2 Description of the cohort: who gets TB in Blantyre? 
 

To address these hypotheses, a large cohort of Malawian adults with microbiologically-confirmed 

pulmonary TB were recruited to a PK-PD and intrapulmonary immunology study. These patients 

were established on standard first-line therapy for TB, and intensively sampled over the treatment 
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period. Study retention was excellent, with 82.8% followed-up until the end of treatment, and 72.6% 

(death and EOS) to 18-months, with a further 19 continuing in follow-up.  

The study population was young, predominantly male, with high rates of TB/HIV co-infection. Co-

infection rates of more than 50% were to be expected [17], but over half of HIV-infected study 

participants were newly diagnosed in the course of care-seeking for this illness. Malawi has adopted 

a pro-active approach to HIV testing and treatment in line with the 90-90-90 targets [425], but these 

data suggest that a sizable proportion of HIV-infected adults are only testing in the presence of 

serious immunosuppression-related illnesses. Reaching these individuals earlier will be key to 

preventing TB disease and reducing TB incidence [442]. Once diagnosed and registered, the NTP was 

successful at starting nearly all new HIV-infected participants on ART within the first 2 weeks of TB 

treatment in keeping with local and international guidelines [47-49, 647].  

Female participants were more likely to be established on ART for more than 4 years, reflecting 

differences in health-seeking and HIV testing as part of antenatal care [481-484]. The few 

participants taking ART for more than 4 years still had significantly lower CD4 counts than HIV-

uninfected participants. Though the data are cross-sectional in nature, this raises the spectre of ART 

failure as a driver of future TB incidence, and will be challenging to manage in settings with limited 

options for second- and third-line ART.  

Several participants were clinically septic by time of presentation, with participants reporting up to 8 

weeks of symptoms before receiving a TB diagnosis. 55% had received prior antibiotics. Healthcare 

access, diagnostic uncertainty, and initial visits to healthcare facilities with few diagnostic resources 

can result in prescription of empirical antibiotics for unconfirmed indications, and delays in TB 

diagnosis [648]. Considering most participants were heavily smear-positive, health systems 

strengthening will be essential for transmission reduction efforts. 

Finally, these participants were largely poor. Most patients were recruited from peri-urban informal 

settlements around Blantyre, characterised by high population densities, poor living conditions, and 

limited healthcare access [427]. Addressing the proportion of people living in slums and informal 

settlements as part of the Sustainable Development Goals can be expected to reduce TB incidence, 

but will be challenging in the face of rapid urbanisation in Africa and Asia [17, 649, 650].  

Taken together, these data suggest that the study cohort was representative of TB patients in 

Malawi, and the findings may be applied to similar low-resource, high-TB-burden countries in sub-

Saharan Africa.  
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8.3 How do we determine response to treatment?  
 

Any new TB treatment regimen must be evaluated in Phase IIb and III studies, typically against the 

endpoint of relapse-free cure to 18 or 24-months of follow-up. Earlier surrogate markers of long-

term response will facilitate dose optimisation and regimen development for both drug-sensitive and 

drug-resistant disease. This study included several markers of TB treatment response. 

2-month culture conversion was the primary endpoint for the study, but was not predictive of 

favourable final outcome (OR: 0.61; 95% CI: 0.13-2.37; p=0.500). 2MCC is known to have only 

modest correlation with late outcomes, and delays in attending for screening may have removed 

some early culture-converters from this cohort. While 37.3% had not culture converted by 2 months, 

later culture conversion was not reflected in more unfavourable responses by 18-months. Delayed 

culture conversion is recognised in African cohorts [15, 66, 494].   

Regardless of any relationship with late clinical outcome, 2MCC remains an important endpoint; 

earlier conversion to culture-negative may be assumed to reduce the period over which the patient 

is infectious. Those with cavitation, higher smear-grade disease, or higher bacillary load – all collinear 

– were less likely to culture-convert by 2 months. Previous attempts to shorten treatment in patients 

with non-cavitatory disease and culture conversion at 2 months were unsuccessful [62], but perhaps 

the converse approach may be beneficial: continuation phase extension in those with cavitation at 

baseline. This is included as an ‘expert opinion’ in the current American Thoracic Society guidelines 

for the treatment of DS-TB [491]. 

Bacillary elimination rates (BER), generated from serial quantitative measures of bacillary load in 

liquid culture coupled with mixed-effects modelling, have shown promise as a surrogate of long-term 

response [89], but have been incompletely validated as a marker of late response. BER was not 

associated with late outcomes in this cohort. This may be due to a low number of unfavourable final 

outcomes and potential contamination of late unfavourable outcomes by exogenous reinfection. 

Without resources to genotype cases of recurrent TB, re-infection with new strains of Mtb will 

contaminate the final outcome endpoint. 

Modelled BER from serial TTP in liquid culture may also fail to completely characterise the sterilising 

activity of a regimen. Studies using resuscitation promoting factor or culture filtrate with liquid 

culture demonstrate that a significant proportion of persister bacilli are not captured using standard 

techniques [86, 87]. Considering that sterilising activity is determined by activity against these 

differentially-culturable bacilli [72, 74, 77], failure to capture this population will dilute any 

association with long-term outcomes.  

