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122 Chapter 9. Summary

Tuberculosis (TB), caused by infection with Mycobacterium tuberculosis, is one of
the infectious diseases with the highest morbidity and mortality in the world. In
2013, an estimated 9.0 million people acquired TB and 1.5 million people died due
to TB. Drug-susceptible TB is treated with the first-line anti-TB drugs, isoniazid,
rifampicin (rifampin), pyrazinamide and ethambutol, during the first two months,
continued with isoniazid and rifampicin for another four months. Treatment
with the first-line anti-TB drugs, though usually successful, is challenged by the
emergence of drug resistance, toxicity, relapse and non-response.

In this thesis, we hypothesized that it is necessary to move away from the ’one size
fits all’ pharmacotherapeutic approach. We explored individualized approaches
with conceivably considerably more precision. We described factors to consider
when a patient is dosed with first-line anti-TB drugs and proposed methods to
optimize treatment in drug-susceptible TB.

In Chapter 2, a review was presented on the use of liquid chromatography-tandem
mass spectrometry (LC-MS/MS) in therapeutic drug monitoring (TDM) of anti-
infective drugs. Pharmacokinetic and pharmacodynamic parameters of anti-infec-
tive drugs were discussed. Furthermore, we explored aspects of new matrices
such as saliva and new sampling techniques like dried blood spot (DBS) and their
analysis to optimize patient friendly TDM.

Two of the prerequisites for TDM were described. In Chapter 3 we developed a
sensitive, simple and rapid LC-MS/MS method for the quantification of isoniazid,
ethambutol and pyrazinamide. Protein binding was investigated and proved low.
Therefore, sample preparation using ultrafiltration could be applied, resulting in
linear calibration curves in the range of 0.2 - 8 mg/L for isoniazid and ethambutol
and 2 - 80 mg/L for pyrazinamide. The method was validated according to the
guidelines of the FDA. The method was extensively tested for matrix effects and
has shown to be robust for pharmacokinetic studies of isoniazid, pyrazinamide and
ethambutol.

In Chapter 4, we described a recently initiated interlaboratory proficiency test-
ing programme for the first-line and moxifloxacin and linezolid, two second-line,
anti-TB drugs. Seven laboratories from Europe and the United States participated
in the first round of the programme. The majority of measurements (83%) was
within 20% limits of the true weighed-in concentrations, meaning the initial results
of this proficiency testing programme showed a reasonably good performance
of the participating laboratories in measuring anti-TB drugs. However, the res-
ults for rifampicin were clearly worse compared to the other drugs. This might
have been caused by possible incomplete dissolution of the sample, validation or
technical problems. The programme also revealed possible inaccuracies or previ-
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ously undetected problems related to analysis of ethambutol and pyrazinamide in
some laboratories. The programme enabled laboratories to externally validate their
bioanalysis methods. External quality control for measurement of anti-TB drugs in
serum is pivotal, considering the high level of interest in the pharmacokinetics of
anti-TB drugs necessary for TDM in patient care.

The objective of Chapter 5a was to develop an optimal sampling procedure based on
population pharmacokinetics to predict area under the concentration-time curve
(AUC0–24) of rifampicin. A one-compartmental pharmacokinetic population model
with first-order absorption and lag time was developed using rifampicin plasma
concentrations obtained from 55 patients. The population pharmacokinetic model
was developed using an iterative two-stage Bayesian procedure and was cross-
validated. The median time to maximum concentration of the drug in serum (Tmax)
was 2.2 h, ranging from 0.4 up to 5.7 h. This wide range indicates that only obtaining
a concentration level at 2 h (C2) would not capture the peak concentration in a large
proportion of the population. Optimal sampling using concentrations at 1, 3 and 8 h
after administration of the drugs was considered clinically suitable with R2 value of
0.96, a root mean squared error of 13.2% and a prediction bias of –0.4%. This study
showed that rifampicin AUC0–24 in TB patients can be predicted with acceptable
accuracy and precision using the developed population pharmacokinetic model
with optimal sampling at time points 1, 3 and 8 h.

