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Tuberculosis (TB) is an infectious disease caused by slowly replicating bacteria belonging 
to the group of Mycobacterium tuberculosis complex bacteria. TB infection predominantly 
spreads by inhaled small airborne droplets containing the M. tuberculosis bacterium. These 
airborne droplets or aerosols are primarily produced by individuals with pulmonary TB 
by coughing. Typical symptoms of active pulmonary TB are a persistent cough, fever, night 
sweats, fatigue, and weight loss. Some patients, especially those with an immunosuppressed 
status, may have less pronounced symptoms. Chest-radiography, sputum smear microscopy, 
culture-based methods, and rapid molecular tests are used to detect and diagnose TB.

Classification of TB
Most individuals infected by inhaling TB bacilli from patients with active pulmonary TB 
do not fall ill. The majority either fights off the TB bacilli by their host defences including 
their mucosal and mucociliary protection, or by their effective immune system [1]. 
Others develop a latent TB infection, where M. tuberculosis is present in the body in low 
numbers, but is dormant and not active. Latent TB infection can progress into active 
TB disease when the bacillary burden is overwhelming, or when immune defences are 
compromised [2]. Active TB disease can be located in the lung (pulmonary TB), but also 
in other parts of the body, such as lymph nodes, central nervous system, bones, as well as 
the intestinal and urogenital systems (extra-pulmonary TB). Furthermore, there is the 
one-of-a-kind infection called miliary TB. The infection is then all-over, widely spread 
across the body, and therefore in general has a worse prognosis than pulmonary TB [3,4].  
Another classification of TB infections is based on the drug susceptibility pattern of the 
involved M. tuberculosis strain. Drug-susceptible TB (DS-TB) is sensitive to all first-line 
drugs including rifampicin, isoniazid, pyrazinamide, and ethambutol. Mono-resistant 
TB is resistant to one drug only, e.g. rifampicin-resistant TB (RR-TB) or isoniazid-
resistant TB. Multi-drug resistant TB (MDR-TB) is resistant to at least rifampicin and 
isoniazid, while extensively drug-resistant TB (XDR-TB) is additionally resistant to one 
fluoroquinolone and one injectable second-line drug.

TB epidemic
Although TB is not endemic in the Netherlands (806 cases in 2018), the global 
burden of TB remains extensive. TB is the worldwide leading cause of death caused 
by a single infectious agent. In 2018, an estimated 10 million people developed TB 
and 1.45 million patients died due to TB [5]. Antibiotic resistance is a major concern. 
Approximately 500,000 people developed RR-TB in 2018 and 78% of this group was 
additionally resistant to isoniazid, thus having MDR-TB [5]. In 2014, the World Health 
Organization (WHO) set ambitious targets in the End TB Strategy [6]. The aim is to 
reduce the annual number of TB deaths with 95% and the TB incidence with 90% 
in 2035, using the year 2015 as comparator. The current global decrease in both 
incidence and mortality is not fast enough to reach these targets by 2035 [5].



Introduction and scope of the thesis |  11

1Treatment of TB
The current DS-TB treatment has been established in the 1980’s and has not changed 
since [7]. It starts with an intensive phase using rifampicin, isoniazid, pyrazinamide, 
and ethambutol for 2 months to reduce the bacterial load, followed by a continuation 
phase with only rifampicin and isoniazid during 4 months to kill the persistent 
survivors [8]. Treatment success rates of this first-line regimen are considered to be 
relatively high, even under programmatic conditions (85% in 2017) [5]. Nevertheless, 
treatment failure and acquired drug resistance are present-day problems due to 
inappropriate drug management, incompliance, and suboptimal drug exposures [9–11]. 
The recommended treatment regimen for MDR-TB (also used for RR-TB) has been 
changing over the last five years. Previously, the second-line anti-TB drugs used in 
MDR-TB treatment were organized in four groups with decreasing preference; the 
fluoroquinolones, second-line injectable agents, other core second-line agents, and 
add-on agents [12]. The grouping of the second-line drugs was revised by the WHO 
in 2018 (Table 1) in response to a meta-analysis on the association between the use 
of certain anti-TB drugs and positive treatment outcomes as well as the growing 
preference for an all-oral regimen [13–15].

Table 1. Present grouping of second-line drugs in MDR-TB treatment [14].