Determination of BER is computationally-challenging, and requires careful consideration of how to 

handle results beyond the LOQ. Partial likelihood modelling accounts for negative samples (TTP > 42 
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days), and reduces bias in the estimates [549, 550]. Provided participants had submitted more than 2 

sputum samples, it was possible to estimate a BER for them. When fitting the models, inter-

individual variability (IIV) on the co-efficient for intercept – baseline bacillary load – was far more 

important to the model fit than IIV on the rate coefficient for bacillary elimination. This suggests that 

once on treatment, there was relatively little variation in the speed of bacillary elimination on 

standard mg/kg dosing. Baseline CXR score and cavitation both decreased BER: potentially secondary 

to anatomical disruption, altered intrapulmonary pharmacokinetics, or loss of immunological control 

of infection. 

Application of these modelling techniques to cycle threshold measurements from Xpert MTB/RIF will 

require further evaluation. As PCR should enumerate DNA from all organisms – including inert, 

persister bacilli – and is less affected by contamination, BERs generated may be more representative 

of intrapulmonary sterilisation. Extensive variability between laboratories [586], and potential 

contamination by non-viable bacteria has limited its use as a treatment monitoring tool to date 

[587]. 

TB relapse was seen in 2.5% of participants, in keeping with data from early treatment trials [12-15]. 

Treatment success rates in new and retreatment cases in Malawi are estimated at 85% [17], whereas 

unfavourable final outcomes – a composite outcome of TB death, treatment failure, or recurrent TB 

– were seen in 12.2% of study participants. Despite having drug-sensitive disease, and even with 

intensive follow-up and adherence support, a sizeable fraction of participants do not do well. This 

could not be explained by PK-PD or compartmental immunology, and may be due to programmatic 

or clinical factors.  

Ultimately, the microbiological and pharmacodynamic methods assessed here do not correlate well 

with long-term outcome, but further evaluation of BERs by Xpert MTB/RIF or MGIT with 

resuscitation-promotion factors are proposed. Identification of factors associated with more rapid 

bacillary elimination may be important for interruption of transmission, even if inconsistently related 

to rates of relapse-free cure. 

 

8.4 What is the relationship between the plasma and intrapulmonary 

pharmacokinetics of anti-TB treatment? 
 

The first two research questions addressed the hypothesis that site of infection PK is an important 

determinant of bacterial clearance and treatment response. The work presented in Chapters 4 and 5 

demonstrates that drug concentrations in epithelial lining fluid and alveolar cells differ significantly 

from plasma. Intrapulmonary concentrations were seen to exceed concentrations in plasma, exceed 

the MICs for the infecting organism, and exceed cut-offs for poor response by therapeutic drug 

monitoring [168] or in vitro studies [288].  
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Bronchoscopy and BAL sampling, coupled with population PK modelling, is a powerful tool for 

assessing ‘near-infection’ PK. As Mtb is an intracellular organism, anti-TB drugs must achieve 

sufficient concentration within the cell to effect microbial kill. All 4 drugs reached higher 

concentrations in the cell than plasma, particularly ethambutol, indicating that considerable anti-

tuberculosis activity exists within the macrophage. RHZE distributed well into ELF, with pyrazinamide 

and isoniazid achieving especially high concentrations. 

These data complement spatial mass-spectrometry [53, 210, 521] and physicochemical data [532], 

and support a mechanism of action for first-line ATT. High concentrations of isoniazid in ELF explains 

its’ early bactericidal activity against rapidly-replicating extracellular organisms [90, 211]. 

Pyrazinamide achieves homogenous distribution across the caseum, where it can act against semi-

dormant, non-growing Mtb [161], enabling treatment shortening [15, 118, 121]. Ethambutol is 

largely bacteriostatic against intracellular organisms. Finally, rifampicin is most complex: it has 

moderate macrophage uptake and physicochemical properties that do not favour extensive 

distribution into ELF or caseum [532]. Through non-specific binding to macromolecules in the 

caseum, and with potency against non-replicating bacilli [532, 533], over repeated dosing rifampicin 

will accumulate and sterilise the caseum [210]. These data support the view that successful TB 

treatment requires drug therapy with multiple mechanisms of action.  

Ultimately, the relationship between plasma and intrapulmonary PK was best described by 1-

compartment plasma models with the extent of distribution described by the alveolar cell:plasma 

and ELF:plasma concentration ratios. These models assumed instantaneous equilibration and do not 

capture any system hysteresis, however concentration-time scatterplots did not suggest any 

significant lag in intrapulmonary penetration. The model parameters were estimated well, 

interindividual variability was estimated, and the ratios reflected the patterns seen in the raw data, 

suggesting that the models used are a satisfactory representation of the plasma and intrapulmonary 

PK relationship. 

 

8.5 What is the relationship between intrapulmonary pharmacokinetics and 

TB treatment response? 
 

The second research question considered the relationship between PK at the site of infection and 

response to treatment, comparing intrapulmonary PK with plasma. Four endpoints were considered: 

2-month culture conversion, modelled sputum bacillary elimination rate, sputum time-to-negativity, 

and relapse-free cure to 18-months of follow-up.  

Concentrations of rifampicin and isoniazid, in plasma or ELF, were important predictors of TB 

treatment response. Cmax or AUC in ELF were associated with more rapid bacillary elimination, and 

shorter time to sputum negativity, and peak rifampicin concentrations in ELF were associated with 
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more favourable final outcomes. In general, there was a trend towards greater bacillary clearance 

and more favourable outcomes with increasing ELF concentrations of rifampicin, isoniazid, or 

pyrazinamide.  

