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Tuberculosis (TB) is caused by infection with Mycobacterium tuberculosis. It is one
of the infectious diseases with the highest morbidity and mortality in the world. In
2014, an estimated 9.6 million people were infected with TB and 1.5 million people
died due to TB [1].

Patients with active pulmonary TB are the main source of transmission of M. tuber-
culosis. The disease is spread in the air when people, who are sick with pulmonary
TB, expel bacteria, for example by coughing. A relatively small proportion of people
infected with M. tuberculosis will develop active TB disease. In more than 90% of
persons infected with M. tuberculosis, the pathogen is contained as asymptomatic
latent infection [2]. Worldwide, one third of the population, approximately two
billion people, have latent infection and are at risk for reactivation [2].

TB typically affects the lungs (pulmonary TB), but can affect other sites as well (ex-
trapulmonary TB). Symptoms of active disease are a productive cough often with
other respiratory symptoms like shortness of breath, chest pain or haemoptysis
and fever with night sweats, fatigue and loss of appetite and body weight [3]. Ex-
trapulmonary TB can affect virtually any organ in the body, with a variety of clinical
manifestations and therefore it requires a high index of clinical suspicion [2].

The most common method for diagnosing TB worldwide is sputum smear micro-
scopy. The use of rapid molecular tests to diagnose TB and drug-resistant TB is
increasing. In countries with more developed laboratory facilities, cases of TB are
also diagnosed via culture methods, which is currently the reference standard [1].

Without adequate treatment, TB mortality rates are high [1]. Drug-susceptible TB
is treated with the first-line anti-TB drugs, isoniazid, rifampicin (rifampin), pyrazi-
namide and ethambutol, during the first two months, continued with isoniazid
and rifampicin for another four months [3, 4]. In general, treatment success rate
continues to be high among new TB cases [1]. However, healthcare providers are
still confronted with treatment failure on a regular basis. In multidrug-resistant
TB (MDR-TB), M. tuberculosis is resistant to isoniazid and rifampicin. In 2014, an
estimated 480.000 people developed MDR-TB [1]. MDR-TB is difficult and costly to
treat, as first-line treatment is not effective. Besides, treatment takes much longer
than six months in drug-susceptible TB, generally it takes 20 months.

1.1 First-line anti-TB treatment

Isoniazid and rifampicin are still the cornerstones of treatment in drug-susceptible
TB. Both drugs are cheap and readily available worldwide. Rifampicin is bacter-
icidal, by inhibition of the β-subunit of RNA polymerase of M. tuberculosis. It is
highly effective and extremely valuable in TB treatment, as rifampicin is capable of
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killing both actively dividing and ‘dormant’ bacilli [5].

Isoniazid is a prodrug that is activated by the mycobacterial enzyme KatG [5, 6].
It exerts its activity by inhibiting mycolic acid synthesis, which is essential for
mycobacterial cell wall integrity. If M. tuberculosis lacks the katG enzyme, it shows
resistance to isoniazid. Isoniazid is mostly active in the first few days of therapy as
it exhibits the most potent early bactericidal activity (EBA), the decrease in number
of bacilli in sputum in the first two treatment days, among the anti-TB drugs.

Pyrazinamide is a prodrug that is bio-activated by the pyrazinamidase enzyme
inside M. tuberculosis. The mechanism of action for pyrazinamide is not clearly
understood. It has been suggested to act by inhibiting fatty acid synthase I [5]. But
also inhibition of protein translation or depletion of cellular adenosine triphosphate
have been proposed [5]. Pyrazinamide is an essential component in the treatment
of M. tuberculosis and is supposed to play an important role in new multidrug
regimens which focus on shortening treatment duration [7].

Ethambutol acts by inhibiting the synthesis of arabinogalactan, which is part of
the mycobacterial cell wall. It is used to protect rifampicin from acquired drug
resistance and is the least potent of the four first-line anti-TB drugs [5].

1.2 Pharmacology and therapeutic drug monitoring

Pharmacokinetics describes the behaviour of a drug in the patient’s body, including
absorption, distribution, metabolism and excretion, whereas pharmacodynamics
describe the biochemical or pharmacological effect of a drug at the site of action
in the patient’s body. Together, both parameters determine the pharmacological
profile of the drug.

In infectious diseases, the pharmacological effect of the drug is directed against the
pathogen. The minimum inhibitory concentration (MIC), a measure of potency
of the drug for the microorganism, is the lowest concentration at which the drug
inhibits growth of M. tuberculosis. In case of first-line anti-TB drugs, actual MICs
are often unknown. Critical concentrations or breakpoints have been defined as the
MIC above which maximum tolerated doses fail to effectively kill M. tuberculosis
[8]. Conventionally, these critical concentrations were 1.0 mg/L for rifampicin
and 0.2 mg/L and 1.0 mg/L for low-level and high-level resistance for isoniazid.
However, Gumbo et al. advocated the use of much lower critical concentrations,
0.0625 mg/L for rifampicin and 0.0312 and 0.125 mg/L for isoniazid, suggesting
that M. tuberculosis is resistant at a much lower level [8].

The efficacy of anti-infective drugs is not only dependent on the pathogens re-
lated MIC, but also on the exposure of the drug in the patient. The area under
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the concentration-time curve (AUC) over 24 h in steady state (AUC0–24) represents
this exposure. Studies in both hollow fiber infection models and murine models
showed that the AUC divided by the MIC (AUC/MIC ratio) is the best predictive
pharmacokinetic/pharmacodynamic parameter for determination of the efficacy
of first-line anti-TB drugs [9–15]. More importantly, these data were recently con-
firmed in TB patients, as poor long-term outcome was predicted by low AUC values
of pyrazinamide, rifampicin and isoniazid [7].

For a long time, it was suggested that poor compliance was the cause of acquired
drug resistance of M. tuberculosis. Now it has become clear that pharmacokinetic
variability is much more likely to be the driving force of drug resistance [16]. In the
study by Pasipanodya et al., low maximum concentrations (Cmax) or peak levels
of rifampicin or isoniazid preceded all (three) cases of acquired drug resistance in
142 TB patients [7]. Therefore, both AUC and Cmax are important parameters to
investigate. This can be done using therapeutic drug monitoring (TDM).

The International Association of Therapeutic Drug Monitoring and Clinical Toxic-
ology defined TDM ”as a multi-disciplinary clinical specialty aimed at improving
patient care by individually adjusting the dose of drugs for which clinical experi-
ence or clinical trials have shown it improved outcome in the general or special
populations. It can be based on an a priori pharmacogenetic, demographic and clin-
ical information and/or on the a posteriori measurement of blood concentrations
of drugs (pharmacokinetic monitoring) and/or biomarkers (pharmacodynamic
monitoring).”