Group A:
Include all three (if possible) 

Levofloxacin or moxifloxacin

Bedaquiline

Linezolid

Group B:
Add one or both (if possible)

Clofazimine

Cycloserine or terizidone

Group C:
Complete regimen with one or more (if required)

Ethambutol

Delamanid

Pyrazinamide

Imipenem-cilastatin or meropenem

Amikacin (or streptomycin)

Ethionamide or protionamide

p-aminosalicylic acid

The MDR-TB regimen contains at least four drugs that the involved M. tuberculosis 
strain is susceptible for; and treatment duration is 9 to 18-20 months. Culture methods 
(e.g. Mycobacteria Growth Indicator Tube system), molecular testing (e.g. Xpert MTB/
RIF) or line probe assays are able to determine bacterial susceptibility; these tests 
guide the treating physician in compiling an adequate drug regimen. Meanwhile, a 
standardized shorter regimen of only 9 to 12 months was evaluated in MDR/RR-TB 
patients who have not been treated before and in whom resistance to fluoroquinolones 
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and second-line injectable agents was excluded. This shorter regimen was found to be 
non-inferior to longer treatment regimens [16,17]. However, the patient population 
eligible for this shorter regimen is small, in the Netherlands for instance only around 
50% of the MDR-TB patients[18], and therefore the applicability is limited [19]. The 
current global success rate of MDR-TB treatment is 56% which is unacceptably low [5].  
The response to TB therapy is observed using clinical monitoring, laboratory tests, and 
frequent  sputum smear and culture analysis. If at least 2 consecutive sputum samples 
of a patient with pulmonary TB are free from M. tuberculosis in culture tests, one month 
apart, it is defined as sputum conversion. Fast sputum conversion is a sign of response 
to treatment, but a patient is not cured yet after conversion and relapses are common. 
Additionally, patients with TB are closely monitored for medication adherence, side 
effects (especially in case of more toxic second-line drugs), and comorbidities.

Individualized approach using therapeutic drug monitoring
TB treatment is fairly standardized because a high level of individualisation is 
expensive and consequently unfeasible due to the high global burden centred in 
low-resource countries. The TB treatment regimens and drug dosages are described 
in detail in guidelines [8,20]. However, every patient has unique characteristics, 
for instance TB presentation, body composition, pharmacokinetic parameters, 
comorbidities, concomitant medication, immune defences, etcetera. Additional 
inter-individual variation is introduced by highly variable susceptibility patterns of 
the involved TB strains. Thus, one dose does not fit all and a more individualized 
approach would be an asset to fight TB in its most efficient way [21,22].
One method to individualize TB therapy is to use therapeutic drug monitoring (TDM). 
TDM uses drug concentrations analysed in blood samples to determine the optimal 
dose for one particular individual using pharmacokinetic/pharmacodynamic 
knowledge. In general, it is only useful to perform TDM if the clinical effect is 
related to the drug concentration or exposure; together with a narrow therapeutic 
window; pharmacokinetic variability; and a difficult to monitor clinical effect [23]. 
For antibiotic drugs in specific, the pharmacological effect is not only related to 
drug concentrations, but also to the susceptibility of the involved bacterial strain, 
a feature that is defined as minimal inhibitory concentration (MIC). The efficacy of 
some antibiotic drugs increases with higher peak concentrations. These drugs act 
concentration-dependant (e.g. amikacin) and their efficacy is best described by the 
ratio of peak concentration and MIC (Cmax/MIC), while the efficacy of time- dependant 
antimicrobial agents (e.g. meropenem) is related to the percentage of time the free 
drug concentration is above the MIC (%fT>MIC) [24]. However, most drugs are 
concentration- as well as time-dependant (e.g. fluoroquinolones, rifampicin) and 
therefore the ratio of area under the concentration time curve and MIC (AUC/MIC) 
is the best predictor for efficacy [24,25].
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1Drug resistance of anti-TB drugs is emerging and there is increasing evidence that 
some host factors are associated with inadequate drug exposure. Therefore, TDM is 
increasingly recommended in guidelines for specific patient populations [20,26–28]. 
Inter-individual pharmacokinetic variability is described for many anti-TB drugs 
and it could cause suboptimal drug exposures which in turn could lead to acquired 
drug resistance as well as treatment failure [29–31]. Moreover, some second-line TB 
drugs are rather toxic and can cause significant side effects, especially when used 
for a longer period of time. For linezolid, TDM can be used to minimise toxicity while 
still maintaining an adequate drug exposure [32]. Additionally, the effect of drug-
drug interactions can be monitored and corrected for by using TDM, e.g. rifampicin 
in combination with moxifloxacin [33].
Ideally, TDM is performed shortly after starting treatment, but clearly at steady 
state conditions, to determine the adequate dosages and to identify the subset of 
patients at risk, e.g. slow responders, as soon as possible. Presently, the general 
implementation of TDM in TB treatment is slow because it is considered laborious, 
time-consuming and expensive [34]. Traditionally, TDM is performed using plasma 
or serum samples, although alternative matrices such as saliva, dried blood spots 
and urine have been studied because of their ease and potentials for home-based 
sampling [34,35]. Moreover, to perform adequate TDM, multiple samples are 
required to determine the %T>MIC, Cmax, or AUC used for dose optimisation. Limited 
sampling strategies (LSS) are able to estimate the AUC using one to three optimally 
timed samples and therefore could reduce the burden for patients and health care 
personnel [36–38]. Centralized TDM is a method to concentrate parts of the TDM 
process in one experienced location to increase the availability and quality of TDM 
and decrease the challenges for small healthcare facilities. The use of alternative 
matrices, sampling strategies, and centralized TDM could reduce the burden, 
organisational efforts as well as the costs of TDM and therefore could overcome the 
present objections for more frequent TDM in TB treatment.