While higher ethambutol AUC/MIC and Cmax/MIC in ELF and alveolar cells was related to poorer odds 

of culture conversion, there was no relationship with final outcome, bacillary elimination rate, or 

time-to-negativity, and this appears likely to be a spurious relationship. No consistent relationships 

between alveolar cell drug exposure and treatment response were identified.  

AUC or Cmax in ELF and alveolar cells was directly proportional to AUC and Cmax in plasma, and though 

there was some inter-individual variability in the extent of drug penetration to ELF (RELF) or alveolar 

cells (RAC), this was unlikely to significantly alter the dose-response relationships. Ultimately, the 

plasma PK was a reasonable surrogate for the drug exposure in the ELF. Improved early bactericidal 

activity with increasing rifampicin mg/kg dosing [308] may be attributed to higher drug exposure in 

the intrapulmonary compartment.  

The baseline MICs for rifampicin, isoniazid, and ethambutol were generally lower than reported 

elsewhere in the region [289], indicating preserved drug sensitivity. Measures of intrapulmonary 

AUC or Cmax was typically many fold higher than the MIC for all 4 drugs. The intrapulmonary dose-

response relationship may be more pronounced in regions with higher baseline MICs. 

Taken together, these data suggest that higher concentrations of rifampicin and isoniazid in the ELF 

improve bacillary elimination from the sputum, and may be associated with more favourable late 

outcomes. The results of ongoing dose-escalation studies may allow for optimisation of regimens for 

DS-TB. 

 

8.6 How does alveolar macrophage function change over time on anti-TB 

treatment; and how is this related to TB treatment response? 
 

The second hypothesis considered compartmental immune responses, and whether HIV and/or Mtb 

infection impaired alveolar macrophage function and the ability of the immune system to eradicate 

Mtb. The data presented in Chapter 7 demonstrate that HIV infection modulates alveolar 

macrophage innate immune functions in pulmonary TB, and this may reflect a prolonged pro-

inflammatory environment in the lungs. 

With 2 bronchoscopies per participant it was possible to assess changes in the immune 

microenvironment between the intensive and continuation phases of treatment. In HIV-infected 

participants, concentrations of interferon-γ remained elevated at 4 months into treatment, with 

corresponding high superoxidative burst activity and blunted phagocytosis. HIV-uninfected 

participants displayed trends towards resolution of the pro-inflammatory environment by 4 months, 
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presumably as the disease was debulked by treatment. This could not be explained by slower 

clearance of Mtb during TB/HIV co-infection: bacillary load or bacillary elimination rate were not 

affected by HIV status. 

Alternative explanations for delayed resolution of the intrapulmonary inflammatory environment in 

HIV-infected participants are proposed. Macrophage infection with Mtb may increase superoxidative 

burst activity [372], and ongoing intracellular infection in HIV-infected participants may account for 

high superoxidative burst activity at 4 months. Alternatively, as most HIV-infected participants were 

ART-naïve on recruitment, a degree of immune reconstitution may account for differences with HIV-

uninfected individuals. Finally, persistent cell-free and cell-associated HIV in the lung may favour a 

prolonged inflammatory environment [376, 591]. Alterations in the immune environment within the 

lungs of patients with TB/HIV co-infection may impair control of TB infection, and increase the risk of 

recurrent TB disease after treatment completion (although not observed in this cohort). 

Direct comparison with healthy volunteers without TB was not possible, nor was it possible to obtain 

intrapulmonary samples at the onset of treatment. Regardless, these data show differences in the 

trajectory of immune response based on HIV status. Alveolar macrophage function was not related 

to 2MCC, but those that failed to culture convert by 2 months were observed to have higher 

concentrations of TNF-α in the alveolar space. This may reflect ongoing Mtb-induced TNF-α 

production from infected cells [624]. As for the PK data, these samples were taken from the right 

middle lobe in all participants, and the microenvironment in areas of active infection may differ still 

further.   

 

8.7 Future research 
 

This study provides novel information on intrapulmonary dose-response and local immunology in 

patients with pulmonary TB, and generates important questions for further research. 

The MIC data from this cohort show largely preserved drug sensitivity to first-line anti-TB therapy 

among new TB patients in Malawi. Mtb MIC data from high-burden settings is largely absent, and 

understanding local patterns of drug-sensitivity will be important when trying to justify dose 

increases. Assuming intrapulmonary penetration ratios are similar in settings with higher baseline 

MICs, sufficient concentrations in ELF and AC are still likely to be achieved. Detailed information on 

global MIC distributions from the CRyPTIC project, sequencing Mtb genomes to identify mutations 

conferring resistance, may highlight regions where dose increases are most likely to be of benefit 

[651].  

Bacillary elimination rates from serial TTP measurement offer a continuous measure of 

pharmacodynamic response, but were not related to final outcome in this cohort. Serial cycle 
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threshold measurement from Xpert MTB/RIF, or Xpert MTB/RIF Ultra, coupled with partial likelihood 

modelling to account for beyond LOQ data, may be a more convenient and readily-available method 

to measure bacillary elimination, with the added benefit that it should capture all Mtb in 

expectorated sputum regardless of metabolic state. Alternatively, the molecular bacterial load assay 

shows promise for deployment in future PK-PD studies. By quantifying Mtb 16S ribosomal RNA, the 

assay may also detect nonculturable bacilli in sputum [652-654], but as ribosomal RNA has a shorter 

half-life than mycobacterial DNA, is less likely to quantify dead Mtb in expectorated samples than 

Xpert MTB/RIF [652].  