TDM has been used when it is impossible to measure the pharmacodynamic effect
of the drug faster or in a more direct way. For antibiotics this is often true, as it
is both difficult and time-consuming to observe whether the infection is being
treated adequately. If the infection is not treated adequately, it may be too late to
turn the tide. However, in the case of anti-TB drugs, a therapeutic range or target
has not been established. Until recently, the available data was based mostly on
measurements in TB patients, rather than target values based on outcome. It has
long been thought that exposure was sufficient and TDM was not indicated. Hence,
TDM of first-line anti-TB drugs has not been performed on a regular basis.

Moreover, obtaining a full concentration-time curve to calculate the AUC values
is a laborious and expensive procedure and it is therefore not feasible in clinical
practice. Alternative strategies to easily evaluate drug exposure are urgently needed.
An optimal sampling procedure based on a population pharmacokinetic model
may help to overcome these problems. This method implies that a limited number
of appropriately timed blood samples are needed to adequately predict the AUC as
a measure for drug exposure [17–19].
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However, there are more hurdles to take. Not many laboratories are capable of per-
forming bioanalysis, as no commercially available assays exist and thus all methods
have to be developed in-house. As a consequence, TDM has long been thought to
be too costly and too difficult. Finally, once one has decided on performing TDM of
first-line anti-TB drugs, the logistics of the blood samples is complicated by both
the instability of the drugs in blood and the contagiousness of the material.

Treatment with the first-line anti-TB drugs, though usually successful, is increas-
ingly challenged by the emergence of drug resistance, toxicity, relapse and non-
response. It is believed that for both rifampicin and isoniazid higher doses might
well be indicated and tolerated [5, 20–22].

We hypothesize that it is necessary to move away from the ‘one size fits all’ approach
[23]. The aim of this thesis is to develop methods to facilitate TDM of first-line
anti-TB drugs and to optimize treatment in drug-susceptible TB patients.

1.3 Outline of the thesis

In Chapter 2, a review is presented on the use of liquid chromatography-tandem
mass spectrometry (LC-MS/MS) in TDM of anti-infective drugs. Pharmacokinetic
and pharmacodynamic parameters are discussed. We explore aspects of new
matrices such as saliva and new sampling techniques like dried blood spot (DBS)
and their analysis.

The objective of Chapter 3 was to develop a fast, simple and reliable LC-MS/MS
method for the simultaneous determination of isoniazid, pyrazinamide and etham-
butol in human serum for TDM and pharmacokinetic studies.

In Chapter 4, we describe a recently initiated international interlaboratory quality
control (QC) or proficiency testing programme for the measurement of anti-TB
drugs. In the first round of this programme, the four first-line anti-TB drugs and the
second-line TB drugs moxifloxacin and linezolid were included. The programme
addresses the utility of an ongoing QC programme in this area of bioanalysis.

The objective of Chapter 5a was to develop an optimal sampling procedure based
on population pharmacokinetics to predict AUC0–24 of rifampicin. In Chapter 5b,
we discuss the need of well-designed pharmacokinetic studies to produce reliable
data and relevant outcome.

In Chapter 6, we performed a retrospective study in TB patients in which we determ-
ined the correlation of clinical variables with exposure of isoniazid and rifampicin.
The aim was to discuss the maximum dose of isoniazid and rifampicin, which is
guided by the World Health Organization [3].
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Concomitant food is known to influence pharmacokinetics of first-line anti-TB
drugs in healthy volunteers. However in treatment-naive TB patients who are
starting with drug treatment, data on the influence of food intake on the phar-
macokinetics are absent. In Chapter 7, we performed a prospective randomized
crossover pharmacokinetic study that aimed to quantify the influence of food on
the pharmacokinetics of isoniazid, rifampicin, ethambutol and pyrazinamide in TB
patients, starting anti-TB treatment.

In Chapter 8, the outcome of the research in this thesis is discussed and future per-
spectives are 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 effectiveness of TDM on outcome.
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Abstract

Therapeutic drug monitoring (TDM) is a tool used to integrate pharmacokinetic
and pharmacodynamic knowledge to optimise and personalize drug therapy. TDM
is of specific interest for anti-infectives: to assure adequate drug exposure and
reduce adverse events, to increase patient compliance and to prevent antimicrobial
resistance. For TDM, drug blood concentrations are determined to bring and keep
the concentration within the targeted therapeutic range. Currently, LC-MS/MS
is the primary analytical technique for fast and accurate quantification of anti-
infective drug concentrations. In addition to blood, several alternative matrices
(cerebrospinal fluid, inflammatory fluids, specific cells and tissue) and alternative
sampling strategies (dried blood spot and saliva) are currently being explored
and introduced to support TDM. Here, we review the current challenges in the
bioanalysis of anti-infective drugs and give insight in the pre- and postanalytical
issues surrounding TDM.
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2.1 Introduction

Traditionally, therapeutic drug monitoring (TDM) was restricted to anti-epileptic
drugs and aminoglycosides, but also now covers - amongst others - immunosup-
pressant drugs, drugs acting on the cardiovascular system, anti-HIV drugs and
antifungal drugs. For some classes of drugs, TDM has not only proven to be benefi-
cial for patient outcome, but also to be cost-effective [1, 2].

With increasing pathogen resistance to anti-infective drugs, there is a clear need for
new agents. However, the development of new anti-infectives is time consuming
and expensive. Therefore, treatment optimization of the current anti-infectives
should be a focus of contemporary treatment. Due to its urgency, development
of antimicrobial resistance has a high priority for many organizations and even
entered the political agendas. Treatment optimization can be realized by selecting
the appropriate antimicrobial drug, assuring adequate drug exposure in relation to
the susceptibility of the micro-organism and reducing adverse events in order to
increase patient’s compliance with treatment.

For many years, immunoassays and traditional high performance liquid chro-
matography (HPLC) methods were the major techniques used to determine con-
centrations of anti-infective drugs in human specimens. However, immunoassay
techniques are only available for a limited number of drugs and cross-reactivity, for
instance with drugs and their metabolites, is a problem. HPLC coupled with UV
detection (HPLC-UV) often requires extensive sample preparation and is therefore
labour intensive. In addition, long runtimes are often required in order to obtain a
selective analysis method. In addition, both immunoassays and HPLC-UV meth-
ods often lack sensitivity. Nowadays, analytical challenges like these have been
overcome with the introduction of HPLC coupled with tandem mass spectrometry
(LC-MS/MS). With the use of LC-MS/MS, sensitivity and selectivity has signific-
antly improved, allowing simple and fast sample preparations and short runtimes.
This review will focus on the bioanalytical hurdles related to the measurement of
anti-infective drugs, but also will give insight in pre- and post-analytical issues in
order to help clinical chemists, clinical pharmacologists and analytical technicians
to raise their standards.

2.2 TDM

For over 30 years, TDM has been used as a tool to integrate pharmacokinetic and
pharmacodynamic knowledge to optimise drug therapy at the individual patient
level [3]. Pharmacokinetics describe the behaviour of a drug in the patient’s body,
including absorption, distribution, metabolism and excretion, whereas pharmaco-
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dynamics describe the biochemical or pharmacological effect of a drug on the
patient’s body or micro-organism within the body. Together, both parameters
determine the pharmacological profile of the drug.