AIM OF THIS THESIS

This thesis aims to evaluate alternative matrices and sampling strategies for TDM 
of multiple anti-TB drugs. More specifically, this thesis focuses on TDM using saliva 
samples, limited sampling strategies, as well as centralized TDM to enhance the 
feasibility of TDM. The ultimate goal of these innovative techniques is to stimulate 
performing TDM of anti-TB drugs, particularly in TB endemic countries, to improve 
worldwide treatment outcomes and proceed towards the elimination of TB.
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OUTLINE OF THE THESIS

In Chapter 2 we provide an overview of the available literature on concentrations 
of anti-TB drugs in saliva and blood. In addition, this systematic review will help 
to identify knowledge gaps to be targeted for future research and investigates the 
potentials for saliva-based TDM.

Due to the scarcity of data on plasma to saliva drug penetration in TB patients, the 
objective is to perform a prospective, observational cohort study of concentrations of 
various anti-TB drugs in saliva of patients with TB. Saliva-serum or saliva-plasma ratios 
are evaluated and the feasibility of salivary TDM is discussed for each drug. In Chapter 
3a we investigate the first-line drugs rifampicin and isoniazid, in Chapter 3b we focus 
on the group A second-line drugs moxifloxacin and linezolid, whereas in Chapter 
3c the second-line injectable agent amikacin is studied. To be able to collect saliva 
samples of infectious TB patients in the prospective study without infection hazard, a 
safe sampling method is developed to sterilize the saliva samples after collection and 
before processing for analysis (Chapter 3d).

To be able to accurately monitor drug exposure with minimal burden for patients and 
caregivers, there is an urgent need for population pharmacokinetic models and LSS 
for moxifloxacin (Chapter 4a) and levofloxacin (Chapter 4b). Two different methods 
being the Bayesian approach and multiple linear regression, each with their own 
(dis)advantages, are used to develop these LSS. The predictive performances of the 
population pharmacokinetic models and the LSS are evaluated in these chapters as 
well.

Evidence to support TDM beyond target attainment is limited. Clinical trials are 
urgently needed, but funding is scarce [26,39]. An alternative approach using a case-
control design, which significantly reduces costs, may help to provide the first evidence 
and attract funding for a randomized controlled trial. In Chapter 5 the design of a 
multicenter observational study is proposed. This study will evaluate the feasibility of 
concentrating the sample analysis and dosing advice in a central facility (centralized 
TDM) and secondary the impact of TDM of fluoroquinolones on treatment outcomes 
of MDR-TB patients.

To complete this thesis, a general discussion on the use of saliva as matrix for TDM, 
LSS, and centralized TDM, including future perspectives of TDM in TB treatment will 
provide guidance for future research.



Introduction and scope of the thesis |  15

1REFERENCES

1.  Behr MA, Edelstein PH, Ramakrishnan L. Revisiting the timetable of tuberculosis. 
BMJ. 2018;362:k2738. 

2.  Drain PK, Bajema KL, Dowdy D, Dheda K, Naidoo K, Schumacher SG, et al. Incipient 
and Subclinical Tuberculosis: a Clinical Review of Early Stages and Progression of 
Infection. Clin Microbiol Rev. 2018;31(4):e00021-18. 

3.  Pradipta IS, Van’t Boveneind-Vrubleuskaya N, Akkerman OW, Alffenaar JWC, Hak 
E. Predictors for treatment outcomes among patients with drug-susceptible 
tuberculosis in the Netherlands: a retrospective cohort study. Clin Microbiol 
Infect. 2019;25(6):761.e1-761.e7. 