Other compartments where repeated sampling is not possible may benefit from the PK modelling 

techniques used here. Central nervous system TB meningitis has a high mortality, and drug 

penetration across the blood-brain barrier can be expected to differ significantly from plasma or lung 

[655]. Some PK modelling of first-line therapy has been completed [207], but few data exist on the 

CNS PK of newer agents used as second-line therapy. Equally, the intrapulmonary PK of second-line 

therapy is poorly understood. 

Finally, the use of multiplex PCR to detect pathogens in respiratory samples from patients on TB 

treatment generated some interesting pilot data. The significant reduction in rifampicin-sensitive 

organisms would suggest that wider changes in the pulmonary microbiota are occurring. 

Relationships between intrapulmonary microbiota, local immunology, and treatment response merit 

further research. The frequent retrieval of Klebsiella pneumoniae should be taken into consideration 

in empiric regimens for pneumonia in TB patients. 

 

8.8 Final conclusions 
 

In the 7 decades since the first treatments for tuberculosis, no regimen has been developed that can 

treat drug-sensitive TB in less than 6 months with satisfactory rates of cure. While new drugs are in 

development, they are likely to be reserved for use in second-line treatments. Efforts to abbreviate 

or improve treatment for drug-sensitive disease will require a comprehensive understanding of host, 

drug, and organism factors that determine treatment success. 

This study is a detailed examination of intrapulmonary immunology, plasma and lung drug exposure, 

and Mtb microbiology in a large cohort of Malawians receiving treatment in ‘real-world’ conditions. 

Mtb exists in discrete microenvironments, in different metabolic states, and combination 

antimicrobial therapy with multiple mechanisms of action may be key to satisfactory response.  

The work described in this thesis has improved our knowledge of the contribution of drug therapy 

and the immune system to successful cure. Three major findings are described: 1) the constituents of 

first-line anti-TB therapy achieve higher concentrations in the lung than in plasma; 2) higher peak 
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concentrations of rifampicin and isoniazid in the epithelial lining fluid are associated with improved 

treatment response; and 3) TB/HIV co-infection is associated with ongoing active inflammation in the 

lungs of these patients until at least 4 months into TB treatment.  

The present study adds to the growing body of research that indicates that dose increases - 

particularly for rifampicin in first-line treatment - may offer real potential to improve treatment 

outcomes in drug-sensitive disease. In addition, combining agents with good intra- and extra-cellular 

drug penetration may be an important strategy in the design of new regimens for TB. Furthermore, 

this study suggested that TB/HIV co-infection was associated with greater mortality, and ongoing, 

active inflammation in the alveolar space that may contribute to respiratory morbidity. Public health 

efforts to identify new cases of HIV-infection and initiate early ART may reduce the number of 

patients diagnosed with HIV in the course of care-seeking for TB symptoms, with potential to 

improve morbidity and mortality in TB/HIV co-infection. 
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10 Appendices 

Appendix A: Informed consent form 
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Appendix B: Bronchoscopy informed consent form 
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Appendix C: COMREC approval certificate 
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Appendix D: LSTM REC approval letter 
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Appendix E: Rifampicin plasma NONMEM control stream 
 

$PROBLEM RIFAMPICIN PLASMA 
 
$INPUT ID TIME PTIME DV DOSE AMT MGKG SS II MDV EVID CMT WT HT BMI AGE SEX HIV CRCL 
OCC DSET 
$DATA RIFAMPICIN.csv IGNORE=# 
 
$ESTIMATION METHOD=1 INTER MAXEVALS=9999 SIG=3 PRINT=1 POSTHOC NOABORT 
NOTHETABOUNDTEST NOOMEGABOUNDTEST NOSIGMABOUNDTEST 
 
$COVARIANCE UNCONDITIONAL 
 
$TABLE NOPRINT ONEHEADER ID TIME TVCL TVV CL V KA K AUC CMAX TMAX ETA1 ETA2 ETA3 ETA4 
ETA5 ETA6 ETA7 ETA8 ETA9 IPRED IRES IWRES CWRES Y FILE=sdtab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA ETA1 ETA2 ETA3 ETA4 ETA5 ETA6 ETA7 ETA8 ETA9 
FILE=patab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA ETA1 ETA2 ETA3 ETA4 ETA5 ETA6 ETA7 ETA8 ETA9 
Y DV PRED RES WRES IPRED IWRES MDV FILE=xptab 
$TABLE ID WT HT BMI AGE CRCL NOPRINT NOAPPEND ONEHEADER FILE=cotab 
$TABLE ID SEX HIV NOPRINT NOAPPEND ONEHEADER FILE=catab 
 
$SUBROUTINE ADVAN2 TRANS2 
 
$PK 
BSVCL=ETA(1) ; BSV for CL 
BSVV=ETA(2) ; BSV for V 
BSVKA=ETA(3) ; BSV for Ka 
 
IF(OCC.EQ.1)THEN 
WSVCL=ETA(4) ; WSV for CL on visit 1 
WSVV=ETA(6) ; WSV for V on visit 1 
WSVKA=ETA(8) ; WSV for KA on visit 1 
ENDIF 
 