TDM uses drug blood concentrations to personalise drug therapy in order to bring
and keep the concentration within the targeted therapeutic range [4, 5]. Below
this range the drug concentration is subtherapeutic or ineffective, whereas high
concentrations may result in adverse events or toxicity.

TDM is used when it is impossible to measure the pharmacodynamic effect of the
drug faster or in a more direct way, or it is used to optimise dosing in patients with
severely altered pharmacokinetic parameters (e.g. critically ill patients in ICU [1,
4]). For anti-infectives, it is both difficult and time-consuming to observe whether
the infection is being treated adequately. If the infection is not treated adequately,
it may be too late to turn the tide of illness, resulting in treatment failure including
patient morbidity or mortality or the emergence of antimicrobial resistance.

Before TDM can be performed, several prerequisites have to be fulfilled. First, a
concentration effect relationship or therapeutic range should be established [4].
Secondly, large interindividual (e.g. sex, age or genetic variations) or intraindividual
variability (e.g. drug-drug interactions, decreased renal function or liver failure)
in pharmacokinetics should be observed, resulting in a large variation in blood
concentrations [4]. The final obvious prerequisite is that a sensitive and specific
assay must be available to determine the drug in blood or other biological matrices
[4, 5].

2.2.1 Pharmacokinetic/pharmacodynamic relationships

For anti-infectives, the minimum inhibitory concentration (MIC), a measure of
potency of the drug for the micro-organism, is central to pharmacodynamics [6].
The MIC is de lowest concentration at which an antibiotic inhibits visible growth
of the micro-organism after 18 to 24 hours incubation [7]. Unlike antibiotics,
there is no simple standard pharmacodynamic parameter, such as the MIC, that
tests antiviral susceptibility [7]. Although not applied in clinical practice, the half
maximum inhibitory concentration (IC50) could be used to establish efficacy in an
appropriate in vitro or animal model [7].

The efficacy of anti-infective drugs not only is dependent on the pathogen’s MIC,
but also on the exposure of the drug in the patient. This exposure is commonly
described by the area under the concentration-time curve (AUC) [6]. For many
drugs, the AUC/MIC ratio is the most relevant pharmacokinetic/pharmacodynamic
(PK/PD) index (Figure 2.1) [6].
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Figure 2.1: The effective pharmacokinetic/pharmacodynamic (PK/PD) parameters in anti-infective drugs. AUC,
area under the concentration-time curve; Cmin, minimum concentration; Cmax, maximum concentration; MIC,
minimum inhibitory concentration; T>MIC, time of the drug blood concentration above the MIC.

In addition to the AUC/MIC ratio, other PK/PD indices also may be relevant. An
overview of the effective PK/PD indices of many antibiotics was previously provided
by Roberts et al. [1]. For instance, beta-lactam antibiotics, such as penicillins and
carbapenems, display time-dependent pharmacodynamics, meaning that the time
of the unbound (or free) drug concentration exceeds the MIC (f T>MIC) is the most
relevant PK/PD index [8]. For these drugs, both frequency of dosing and duration
of infusion are important [6]. Constant drug concentrations rather than high peak
concentrations result in more effective treatment [9]. Moreover, for these drugs
higher concentrations do not result in greater effectiveness. For these reasons,
continuous administration, preceded by a loading dose to quickly attain steady
state, has been suggested as an potentially improved strategy to conventional
intermittent dosing [9].

The peak level or maximum concentration of a drug (Cmax) also may be important.
For instance aminoglycosides, exert their effectiveness and prevent from drug
resistance by the Cmax/MIC [1].
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Depending on the effective PK/PD index and the pharmacokinetics of the drug one
or more sampling times are usually chosen for TDM.

2.2.2 Multidisciplinary team

Although TDM is routinely performed for several anti-infective agents, optimal
treatment of the patient also depends on effective communication and cooperation
between many healthcare professionals (Figure 2.2). In general, drug treatment of
infectious diseases is selected based on clinically suspected pathogens. Adjustment
of the treatment is required after antimicrobial susceptibility testing results be-
come available. Since resistance to anti-infective drugs is a problem of increasing
magnitude, narrowing the anti-infective treatment is recommended based on the
susceptibility of the pathogen. Where antimicrobial resistance is observed, ther-
apy should be changed to a more effective regimen. Subsequently TDM can be
performed, if a sensitive and accurate analytical method is available.
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Figure 2.2: The multidisciplinary team involved in the infectious disease treatment.

Antimicrobial stewardship (AMS) programmes have been developed to optimise
clinical outcomes and minimize unintended negative consequences of antimicro-
bial use. An infectious disease physician and a clinical pharmacist with infectious
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disease training are the core members of the AMS team [10, 11]. Among other
factors, AMS is involved in appropriate treatment initiation and modification where
appropriate. Furthermore, dose optimization is a part of AMS, in which TDM plays
an important role for an increasing number of anti-infectives [10, 11]. Therefore,
good collaboration between the infectious disease physician and clinical phar-
macist is necessary for the correct diagnosis and treatment of the infection, and
the correct interpretation and implementation of the TDM results. Additionally, a
clinical microbiologist can provide surveillance data on the susceptibility of the
pathogen and potential emergence of antimicrobial resistance. For implement-
ation of recommendations, computer support is necessary and an information
system specialist also may play an important role in AMS. Thus, to optimise clinical
outcome for the patient, good cooperation between these professionals plays a
crucial role in AMS and is cost-effective in many cases [10, 12].

2.3 LC-MS/MS in TDM

LC-MS/MS has nowadays established itself as the primary analytical technique to
support TDM [13]. The commonly used matrices for TDM are blood, plasma, and
serum. More recently, dried blood spots (DBS) and saliva have been introduced
for TDM. Matrices like cerebrospinal fluid (CSF), inflammatory fluids, specific cells
and tissue are not routinely used for TDM, but may be relevant in specific cases
[8]. However, each matrix has its analytical advantages and disadvantages and the
clinical interpretation of the results strongly depends on this matrix. A number of
guidelines on bioanalytical and clinical method validation have been published in
order to improve and ensure the quality of analytical method validation and the
generated analytical results. Among these are the Food and Drug Administration
(FDA) with the ‘bioanalytical method validation’, European Medicines Agency
Committee (EMEA) with the ‘guideline on bioanalytical validation’, and the Clinical
and Laboratory Standards Institute (CLSI) with the ‘C62-A, Liquid Chromatography-
Mass Spectrometry Methods; Approved Guideline’ [14–17].