4.  Gafar F, Van’t Boveneind-Vrubleuskaya N, Akkerman OW, Wilffert B, Alffenaar 
J-WC. Nationwide analysis of treatment outcomes in children and adolescents 
routinely treated for tuberculosis in The Netherlands. Eur Respir J. 2019;1901402. 

5.  World Health Organization. Global tuberculosis report 2019. 2019. 
6.  World Health Organization. Global strategy and targets for tuberculosis 

prevention, care and control after 2015. 2013. 
7.  Fox W, Ellard GA, Mitchison DA. Studies on the treatment of tuberculosis 

undertaken by the British Medical Research Council Tuberculosis Units, 
1946-1986, with relevant subsequent publications. Int J Tuberc Lung Dis. 
1999;3(10):S231-79. 

8.  World Health Organization. Guidelines for treatment of drug-susceptible 
tuberculosis and patient care (2017 update). 2017. 

9.  Pasipanodya JG, McIlleron H, Burger A, Wash PA, Smith P, Gumbo T. Serum drug 
concentrations predictive of pulmonary tuberculosis outcomes. J Infect Dis. 
2013;208(9):1464–73. 

10.  Sekaggya-Wiltshire C, von Braun A, Lamorde M, Ledergerber B, Buzibye A, 
Henning L, et al. Delayed Sputum Conversion in TB-HIV Co-Infected Patients with 
Low Isoniazid and Rifampicin Concentrations. Clin Infect Dis. 2018;67(5):708–16. 

11.  Srivastava S, Pasipanodya JG, Meek C, Leff R, Gumbo T. Multidrug-resistant 
tuberculosis not due to noncompliance but to between-patient pharmacokinetic 
variability. J Infect Dis. 2011;204(12):1951–9. 

12.  World Health Organization. WHO treatment guidelines for drug-resistant 
tuberculosis: 2016 update. 2016. 

13.  Ahmad N, Ahuja SD, Akkerman OW, Alffenaar J-WC, Anderson LF, Baghaei P, 
et al. Treatment correlates of successful outcomes in pulmonary multidrug-
resistant tuberculosis: an individual patient data meta-analysis. Lancet. 
2018;392(10150):821–34. 

14.  World Health Organization. WHO treatment guidelines for multidrug- and 
rifampicin-resistant tuberculosis, 2018 update. 2019. 



16  | Chapter 1

15.  World Health Organization. Rapid Communication: Key changes to treatment of 
multidrug- and rifampicin-resistant tuberculosis (MDR/RR-TB). 2018. 

16.  Moodley R, Godec TR. Short-course treatment for multidrug-resistant tuberculosis: 
the STREAM trials. Eur Respir Rev. 2016;25(139):29–35. 

17.  Nunn AJ, Phillips PPJ, Meredith SK, Chiang C-Y, Conradie F, Dalai D, et al. A Trial of a Shorter 
Regimen for Rifampin-Resistant Tuberculosis. N Engl J Med. 2019;380(13):1201–13. 

18.  Van Altena R, Akkerman OW, Alffenaar JWC, Kerstjens HAM, Magis-Escurra C, Boeree 
MJ, et al. Shorter treatment for multidrug-resistant tuberculosis: The good, the bad 
and the ugly. Eur Respir J. 2016;48(6):1800–2. 

19.  Sotgiu G, Tiberi S, Centis R, D’Ambrosio L, Fuentes Z, Zumla A, et al. Applicability of the 
shorter “Bangladesh regimen” in high multidrug-resistant tuberculosis settings. Int J 
Infect Dis. 2017;56:190–3. 

20.  World Health Organization. WHO consolidated guidelines on drug-resistant 
tuberculosis treatment. 2019. 

21.  van der Burgt EPM, Sturkenboom MGG, Bolhuis MS, Akkerman OW, Kosterink JGW, 
de Lange WCM, et al. End TB with precision treatment! Eur Respir J. 2016;47(2):680 
LP – 682. 

22.  Alffenaar J-WC, Gumbo T, Dooley KE, Peloquin CA, McIlleron H, Zagorski A, et al. 
Integrating pharmacokinetics and pharmacodynamics in operational research to End 
TB. Clin Infect Dis. 2019;ciz942. 

23.  Figueras A. WHO report “Review of the evidence to include TDM in the Essential in 
vitro Diagnostics List and prioritization of medicines to be monitored.” 2019. 

24.  Peloquin C. The Role of Therapeutic Drug Monitoring in Mycobacterial Infections. 
Microbiol Spectr. 2017;5(1):TNMI7-0029–2016. 