IF(OCC.EQ.2)THEN 
WSVCL=ETA(5) ; WSV for CL on visit 2 
WSVV=ETA(7) ; WSV for V on visit 2 
WSVKA=ETA(9) ; WSV for KA on visit 2 
ENDIF 
 
TVCL=THETA(1)*THETA(4)**SEX 
TVV=THETA(2)*THETA(5)**HIV 
TVKA=THETA(3)  
 
CL=TVCL*EXP(BSVCL+WSVCL)  
V=TVV*EXP(BSVV+WSVV) 
KA=TVKA*EXP(BSVKA+WSVKA) 
 
S2=V 
F1=1 
K=CL/V 
 
AUC=DOSE*F1/CL 
TMAX = LOG(KA/K)/(KA-K) 
CMAX=((KA*DOSE)/(V*(KA-K)))*(EXP(-K*TMAX)-EXP(-KA*TMAX)) 
 
$THETA 
(0, 15) ; CL 
(0, 25) ; V 
(0, 0.2) ; Ka 
(0,1) ; Covariate effect for sex 
(0,1.3) ; Covariate effect for HIV 
  
$OMEGA 
0.03 ; IIV CL 
0.4 ; IIV V 
0 FIX ; IIV Ka 
$OMEGA BLOCK(1) 0.1 ; IOV CL OCC 1 
$OMEGA BLOCK(1) SAME ; IOV CL OCC 2 
$OMEGA BLOCK(1) 0 FIX ; IOV V OCC 1 
$OMEGA BLOCK(1) SAME ; IOV V OCC 2 
$OMEGA BLOCK(1) 0 FIX ; IOV Ka OCC 1 
$OMEGA BLOCK(1) SAME ; IOV Ka OCC 2 
 
$SIGMA   
0.05 ; EPS(1) Proportional 
 
$ERROR          
IPRED=F 
W=F         
IRES=DV-IPRED 
IWRES=IRES/W 
Y=F*EXP(EPS(1)) 
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Appendix F: Isoniazid plasma NONMEM control stream 
 

$PROBLEM ISONIAZID PLASMA 
 
$INPUT ID TIME PTIME DV DOSE AMT MGKG SS II MDV EVID CMT WT HT BMI AGE SEX HIV CRCL 
OCC DSET 
$DATA ISONIAZID.csv IGNORE=# 
 
$ESTIMATION METHOD=1 INTER MAXEVALS=9999 SIG=3 PRINT=1 POSTHOC NOABORT 
NOTHETABOUNDTEST NOOMEGABOUNDTEST NOSIGMABOUNDTEST 
 
$COVARIANCE UNCONDITIONAL 
 
$TABLE NOPRINT ONEHEADER ID TIME TVCL TVV CL V KA K AUC CMAX TMAX ETA1 ETA2 ETA3 ETA4 
ETA5 ETA6 ETA7 ETA8 ETA9 IPRED IRES IWRES CWRES Y FILE=sdtab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA ETA1 ETA2 ETA3 ETA4 ETA5 ETA6 ETA7 ETA8 ETA9 
FILE=patab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA ETA1 ETA2 ETA3 ETA4 ETA5 ETA6 ETA7 ETA8 ETA9 
Y DV PRED RES WRES IPRED IWRES MDV FILE=xptab 
$TABLE ID WT HT BMI AGE CRCL NOPRINT NOAPPEND ONEHEADER FILE=cotab 
$TABLE ID SEX HIV NOPRINT NOAPPEND ONEHEADER FILE=catab 
 
$SUBROUTINE ADVAN2 TRANS2 
 
$PK 
BSVCL=ETA(1) ; BSV for CL 
BSVV=ETA(2) ; BSV for V 
BSVKA=ETA(3) ; BSV for Ka 
 
IF(OCC.EQ.1)THEN 
WSVCL=ETA(4) ; WSV for CL on visit 1 
WSVV=ETA(6) ; WSV for V on visit 1 
WSVKA=ETA(8) ; WSV for KA on visit 1 
ENDIF 
 
IF(OCC.EQ.2)THEN 
WSVCL=ETA(5) ; WSV for CL on visit 2 
WSVV=ETA(7) ; WSV for V on visit 2 
WSVKA=ETA(9) ; WSV for KA on visit 2 
ENDIF 
 
TVCL=THETA(1) 
TVV=THETA(2)+THETA(4)*(WT-51.05) ; V, WT, CENT LINEAR ADD 
TVKA=THETA(3)  
 
CL=TVCL*EXP(BSVCL+WSVCL)  
V=TVV*EXP(BSVV+WSVV) 
KA=TVKA*EXP(BSVKA+WSVKA) 
 
S2=V 
F1=1 
K=CL/V 
 
AUC=DOSE*F1/CL 
TMAX = LOG(KA/K)/(KA-K) 
CMAX=((KA*DOSE)/(V*(KA-K)))*(EXP(-K*TMAX)-EXP(-KA*TMAX)) 
 
$THETA 
(0, 14) ; CL 
(0, 75) ; V 
(0, 2.5) ; Ka 
(1.1) ; Covariate effect for weight 
 