LC-MS/MS has replaced HPLC-UV in many clinical laboratories in high income
countries. Unfortunately, the required broad repertoire of antimicrobial drug
assays necessary for an anti-infective TDM program will reduce the number of
tests per LC-MS/MS instrument annually, resulting in a relatively high price per
test. Although less attractive from a laboratory perspective, costs resulting from
inadequate antimicrobial treatment are much higher. If cheap, first-line anti-
infectives fail and have to be switched to salvage therapy with second-line anti-
infective drugs, costs will rise substantially. Before a hospital makes investments in
an LC-MS/MS to service a TDM program for antimicrobial drugs, one should make
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an business case. In general 20,000-50,000 tests annually are considered to be an
acceptable justification of the investment [18]. For small hospitals, combining an
LC-MS/MS for other TDM programs as well (e.g. antidepressants, antipsychotics or
immunosuppressants), could result in cost-effective operation of an LC-MS/MS.
Another alternative could be sending a sample to a nearby reference center, if
turnaround time is acceptable. For low income countries, HPLC-UV still is an
alternative as long as sensitivity is not an issue. Hopefully, increased use of LC-
MS/MS in clinical laboratories will result in lower investments costs enabling
broader implementation of LC-MS/MS.

2.3.1 Sample preparation

Because of the sensitivity and selectivity of the LC-MS/MS, extensive sample ex-
traction techniques like solid-phase extraction (SPE) and liquid-liquid extraction
(LLE) are often unnecessary. Therefore, fast and simple extraction techniques, like
protein precipitation or sample dilution, are feasible. However, due to the limited
sample preparation, endogenous compounds including lipids, phospholipids, and
fatty acids are not sufficiently removed from the sample with protein precipitation.
These compounds can interfere with the ionisation process resulting in ionisation
suppression. These so-called matrix effects are observed frequently and should
be solved for a reliable assay. Other types of matrix effects can originate from
substance interaction with the matrix. For example, the drug can form chelate
complexes with ferric ions, bind with heme groups, or can bind with the sampling
matrix [19–23]. Isotopically labelled internal standards may correct for matrix
effects better than structural analogues, but are unfortunately more expensive.

Ionisation suppression during the LC gradient can be visualized by continous
infusion of a high concentration of stock solution via a T-piece connection to
the mobile phase flow. Injection of a blank processed sample followed by the LC
gradient shows lowered substance response at periods of ionisation suppression in
a normally stable, but elevated baseline. By comparing the substance response of a
spiked neat sample with a spiked processed blank sample, the relative ionisation
suppression can be calculated.

A structural analogue as internal standard is preferred to elute at the same retention
time and to have comparable ionisation characteristics. Since this is often not
possible, ionisation suppression should also be evaluated for the internal standard.
When ionisation suppression is present at the retention time of the substance, the
gradient should first be optimized in order to chromatographically separate the
ionisation suppression from the substance retention time. Dilution of the processed
sample or the use of another ionisation method, like atmospheric pressure chemical
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ionisation (APCI), may also be used to avoid ionisation suppression. Ultimately,
an extensive sample preparation like SPE or LLE could be performed, which will
eliminate most of the ionisation suppression effects.

In some patient groups, especially newborns, it is difficult to collect a sufficiently
large blood volume for HPLC-UV analysis. Due to its high selectivity and sensitivity,
sample volumes of 10 μL of plasma or serum are sufficient for LC-MS/MS analysis
[24]. Multiple analyses can be performed with LC-MS/MS using a single blood
sample or even a sample which was taken for other routine laboratory measure-
ments.

For analytical procedures used to analyse multiple compounds in a single sample,
it may be more efficient to apply protein precipitation instead of LLE or SPE. The
variation in physical and chemical properties of the different compounds to be
analysed complicates the development of a suitable LLE or SPE extraction method.
An LLE or SPE extraction method with acceptable recoveries for multiple com-
pounds will per definition be far less selective than an extraction method for a
single compound. If the use of protein precipitation allows the quantification of
the compound at the desired concentrations without ionisation suppression, it is
the first choice of sample preparation for LC-MS/MS.

Although protein precipitation easily allows the simultaneous analysis of multiple
compounds in one LC-MS/MS method, differences in chemical and physical prop-
erties might still complicate chromatographic separation. Alternatively, another
analytical column (with the use of a column switch) and/or mobile phase (with the
use of a quaternary pump) can be selected and reinjection of the samples can be
performed automatically [25].

2.3.2 LC-MS/MS turnaround time

Use of the LC-MS/MS analysis technique has significantly improved the turnaround
times for TDM samples. HPLC-UV and HPLC coupled with diode array detection
(HPLC-DAD) or often require extensive sample preparation to clean up and/or
to concentrate the sample. In addition, the chromatographic runtimes of these
techniques often exceed ten minutes. Runtimes of approximately five minutes
are often feasible and use of an ultra performance liquid chromatography (UPLC)
method can even reduce runtimes to less than two minutes.

In order to ensure short turnaround times, it also is useful to minimize overhead in-
jections. Bioanalytical method validation guidelines state that a sufficient number
of standards should be used to adequately define the relationship between concen-
trations and response [14, 15]. According to the guidelines for bioanalytical studies
a calibration curve of six to eight standards and quality control (QC) samples should
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be incorporated in each analytical run. However for linear regression, multiple
concentration levels are unnecessary for reliable and accurate calibration. Instead,
two calibration concentrations (at the lower limit of quantification and at the higher
limit of quantification) are sufficient and proved to provide equal quality in analysis
results with QC samples at concentrations throughout the linear range [26]. A
two-point calibration curve could be impaired when the curve becomes non-linear,
possibly due to changing ionization characteristics or overdue maintenance. An
isotopically labelled internal standard can compensate for changing ionization
characteristics. In addition, with the use of QC samples throughout the linear
range, linearity issues would result in unacceptable biases for the QC samples and
run rejection. Overhead samples put great pressure on the sample turnaround
time, especially when a run could consist of approximately 16 overhead samples
and only one patient sample. Minimizing overhead samples can be realized by
validating a two-point calibration curve in addition to an eight-point calibration
curve, resulting in a large reduction of injections. Subsequently, for the analysis of
just one patient sample, a QC sample before and after the patient sample may be
sufficient. Reduction in the turnaround time can make TDM more efficient.

2.4 Free drug concentration

Regularly, blood concentrations for TDM are determined as total drug concentra-
tions, i.e. the sum of the unbound and plasma protein bound fraction of the drug.
However, only the unbound, free drug can diffuse through biological membranes to
the site of action and exert its pharmacological and/or toxicological effects [27, 28].
Therefore for highly protein bound drugs, a small change in the extent of protein
binding may result in a major change in free fraction of highly protein bound drugs
[28, 29].