25.  Alsultan A, Peloquin CA. Therapeutic drug monitoring in the treatment of tuberculosis: 
an update. Drugs. 2014;74(8):839–54. 

26.  Nahid P, Dorman SE, Alipanah N, Barry PM, Brozek JL, Cattamanchi A, et al. Official 
American Thoracic Society/Centers for Disease Control and Prevention/Infectious 
Diseases Society of America Clinical Practice Guidelines: Treatment of Drug-
Susceptible Tuberculosis. Clin Infect Dis. 2016;63(7):147–95. 

27.  Migliori GB, Sotgiu G, Rosales-Klintz S, Centis R, D’Ambrosio L, Abubakar I, et al. ERS/
ECDC Statement: European Union standards for tuberculosis care, 2017 update. Eur 
Respir J. 2018;51(5):1702678. 

28.  Lange C, Abubakar I, Alffenaar J-WC, Bothamley G, Caminero JA, Carvalho ACC, et 
al. Management of patients with multidrug-resistant/extensively drug-resistant 
tuberculosis in Europe: a TBNET consensus statement. Eur Respir J. 2014;44(1):23–
63. 

29.  Davies Forsman L, Bruchfeld J, Alffenaar J-WC. Therapeutic drug monitoring 
to prevent acquired drug resistance of fluoroquinolones in the treatment of 
tuberculosis. Eur Respir J. 2017;49(4):1700173. 



Introduction and scope of the thesis |  17

130.  Mpagama SG, Ndusilo N, Stroup S, Kumburu H, Peloquin CA, Gratz J, et al. Plasma 
drug activity in patients on treatment for multidrug-resistant tuberculosis. 
Antimicrob Agents Chemother. 2014;58(2):782–8. 

31.  Pasipanodya JG, Srivastava S, Gumbo T. Meta-analysis of clinical studies supports 
the pharmacokinetic variability hypothesis for acquired drug resistance and 
failure of antituberculosis therapy. Clin Infect Dis. 2012;55(2):169–77. 

32.  Bolhuis MS, Akkerman OW, Sturkenboom MGG, Ghimire S, Srivastava S, Gumbo 
T, et al. Linezolid-based Regimens for Multidrug-resistant Tuberculosis (TB): A 
Systematic  Review to Establish or Revise the Current Recommended Dose for TB 
Treatment. Clin Infect Dis. 2018;67(suppl_3):S327–35. 

33.  Manika K, Chatzika K, Papaioannou M, Kontou P, Boutou A, Zarogoulidis K, et al. 
Rifampicin-moxifloxacin interaction in tuberculosis treatment: a real-life study. 
Int J Tuberc Lung Dis. 2015;19(11):1383–7. 

34.  Ghimire S, Bolhuis MS, Sturkenboom MGG, Akkerman OW, de Lange WCM, 
van der Werf TS, et al. Incorporating therapeutic drug monitoring into the 
World Health Organization hierarchy of tuberculosis diagnostics. Eur Respir J. 
2016;47(6):1867–9. 

35.  Zuur MA, Bolhuis MS, Anthony R, den Hertog A, van der Laan T, Wilffert B, et 
al. Current status and opportunities for therapeutic drug monitoring in the 
treatment of tuberculosis. Expert Opin Drug Metab Toxicol. 2016;12(5):509–21. 

36.  Magis-Escurra C, Later-Nijland HMJ, Alffenaar JWC, Broeders J, Burger DM, van 
Crevel R, et al. Population pharmacokinetics and limited sampling strategy 
for first-line tuberculosis drugs and moxifloxacin. Int J Antimicrob Agents. 
2014;44(3):229–34. 

37.  Kamp J, Bolhuis MS, Tiberi S, Akkerman OW, Centis R, de Lange WC, et al. 
Simple strategy to assess linezolid exposure in patients with multi-drug-
resistant and extensively-drug-resistant tuberculosis. Int J Antimicrob Agents. 
2017;49(6):688–94. 

38.  Alsultan A, An G, Peloquin CA. Limited sampling strategy and target attainment 
analysis for levofloxacin in patients with tuberculosis. Antimicrob Agents 
Chemother. 2015;59(7):3800–7. 

39.  Alffenaar J-WC, Tiberi S, Verbeeck RK, Heysell SK, Grobusch MP. Therapeutic 
Drug Monitoring in Tuberculosis: Practical Application for Physicians. Clin Infect 
Dis. 2017;64(1):104–5.




	Chapter 1