$OMEGA 
0.3 ; IIV CL 
0.09 ; IIV V 
0 FIX ; IIV Ka 
$OMEGA BLOCK(1) 0 FIX ; IOV CL OCC 1 
$OMEGA BLOCK(1) SAME ; IOV CL OCC 2 
$OMEGA BLOCK(1) 0 FIX ; IOV V OCC 1 
$OMEGA BLOCK(1) SAME ; IOV V OCC 2 
$OMEGA BLOCK(1) 0 FIX ; IOV Ka OCC 1 
$OMEGA BLOCK(1) SAME ; IOV Ka OCC 2 
 
$SIGMA   
0.05 ; EPS(1) Proportional 
 
$ERROR          
IPRED=F 
W=F         
IRES=DV-IPRED 
IWRES=IRES/W 
Y=F*EXP(EPS(1))   
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Appendix G: Pyrazinamide plasma NONMEM control stream 
 

$PROBLEM PYRAZINAMIDE PLASMA 
 
$INPUT ID TIME PTIME DV DOSE AMT MGKG SS II MDV EVID CMT WT HT BMI AGE SEX HIV CRCL 
OCC DSET 
$DATA PYRAZINAMIDE.csv IGNORE=# 
 
$ESTIMATION METHOD=1 INTER MAXEVALS=9999 SIG=3 PRINT=1 POSTHOC NOABORT 
NOTHETABOUNDTEST NOOMEGABOUNDTEST NOSIGMABOUNDTEST 
 
$COVARIANCE UNCONDITIONAL 
 
$TABLE NOPRINT ONEHEADER ID TIME TVCL TVV CL V KA K AUC TMAX CMAX ETA1 ETA2 ETA3 
IPRED IRES IWRES CWRES Y FILE=sdtab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA ETA1 ETA2 ETA3 FILE=patab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA ETA1 ETA2 ETA3 Y DV PRED RES WRES IPRED 
IWRES MDV FILE=xptab 
$TABLE ID WT HT BMI AGE CRCL NOPRINT NOAPPEND ONEHEADER FILE=cotab 
$TABLE ID SEX HIV NOPRINT NOAPPEND ONEHEADER FILE=catab 
 
$SUBROUTINE ADVAN2 TRANS2 
 
$PK  
TVCL=THETA(1)*(WT/51.05)**0.75 ; CL, WT, CENT ALLOMETRIC POWER 
TVV=THETA(2)*(WT/51.05)**0.75 ; V, WT, CENT ALLOMETRIC POWER 
TVKA = THETA(3)  
 
CL=TVCL * EXP(ETA(1)) 
V=TVV * EXP(ETA(2)) 
KA=TVKA *EXP(ETA(3)) 
 
K=CL/V 
S2=V 
F1=1 
 
IF (AMT.GT.0) AUC=AMT*F1/CL 
TMAX = LOG(KA/K)/(KA-K) 
CMAX=((KA*DOSE)/(V*(KA-K)))*(EXP(-K*TMAX)-EXP(-KA*TMAX)) 
 
$THETA   
(0,3.6) ; CL 
(0,42) ; V 
(0,1) ; Ka 
 
$OMEGA   
0.18  ; ETA(1) IIV CL 
0.02  ; ETA(2) IIV V 
0.4  ; ETA(3) IIV KA 
 
$SIGMA  0.05  ; EPS(1) Proportional 
 
$ERROR           
IPRED=F 
W=F         
IRES=DV-IPRED 
IWRES=IRES/W 
Y=F*(1+EPS(1)) 
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Appendix H: Ethambutol plasma NONMEM control stream 
 

$PROBLEM ETHAMBUTOL PLASMA 
 
$INPUT ID TIME PTIME DV DOSE AMT MGKG SS II MDV EVID CMT WT HT BMI AGE SEX HIV CRCL 
OCC DSET 
$DATA ETHAMBUTOL.csv IGNORE=# 
 
$ESTIMATION METHOD=1 INTER MAXEVALS=9999 SIG=3 PRINT=1 POSTHOC NOABORT 
NOTHETABOUNDTEST NOOMEGABOUNDTEST NOSIGMABOUNDTEST 
 
$COVARIANCE UNCONDITIONAL 
 
$TABLE NOPRINT ONEHEADER ID TIME TVCL TVV CL V KA K AUC CMAX TMAX ETA1 ETA2 ETA3 
IPRED IRES IWRES CWRES Y FILE=sdtab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA ETA1 ETA2 ETA3 FILE=patab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA ETA1 ETA2 ETA3 Y DV PRED RES WRES IPRED 
IWRES MDV FILE=xptab 
$TABLE ID WT HT BMI AGE CRCL NOPRINT NOAPPEND ONEHEADER FILE=cotab 
$TABLE ID SEX HIV NOPRINT NOAPPEND ONEHEADER FILE=catab 
 
$SUBROUTINE ADVAN2 TRANS2 
 
$PK 
TVCL=THETA(1)+THETA(4)*(CRCL-108.7) ; CL, CRCL, CENT LINEAR ADD 
TVV=THETA(2) 
TVKA = THETA(3)  
 
CL=TVCL * EXP(ETA(1)) 
V=TVV * EXP(ETA(2)) 
KA=TVKA *EXP(ETA(3)) 
 
K=CL/V 
S2=V 
F1=1 
 
IF (AMT.GT.0) AUC=AMT*F1/CL 
TMAX = LOG(KA/K)/(KA-K) 
CMAX=((KA*DOSE)/(V*(KA-K)))*(EXP(-K*TMAX)-EXP(-KA*TMAX)) 
 