In clinical practice, unbound drug concentrations of highly protein bound drugs
may be relevant for specific conditions, for instance in critically ill patients suffering
from hypoalbuminemia. This results in a higher free fraction of that particular
drug with subsequently several effects (Figure 2.3). Initially the unbound drug
concentration increases. Since only the unbound drug can be removed from the
blood, the amount of drug cleared from the blood increases. Furthermore, the
distribution of the unbound drug from the blood to peripheral tissues is increased.
As a result, the unbound drug concentration decreases to the original value, while
the total drug concentration is decreased. Therefore, total drug concentrations
may not be representative for the effective PK/PD index and the unbound drug
concentration should be measured instead of total drug concentration, in particular
for highly bound drugs [8, 28, 30].
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Figure 2.3: If the protein binding of a drug is decreased, the total drug concentration (Ctot) is decreased due to
increased distribution and an increased amount cleared, while the unbound concentration of drug (Cu) remains
the same. Ctot, total drug concentration; Cu, unbound concentration of drug; Fu, fraction unbound; Vu, Volume
of distribution of unbound drug.

2.4.1 Methods of separation

There are several methods to separate the sample into unbound and bound por-
tions. The most commonly used methods are equilibrium dialysis, ultracentrifuga-
tion, and ultrafiltration.

Due to its robustness, equilibrium dialysis is the reference method for determining
unbound drug concentrations. However, this method is less suitable in clinical
practice because of the long time to reach equilibrium. Another method to separ-
ate bound and unbound drug concentration is ultracentrifugation. An important
advantage of ultracentrifugation, compared with equilibrium dialysis and ultra-
filtration, is the elimination of the possible interaction of the compound to the
filter membrane, since no filter membrane is used in ultracentrifugation. However,
the equipment used for ultracentrifugation is more expensive than the equipment
used for equilibrium dialysis and ultrafiltration [31]. Consequently, one of the
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most commonly used methods in clinical practice is ultrafiltration, because of its
simple and rapid performance. Furthermore, with ultrafiltration all the proteins
are filtered out and further sample pre-treatment may not be necessary for LC-
MS/MS analysis. With ultrafiltration, blood samples are centrifuged in systems
that contain a membrane with a certain molecular weight cut-off. The duration
of centrifugation differs for ultrafiltration, but is significantly shorter than equi-
librium dialysis, which can be more than 24 hours. Subsequently, the free drug
concentration is measured in the ultrafiltrate. For several anti-infective drugs, free
drug concentrations are determined using ultrafiltration. However, during method
development, the possible interaction of the compound to the filter membrane
should be evaluated as well as the influence of temperature, centrifugation time
and centrifugal forces on protein binding of the drug [27, 29, 31–33].

2.5 Site of infection (alternative matrices)

For TDM blood samples are predominantly used, while the site of infection is
located elsewhere. If there are no significant barriers, influx or efflux mechanisms
at the site of infection, it is expected that equilibrium is rapidly reached between
the drug concentration in tissue fluid and blood [34]. However, it is more accurately
to measure the drug concentration at the site of infection.

2.5.1 CSF

For central nervous system infections, the penetration of drugs from blood to the
site of infection may be variable. Due to inflammation associated with infection,
the blood brain barrier may initially be permeable for drugs, with the barrier then
being restored when the infection subsides. This results in reduced drug concen-
trations in the central nervous system before the infection has been completely
resolved [34]. Therefore, it may be necessary to determine the concentration of
the drug in the CSF. The LC-MS/MS analysis of CSF is comparable to the analysis
of ultrafiltrate. CSF contains very little proteins and is therefore relatively clean.
For the proteins that are present, a protein precipitation procedure is sufficient as
sample preparation. Obtaining blank CSF for method validation is manageable,
provided that institutional guidelines allow the use of left-over materials. The use
of an isotopically labelled internal standard is highly recommended when different
matrices are used between patient samples and standards and QC samples. Al-
though CSF normally contains very low amounts of protein, central nervous system
infections and intracranial bleeding may significantly increase the protein content
in the patient sample. This may result in haemolytic CSF and matrix effects, which
affects the analysis results. This variation in protein concentration between patient



2.5. Site of infection (alternative matrices) 21

samples and standards and QC samples should be incorporated in the analytical
method validation.

2.5.2 Pulmonary epithelial lining fluids and alveolar macrophages

Anti-infectives are frequently used in pulmonary infections. For extracellular and
intracellular respiratory pathogens, drug concentrations have been measured in
respectively pulmonary epithelial lining fluid (ELF) and alveolar macrophages or
bronchoalveolar lavage (BAL) fluid [8, 35, 36]. These studies are helpful as they
show whether a drug may be suitable for the treatment of pulmonary infections.
In clinical practice, ELF and alveolar macrophages concentrations, however, are
rarely measured due to the poor availability of assays and/or the invasive nature of
sample collection. Sometimes it is important to know whether the drug is present
at sufficient concentrations at the site of infection. In the absence of a validated
assay, one may use a standard addition method to obtain a semi-quantitative result.

2.5.3 Intracellular

It may be of interest to measure intracellular concentrations for some drugs. For
example, for antiretroviral drugs since HIV replicates within the cells of the im-
mune system. Moreover, some of these drugs are administrated as prodrugs and
are converted intracellularly into an active form. Subsequently, several studies have
shown that the efficacy and toxicity of some antiretroviral drugs depend on intracel-
lular concentrations [37]. In clinical practice, intracellular concentrations are not
routinely measured for antiretroviral drugs, because for most antiretroviral drugs
like non-nucleoside reverse transcriptase inhibitors and protease inhibitors a clear
relation exists between the plasma and intracellular concentration [37]. However,
this does not apply for nucleoside reverse transcriptase inhibitors and therefore
intracellular drug concentrations should be monitored for these. Together with
the isolation and counting of peripheral blood mononuclear cells, the analysis of
intracellular concentrations is still a major technical challenge. Intracellular drug
molecules are bound to membranes or proteins and therefore it will be difficult
to approximate the actual intracellular free drug concentration. Again, obtaining
blank matrix consisting of peripheral blood mononuclear cells is difficult and labor-
ious. Moreover, it could require additional sample preparation and concentration
to accurately quantify the very low intracellular concentrations with LC-MS/MS
[37].
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2.5.4 Tissue

In some situations, it may be helpful to quantify the drug concentration in infected
tissue material which has been obtained during operation. In addition to the blood
concentration, drug concentrations in tissue-homogenate may provide information
on the exposure of the tissue to the drug. The sample processing of the tissue
material includes weighing and homogenization of the sample. After weighing, the
extraction solvent containing the internal standard can be added to the sample and
this will be centrifuged. The obtained supernatant can be analysed by LC-MS/MS.
This method is still in its infancy and exposure-response relations are not described
for the drug concentration in tissue-homogenate [38]. In addition, one should
realise, that drugs may be distributed unequally throughout the tissue, for example
during ischemia or when the drug is actively taken up by specific cells. In summary,
tissue homogenates are unlikely to be useful for drugs without equal interstitial
fluid and intracellular distribution and is likely to under represent concentrations
of drugs that do not penetrate intracellularly (e.g. beta-lactams).