In Chapter 5b, a letter to the editor, we discussed the need of well-designed phar-
macokinetic studies to produce reliable data enabling to evaluate the effect of drug
exposure on outcome. Obtaining a full pharmacokinetic curve and using a valid-
ated optimal sampling strategy are the only two strategies of accurately predicting
the AUC of isoniazid. Only a well designed sampling schedule and information on
drug intake and drug susceptibility in combination with long-term follow-up will
provide relevant data that may help to optimize TB treatment.

In Chapter 6, we performed a retrospective study in TB patients to evaluate the
influence of dose and co-variables (size descriptors and biochemistry) on the
exposure (AUC0–24) of isoniazid and rifampicin. Univariate analysis showed no
association between isoniazid dose per total body weight (TBW) and exposure
(adjusted R2=0.008, P=0.232). A small, but significantly positive association was
shown between rifampicin dose/TBW and exposure (adjusted R2=0.102, P=0.006)
and between gender and exposure (adjusted R2=0.194, P<0.001). Multiple linear re-
gression analysis showed a significant, small, independent and positive association
of isoniazid AUC0–24 with the dose/TBW, body mass index (BMI), and an elevated
C-reactive protein (CRP) level (adjusted R2=0.162, P=0.010). A significant, independ-
ent and positive association of rifampicin AUC0–24 was shown with the dose/TBW,
gender, BMI and CRP level (adjusted R2=0.354, P<0.001). We concluded that iso-
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niazid dose per TBW was not associated with its exposure in drug-susceptible TB
patients. Rifampicin dose per TBW and gender were associated with rifampicin
exposure but have limited influence.

TB patients are seriously ill during the first two weeks of treatment and they often
suffer from gastrointestinal reactions such as abdominal pain, nausea and vomiting.
Concomitant intake of food has been recommended but it has an ambivalent im-
pact on drug therapy. Food makes patients less vulnerable to nausea and vomiting,
possibly resulting in a decrease of refusal of medication. However, exposure to
isoniazid and rifampicin in healthy volunteers has shown to be reduced by dosing
with meals. In treatment-naïve TB patients who are starting drug treatment, data
on the influence of food intake on the pharmacokinetics were absent until recently.
In Chapter 7, we performed the ‘Fast-food trial’, in which we quantified the influ-
ence of food on the pharmacokinetics of isoniazid, rifampicin, ethambutol and
pyrazinamide in TB patients. A prospective randomized crossover pharmacokinetic
study was conducted in 20 treatment-naïve adults with drug-susceptible TB, during
the first three days of drug treatment. We investigated the influence of food on the
(absolute) bioavailability and pharmacokinetics of the first-line anti-TB drugs. The
high-carbohydrate meal, when taken 30 minutes before the drugs, influenced all
pharmacokinetic parameters of isoniazid and rifampicin but not of ethambutol or
pyrazinamide. Food decreased absolute bioavailability of isoniazid and rifampicin
by approximately 15%. According to regulatory guidelines, this is considered to be
bioequivalent. However, a further reduction of drug exposure in patients prone to
low drug exposure may actually increase the risk of poor treatment outcome.

In Chapter 8 the outcome of the research in this thesis was discussed and future
perspectives were presented. This chapter is based on a letter to the editor in
which we stress the importance of well-designed randomized controlled trials
to investigate the impact of TDM on outcome. We suggested to perform a trial
in which exposure combined with susceptibility is tested for long-term outcome.
This randomized clinical trial should explore the potential benefit of TDM in TB
treatment. Standard treatment should be compared with TDM guided dosing
in combination with MIC testing. This study should be powered to detect both
clinically and epidemiologically meaningful differences in relapse rate, toxicity and
in the best case acquired drug resistance. Implementation of TDM in TB treatment
does not necessarily increase costs. Even in high TB-burdened, resource-poor,
countries TDM might at the end of the day prove cost-effective.

In the past physicians and pharmacists have used TDM in TB treatment if toxicity
was suspected, or patients responded unfavourably. Instead of working in the dark,
with a gunshot approach, clinicians should switch on the light provided by TDM
and support their clinical decisions with current technologies to hit their target
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with much more precision.