$THETA   
(0,42) ; CL 
(0,400) ; V 
(0,0.3) ; Ka 
(0,0.1) ; Covariate effect for creatinine clearance 
 
$OMEGA BLOCK(2) 0.1 0.1, 0.1 
$OMEGA 0.4 
 
$SIGMA   
0.1 ; EPS(1) Proportional 
 
$ERROR          
IPRED=F 
W=F         
IRES=DV-IPRED 
IWRES=IRES/W 
Y=F*(1+EPS(1))  
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Appendix I: Rifampicin intrapulmonary NONMEM control stream 
 

$PROBLEM RIFAMPICIN INTRAPULMONARY: 1-CMT, CONSTANT RATIO 
 
$INPUT ID TIME PTIME DV DOSE AMT MGKG SS II MDV EVID CMT CMTLUN WT HT BMI AGE SEX HIV 
CRCL OCC DSET 
$DATA RIFAMPICIN_IPPK_ELF_AND_AC_CMT.csv IGNORE=# 
 
$ESTIMATION METHOD=1 INTER MAXEVALS=9999 SIG=3 PRINT=1 POSTHOC NOABORT 
NOTHETABOUNDTEST NOOMEGABOUNDTEST NOSIGMABOUNDTEST 
 
$COVARIANCE UNCONDITIONAL 
 
$TABLE NOPRINT ONEHEADER ID TIME TVCL TVV CL V KA K RELF RAM AUC CMAX TMAX CMT CMTLUN 
ETA1 ETA2 ETA3 ETA4 ETA5 ETA6 ETA7 ETA8 ETA9 IPRED IRES IWRES CWRES Y FILE=sdtab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA RELF RAM ETA1 ETA2 ETA3 ETA4 ETA5 ETA6 ETA7 
ETA8 ETA9 FILE=patab 
$TABLE NOPRINT ONEHEADER ID TIME CL V KA RELF RAM ETA1 ETA2 ETA3 ETA4 ETA5 ETA6 ETA7 
ETA8 ETA9 Y DV PRED RES WRES IPRED IWRES MDV FILE=xptab 
$TABLE ID WT HT BMI AGE CRCL NOPRINT NOAPPEND ONEHEADER FILE=cotab 
$TABLE ID SEX HIV NOPRINT NOAPPEND ONEHEADER FILE=catab 
 
$SUBROUTINE ADVAN2 TRANS2 
 
$PK 
BSVCL=ETA(1) ; BSV for CL 
BSVV=ETA(2) ; BSV for V 
BSVKA=ETA(3) ; BSV for Ka 
 
IF(OCC.EQ.1)THEN 
WSVCL=ETA(4) ; WSV for CL on visit 1 
WSVV=ETA(6) ; WSV for V on visit 1 
WSVKA=ETA(8) ; WSV for KA on visit 1 
ENDIF 
 
IF(OCC.EQ.2)THEN 
WSVCL=ETA(5) ; WSV for CL on visit 2 
WSVV=ETA(7) ; WSV for V on visit 2 
WSVKA=ETA(9) ; WSV for KA on visit 2 
ENDIF 
 
TVCL=THETA(1)*THETA(4)**SEX 
TVV=THETA(2)*THETA(5)**HIV 
TVKA=THETA(3)  
 
CL=TVCL*EXP(BSVCL+WSVCL)  
V=TVV*EXP(BSVV+WSVV) 
KA=TVKA*EXP(BSVKA+WSVKA) 
 
S2=V 
F1=1 
K=CL/V 
 
RELF=THETA(6) ; ELF:PLASMA ratio 
RAM=THETA(7) ; AC:PLASMA ratio 
 
AUC=DOSE*F1/CL 
TMAX = LOG(KA/K)/(KA-K) 
CMAX=((KA*DOSE)/(V*(KA-K)))*(EXP(-K*TMAX)-EXP(-KA*TMAX)) 
 
$ERROR          
IF(CMTLUN.EQ.2) THEN 
IPRED=F 
W=F         
IRES=DV-IPRED 
IWRES=IRES/W 
Y=F*EXP(THETA(8)*EPS(1)) ; exponential error model   
ENDIF  
 
IF(CMTLUN.EQ.3) THEN 
IPRED=F*RELF 
W=IPRED         
IRES=DV-IPRED 
IWRES=IRES/W 
Y=F*RELF*EXP(THETA(9)*EPS(2)) ; exponential error model 
ENDIF  
 
IF(CMTLUN.EQ.4) THEN 
IPRED=F* 
W=IPRED         
IRES=DV-IPRED 
IWRES=IRES/W 
Y=F*RAM*EXP(THETA(10)*EPS(3)) ; exponential error model 
ENDIF  
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$THETA 
(0, 15) ; CL 
(0, 25) ; V 
(0, 0.2) ; Ka 
(0,1) ; Covariate effect for sex 
(0,1.3) ; Covariate effect for HIV 
(0,2.2) ; ELF:PLASMA ratio 
(0,2.7) ; AC:PLASMA ratio 
(0.4) ; plasma residual error as scaling factor 
(0.4) ; ELF residual error  
(0.4) ; AC residual error  
 