A less invasive and more accurate sampling technique for measuring drug tissue
concentrations is microdialysis, which is increasingly being used in clinical pharma-
cokinetic studies but is not commonly used in clinical practice. In contrast to tissue
biopsy, with microdialysis unbound drug tissue concentrations can be measured
directly and continuously in the interstitial space fluid in various tissues. Therefore,
microdialysis may provide extra information for patients with complicated infec-
tions and where blood concentrations appear to be sufficient, but anti-infective
therapy is failing [39].

2.6 Proficiency testing programme

A variety of analytical methods has been published for the quantification of anti-
infective drugs in human serum or plasma. The reliability of these analytical
methods is essential to provide information on the drug concentration to the anti-
microbial stewardship that hopefully translates in the best outcome for our patients.
Intralaboratory (internal) method validation and intralaboratory QC procedures,
such as validation of equipment and qualification of technicians, should ensure
that these methods have sufficient accuracy, precision and specificity [14, 15]. Parti-
cipation in an interlaboratory (external) QC or proficiency testing (PT) programme
is an essential component of quality assurance and also provides evidence of labor-
atory competence for clinicians, researchers, accrediting bodies and regulatory
agencies [40].

A PT programme is essential to verify whether the analytical method used for TDM
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complies with the quality required for patient care. Many PT programmes exist
in the field of HIV, antifungal and antituberculosis drugs and have indeed led to
analytical improvement [40–42]. For instance, in a PT programme for the meas-
urement of antifungal drug concentrations, the results showed that one out of five
measurements was inaccurate. The performing laboratory was the main determ-
ining factor for these inaccuracies, which probably means that intralaboratory
method validation was inaccurate [41]. In addition, the results of a PT programme
for antiretroviral drugs showed that the measurement of low antiretroviral concen-
trations also was problematic and led to inappropriate dosing recommendations
[42]. These examples illustrate and emphasize the importance of PT programmes
for analytical methods used for TDM in clinical practice.

2.7 Outpatient monitoring

Routinely, blood samples are used for TDM which are often collected by venepunc-
ture [43, 44]. However, this sampling strategy has several disadvantages. First,
venous sampling is difficult in some populations, such as neonates and patients
suffering from venous damage [43]. Second, there may be logistical setbacks. For
venous sampling the patient needs to travel to the hospital or a designated laborat-
ory. This may not always be possible, for instance in resource-limited and remote
areas [43]. Another problem, especially in (sub)tropical areas, is sample stability.
Many drugs are not stable in serum or plasma at room temperature and have to be
stored and transported at -20 °C or lower [44]. To resolve these stability problems,
alternative sampling strategies have been developed, such as DBS, dried plasma
spots and microsampling [45–47].

DBS sampling is increasingly applied for optimizing drug dosages for many drugs
[43, 44, 48]. DBS is popular for its advantages like minimal invasive sampling,
sample stability and small blood volume required for analysis. In general, a DBS
sample consists of a peripheral blood sample obtained by a finger prick. With
clear instructions and after training, patients will be able to perform the procedure
themselves at home [44]. DBS methods have been published for several antibac-
terial, antifungal and antiretroviral drugs [44, 49]. Reference values for TDM are
traditionally based on serum or plasma drug concentrations and not on whole
blood concentrations. Therefore, clinical validation is required to translate ca-
pillary blood-to-serum or -plasma concentration [44, 48, 50]. Another possible
important factor may be the interaction of the drug with the blood matrix or the
DBS card matrix. Rifampicin has demonstrated to interact with endogenous blood
components, like ferric ions from the red blood cells causing complex formation
[22]. This causes low recoveries from DBS extracts which can be improved by the
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addition of chelating agents, such as EDTA and deferoxamine, to the extraction
procedure. Also direct binding of the drug by hydrogen bonding with the DBS
card matrix may have an effect on recovery [19, 20]. Recovery also is influenced by
haematocrit value, substance concentration and drying time of the DBS card [20].
This interaction is inherent to the current cellulose based card matrices [21]. An
advantage of the dried plasma spot technique over DBS is that it is not influenced
by haematocrit value. Quantification of anti-infective drugs using the dried plasma
spot technique has been described for fosfomycin, daptomycin, linezolid, triazole
antifungal drugs and antiretroviral drugs [45, 47]. Although the use of DBS and
dried plasma spot techniques is not yet widely spread, both are a promising altern-
ative for venous blood sampling and in some cases (i.e. low resource and remote
areas) the only viable options.

Another patient friendly method of sampling is the use of saliva [43, 51]. Compared
to blood sampling, saliva is easy to collect and non-invasively with a negligible
chance of infections [52]. Furthermore, it is cheap and causes less stress and dis-
comfort to the patients [52]. As saliva is a very low protein matrix (∼0.3%), the
measured concentration represents the unbound concentration of the drug. This
may require a very sensitive LC-MS/MS analysis method or an extensive sample
preparation procedure like SPE or LLE to concentrate the sample for drugs with
high protein binding. As there are many other determinants of the salivary drug
concentration, such as salivary flow rate, stability of the drug and its metabolites,
time of sample collection and ingestion of food or beverages [52], target concentra-
tions in saliva should be established on a drug-to-drug basis [43]. Saliva methods
using LC-MS/MS have been published for a few anti-infective drugs (doxycycline,
fluconazole, linezolid, lopinavir and oseltamivir) [52–54].

2.8 Conclusion

In conclusion, TDM plays an important role in the optimisation of treatment with
anti-infective drugs. To perform TDM adequately, it is essential to design assays
with a rapid turnaround time, enabling the antimicrobial stewardship to quickly
adjust and optimise treatment if necessary. LC-MS/MS is a fast and accurate tech-
nique for quantification of anti-infective drugs. If an analytical method is developed
and validated, interlaboratory quality control is an important component of quality
assurance.

In clinical practice blood is the most commonly used matrix for TDM since it serves
as a good surrogate for the site of infection. In general, it is easily obtained, in
contrast to other matrices. However, in complex infectious cases other matrices
could be used to optimise anti-infective treatment.
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Abstract

Clinical studies on tuberculosis have shown a correlation between low drug expos-
ure and treatment failure and acquired drug resistance. Objective was to develop
an LC-MS/MS method for the quantification of isoniazid, pyrazinamide and eth-
ambutol. Stable isotope-labelled isoniazid-D4 and ethambutol-D4 were used as
internal standards. Protein binding of isoniazid, pyrazinamide and ethambutol 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.

A fast, simple and reliable LC-MS/MS method has been developed for the simultan-
eous determination of isoniazid, pyrazinamide and ethambutol in human serum
for therapeutic drug monitoring and pharmacokinetic studies.
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3.1 Introduction

Tuberculosis (TB) is one of the infectious diseases with the highest morbidity
and mortality in the world [1]. First-line treatment of TB consists of isoniazid,
rifampicin, pyrazinamide and ethambutol during the first two months, continuing
with isoniazid and rifampicin for another four months [1]. Although treatment
is often successful, healthcare providers around the world are confronted with
treatment failure daily. Recently, Pasipanodya et al. showed that risk on treatment
failure was almost nine-fold higher in patients with low drug exposure compared
to patients with higher drug exposure [2]. Therefore, monitoring of drug exposure
in patients at risk for low drug exposure is worthwhile to explore in a prospective
manner [3].

To be able to evaluate drug exposure a fast, accurate and simple method for de-
termination of isoniazid, rifampicin, pyrazinamide and ethambutol in serum is
valuable. As for other antimicrobial drugs, it would be ideal to determine all four
compounds in the same sample using a single method of analysis [4, 5]. Song et
al. published a method for the simultaneous determination of all first-line anti-
TB drugs using liquid chromatography-tandem mass spectrometry (LC-MS/MS)
[6]. Unfortunately, the polar compounds isoniazid, pyrazinamide and ethambutol
elute near the void volume of the system, co-eluting with endogenous compounds
resulting in substantial ion suppression [6, 7]. As matrix effects may vary within
and between subjects, ion suppression at the time of elution of the compounds
of interest should be avoided or overcome using a stable isotope-labelled internal
standard [8–10].

Zhou et al. used hydrophilic interaction chromatography (HILIC) to quantify iso-
niazid, rifampicin, pyrazinamide, ethambutol and streptomycin [11]. They tested
five different HILIC columns and several mobile phase compositions. An initial
attempt by the authors to determine isoniazid and ethambutol using HILIC was
abandoned, as our method suffered from split peaks and bad repeatability. Recently,
Kim et al. developed an LC-MS/MS method for the simultaneous quantification
of 20 anti-TB drugs. The method consisted of two different precipitation methods,
different solid and mobile phases [12].

We successfully applied ultrafiltration as a means of sample preparation for the
polar compound ribavirin [13] and we were interested whether this might also be
applied for the first-line anti-TB drugs. However, rifampicin shows high protein
binding of around 80% to 90% [14], which makes it a less suitable candidate for
ultrafiltration compared to isoniazid, pyrazinamide and ethambutol. Therefore, it
was decided to split the patient sample, followed by a subsequent separate analysis
of rifampicin and a separate one for isoniazid, pyrazinamide and ethambutol
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together resulting in more reliable results within the same runtime. A previously
developed method will be used for the analysis of rifampicin [7, 15]. The objective
of this study was to develop and validate a simple and rapid LC-MS/MS method for
the determination of isoniazid, pyrazinamide and ethambutol in human serum.

3.2 Material and methods

3.2.1 Chemicals, reagents and disposables

Isoniazid (purity > 99%) was purchased from Bufa (Uitgeest, The Netherlands).
Ethambutol dihydrochloride (purity > 99%) and pyrazinamide (purity ≥ 98%) were
purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands).

The internal standard isoniazid-D4 was produced by CDN Isotopes (Pointe-Claire,
Canada). The internal standard ethambutol-D4 was synthesized by Syncom (Gronin-
gen, the Netherlands).

Acetonitrile (Ultra LC-MS-grade) was obtained from BioSolve (Valkenswaard, The
Netherlands). Ammonium acetate and acetic acid (p.a. quality) from Merck were
purchased from VWR (Amsterdam, The Netherlands). Water was purified with a
Milli-Q system (Millipore Corporation, Billerica, MA, USA).

Blank human serum and plasma was obtained from healthy volunteers according
to the appropriate guidelines of the University Medical Center Groningen.

Pall Nanosep 30K Omega centrifugal devices, Varian non-deactivated 2 mL boro-
silicate glass screw top vials and 600µL polypropylene screw top vials were pur-
chased from VWR (Amsterdam, The Netherlands). The inserts were made from
Schott Fiolax®-clear glass and were purchased from Aluglas (Uithoorn, The Neth-
erlands).

3.2.2 Equipment and conditions

Experiments were performed on an Agilent 6460A (Santa Clara, CA, USA) triple
quadrupole LC-MS/MS system, with an Agilent 1200 series combined LC-system.
The mass selective detector operated in heated electrospray positive ionisation
mode and performed dynamic multiple reaction monitoring (DMRM) with unit
mass resolution. High purity nitrogen was used for both the source and collision
gas flows. Precursor ions, product ions, optimum fragmentor voltages and collision
energy values are listed in Table 3.1. For all substances the capillary voltage was
set at 4,000 V, gas temperature at 320 °C, gas flow at 13 L/min, nebulizer gas at 60
psi, sheath gas temperature at 400 °C, sheath gas flow at 12 L/min and the nozzle
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voltage at 0 V. The Agilent 1290 autosampler and the 1260 TCC column oven were
set at a temperature of 20 °C.

Component Parent ion
(m/z)

Product ion
(m/z)

Fragmentor
Voltage
(Volts)

Collision en-
ergy (Volts)

Retention
time (min)

Ethambutol 205.1 116.1 76 13 1.15
Ethambutol-D4 209.1 120.1 76 13 1.15
Isoniazid 138.1 121.0 72 11 1.41
Isoniazid-D4 142.1 125.0 72 11 1.40
Pyrazinamide 124.0 81.0 72 20 1.72

Table 3.1: Mass spectrometer settings for all substances.

Separation was performed on an Atlantis T3 reversed-phase C18 analytical column
(2.0 x 100 mm, 3 µm particle size) from Waters (Etten-Leur, The Netherlands). The
mobile phase consisted of acetonitrile, water and a 200 mM ammonium acetate
buffer pH 5.0. Chromatographic separation was performed using the mobile phase
gradient listed in Table 3.2 at a flow of 500 µL/min, which resulted in a run time of
2.5 minutes.

Step Time (min) Mobile phase
Eluent A (% v/v) Eluent B (% v/v)

0 0.00 100 0
1 0.01 90 10
2 1.20 90 10
3 1.21 0 100
4 1.35 0 100
5 1.36 100 0
6 1.50 100 0
7 1.51 0 100
8 2.00 0 100
9 2.01 100 0
10 2.50 100 0

Table 3.2: Mobile phase gradient. Eluent A: 200 mM ammonium acetate buffer pH 5.0 : water (5 : 95), Eluent
B: 200 mM ammonium acetate buffer pH 5.0 : water : acetonitrile (5 : 45 : 50).

Peak area ratios of the analytes and their associated internal standards were used
to calculate concentrations. Agilent Masshunter software for quantitative analysis
(version B.04.00) was used for quantification of the analysis results. Vortexing
was performed with a Labtek multi-tube vortexer (Christchurch, New Zealand).
Centrifugation was performed using a unthermostated Hettich EBA 21 centrifuge
(Tuttlingen, Germany) with a 45º fixed angle rotor. Temperature was not con-
trolled because no effect of increasing temperature was observed during earlier
experiments (data not shown).
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3.2.3 Method development

The analytical range was based on clinical pharmacokinetic data and set at 0.2 – 8.0
mg/L for isoniazid and ethambutol and 2 – 80 mg/L for pyrazinamide [3, 16].