$OMEGA 
0.03 ; IIV CL 
0.4 ; IIV V 
0 FIX ; IIV Ka 
$OMEGA BLOCK(1) 0.1 ; IOV CL OCC 1 
$OMEGA BLOCK(1) SAME ; IOV CL OCC 2 
$OMEGA BLOCK(1) 0 FIX ; IOV V OCC 1 
$OMEGA BLOCK(1) SAME ; IOV V OCC 2 
$OMEGA BLOCK(1) 0 FIX ; IOV Ka OCC 1 
$OMEGA BLOCK(1) SAME ; IOV Ka OCC 2 
 
$SIGMA   
1 FIX ; EPS(1) 
1 FIX ; EPS(2) 
1 FIX ; EPS(3) 
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Appendix J: Pharmacodynamics NONMEM control stream 
 

$PROB M3 METHOD LOG 1/TTP DATA 
 
$DATA INV_TTP_PLM.csv IGNORE=#  
$INPUT C ID TIME TTP DV=INVTTP LOGTTP MDV FLG CONT  
 
$ESTIM METHOD=COND INTER LAPLACIAN MAXEVAL=9999 NOTHETABOUNDTEST NOOMEGABOUNDTEST 
NOSIGMABOUNDTEST 
 
$COVARIANCE 
 
$TABLE NOPRINT ONEHEADER ID TIME Y DV PRED IPRED RES WRES CWRES RPA RPAM HPA HPAM ZPA 
EPA EPAM RPC RPCM HPC HPCM ZPC EPC EPCM FILE=sdtab 
$TABLE NOPRINT ONEHEADER ID TIME A ALPHA ETA1 ETA2 RPA RPAM HPA HPAM ZPA EPA EPAM RPC 
RPCM HPC HPCM ZPC EPC EPCM FILE=patab 
$TABLE NOPRINT ONEHEADER ID TIME A ALPHA ETA1 ETA2 Y DV PRED RES WRES IPRED CWRES MDV 
FILE=xptab 
 
$PRED 
TVA=THETA(1)    ;Typical value for intercept 
A=TVA*EXP(ETA(1))    ;IIV on intercept 
 
TVALPHA=THETA(2)   ;Typical value for slope 
ALPHA=(TVALPHA*EXP(ETA(2)))  ;IIV on slope 
  
F=(A*10**(ALPHA*TIME))     
SIG1=THETA(3)*F    ;SD using proportional residual error 
LOQ=0.0233    ;1/43days 
IPRED=F  
  
IF (FLG.EQ.0) THEN 
F_FLAG=0 
Y=F+(SIG1*ERR(1)) 
ELSE     
F_FLAG=1 
DUM=(LOQ-IPRED)/SIG1    
CUMD=PHI(DUM)    
Y=CUMD 
ENDIF 
 
$THETA  
(0.13)      ; fixed effects for intercept (A) 
(-0.01)      ; fixed effects for slope (alpha)  
(0.5)      ; SD / SIG1 
 
$OMEGA 0.2     ; random effect on intercept 
$OMEGA 0.4     ; random effect on slope 
 
$SIGMA 1 FIXED 
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Appendix K: PK-PD NONMEM control stream 
 

$PROB SPITT TTP DATA M3 METHOD ADDITIVE ERROR 
 
$INPUT C ID TIME TTP DV=INVTTP LOGTTP MDV FLG CONT CXR DSET REA  
 
$DATA TTP_PLM_ALL.csv IGNORE=# IGNORE(DSET.EQ.2) ; 
$ESTIM METHOD=COND INTER LAPLACIAN MAXEVAL=9999 NOTHETABOUNDTEST NOOMEGABOUNDTEST 
NOSIGMABOUNDTEST 
 
$TABLE NOPRINT ONEHEADER ID TIME Y DV PRED IPRED RES WRES CWRES CXR REA FILE=sdtab 
$TABLE NOPRINT ONEHEADER ID TIME A ALPHA ETA1 ETA2 CXR REA FILE=patab 
$TABLE NOPRINT ONEHEADER ID TIME A ALPHA ETA1 ETA2 Y DV PRED RES WRES IPRED CWRES MDV 
CXR REA FILE=xptab  
 
$COVARIANCE 
 
$PRED 
TVA=THETA(1)+(THETA(2)*(CXR/33.4)) ;Typical value for intercept with CXR covariate 
A=TVA*EXP(ETA(1))    ;IIV on intercept 
TVALPHA=THETA(3)+(THETA(4)*(REA/1.812)) 
     ;Typical value for slope with PK covariate 
ALPHA=(TVALPHA*EXP(ETA(2)))  ;IIV on slope 
F=(A*10**(ALPHA*TIME))     
 
SIG1=THETA(5)*F    ;SD using proportional residual error 
LOQ=0.0233    ;1/43days 
IPRED=F   
   
IF (FLG.EQ.0) THEN    
F_FLAG=0 
Y=F+(SIG1*ERR(1)) 
ELSE      
F_FLAG=1 
DUM=(LOQ-IPRED)/SIG1     
CUMD=PHI(DUM)      
Y=CUMD 
ENDIF 
 
$THETA 
(0.11)      ; fixed effects for intercept (A) 
(0.02)      ; fixed effects for CXR 
(-0.015)     ; fixed effects for slope (alpha)  
(-0.0001)    ; fixed effects for PK 
(0.534)     ; SD / SIG1 
 
$OMEGA 0.2     ; random effect on intercept 
$OMEGA 0.4     ; random effect on slope 
 
$SIGMA 1 FIXED 