As stable isotope-labelled internal standards are known to compensate for matrix
effects [9, 10], isoniazid-D4 and ethambutol-D4 were used as such. Since a stable
isotope-labelled internal standard for pyrazinamide was unavailable, no internal
standard was used for the quantification of this compound.

I. Protein binding and ultrafiltration

Reported protein binding levels vary considerably for the three compounds: ran-
ging from 0% to 74% for isoniazid [17, 18], from 5% to 50% for pyrazinamide [17,
19] and from 10% to 30% for ethambutol [17, 20]. However, one expects protein
binding to be limited as isoniazid, pyrazinamide and ethambutol are very polar
compounds. If protein binding proves to be low, ultrafiltration as a means of de-
proteinization of the serum samples can be applied. Although ultrafiltration is
commonly used for determining free unbound drug levels in serum [21], it has
previously been applied as a means of sample preparation for other polar com-
pounds such as acyclovir, ganciclovir, ribavirin and zidovudine [13, 22–25]. The
obtained ultra filtrate is purely aqueous which is particularly suitable for injecting
onto LC-systems that are equilibrated under the same conditions. To investigate
the applicability of ultrafiltration for the assay, it was decided to determine protein
binding of the three compounds using the 30 kDa centrifuge filters applied for the
sample preparation. The Pall Nanosep 30 K Omega centrifugal device was chosen
because it removes over 99.5% of all serum proteins, shows low protein binding,
allows for fast processing times and fits standard micro-centrifuges [13].

Protein binding was determined by measuring a calibration curve with calibration
standards at seven levels prepared in human serum and compare it to an equivalent
calibration curve prepared in water with added blank ultra filtrate to compensate
for matrix effects. The ratio of the slopes of these curves shows the extent of protein
binding. In this experiment, calibration curve samples were freshly prepared and
processed within 30 minutes to minimise alterations to isoniazid other than the
reversible protein binding under investigation. This period is comparable to other
studies on protein binding [26, 27]. Inert type 1 borosilicate glass inserts were used
to minimise any adsorption of ethambutol to glass inserts.
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II. Adsorption

During early method development, a significant decline in signal for ethambutol
was observed when the aqueous test mixtures were injected from the standard non-
deactivated glass vials compared to plastic vials. To investigate this observation, an
adsorption test was performed. A test solution with isoniazid, pyrazinamide and
ethambutol was prepared and was divided over a polypropylene vial, a glass vial
and a glass insert made out of type I borosilicate glass. The samples were shaken
vigorously for one minute and five repetitive injections were made from each type
of vial.

III. Carry-over

Carry-over from high isoniazid and ethambutol standards was observed during
method development. Therefore, an experiment in five-fold was performed to
evaluate the magnitude of the carry-over by injecting five LLOQ (lower limit of
quantification) samples after an HLQ (higher limit of quantification with 8.0 mg/L
isoniazid and ethambutol and 80 mg/L pyrazinamide) sample.

3.2.4 Sample Preparation

For the calibration (reference) standards and quality control (QC) samples, separate
stock solutions of 200 mg/L isoniazid and ethambutol and 2000 mg/L pyrazinamide
in water were prepared. Calibration standards and QC samples were freshly pre-
pared immediately before use by diluting appropriate amounts of stock solutions
with blank human serum or plasma. QC samples were freshly prepared as stability
of isoniazid is known to be limited [28, 29]. The total amount of stock solutions
added to the serum was less than 5% of the final volume. Calibration standards
at eight levels ranged from 0.2-8.0 mg/L for isoniazid and ethambutol and from
2.0-80 mg/L for pyrazinamide. QC samples consisted of LLOQ, Low, Medium, High
and over-the-curve (OTC) levels for each compound (Table 3.3).

Component Stock Calibration standards (mg/L) QC samples (mg/L)
(mg/L) LLOQ Low Med High OTC

Isoniazid 200 0.2, 0.3, 0.5, 0.8, 1.5, 3.0, 5.0, 8,0 0.2 0.5 2.5 6.5 40
Pyrazinamide 2000 2.0, 3.0, 5.0, 8.0, 15, 30, 50, 80 2.0 5.0 25 65 400
Ethambutol 200 0.2, 0.3, 0.5, 0.8, 1.5, 3.0, 5.0, 8,0 0.2 0.5 2.5 6.5 40

Table 3.3: Concentration of stock solutions, calibration standards and QC samples. QC quality control, LLOQ
lower limit of quantification, OTC over-the-curve.

The internal standard solution was prepared with 0.25 mg/L isoniazid-D4 and 0.25
mg/L ethambutol-D4 in water.
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QC samples for the freeze/thaw stability were prepared beforehand. Separate Low
and High level QC samples in human serum were thawed, frozen and analysed on
three consecutive days. The samples for determining the bench top stability were
freshly prepared and analysed immediately and after being kept for 24 hours at
ambient temperature.

Calibration standards, QC or human serum samples were homogenised and ali-
quots of 10 µL were directly transferred onto the upper reservoir of the centrifuge
filters and 250 µL of internal standard solution was added. The centrifuge filters
were closed and the samples were briefly homogenised using a vortex mixer. Fil-
tration was performed by centrifugation for 10 minutes at 14,000 g at an angle of
45º. A 5 µL volume of the ultra filtrate was injected onto the LC-MS/MS system.
Samples for the stability test were processed in the same way as the samples for the
validation and routine analysis.

3.2.5 Analytical validation

In accordance with the ‘Guidance for Industry – Bioanalytical Method Validation’ of
the FDA [30], method validation included selectivity, linearity, accuracy, precision
and stability.

The linearity was assessed by using eight point calibration curves on three days for
the three compounds. To determine accuracy and precision, LLOQ, Low, Medium
and High QC samples were analysed. All QC samples were analysed in five-fold in
three separate runs on separate days.

The calibration model was chosen by evaluating the accuracy results at LLOQ,
Low, Medium and High concentration level of the first precision and accuracy run.
The simplest linear model at three weighting factors (x, 1/x and 1/x2) at which all
accuracies were within the specifications of the FDA was chosen and set for the
entire validation and ensuing bioanalysis.

Automatic immuno-assays do not exist for the quantification of anti-TB drugs.
Therefore, all assays for anti-TB drugs are ‘in-house’ developed and validated
chromatographic methods [31]. To be able to compare obtained results between
laboratories, it is important to participate in an external quality control programme.
Recently, such a proficiency testing programme has been set up [31] and we parti-
cipated in the programme with the developed method.

3.2.6 Matrix effect

The matrix effect was assessed using six different human sera and six different
human edetate plasmas adding up to 12 different matrices. The first set (A) was
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prepared of QC stock in water to evaluate the neat MS response of the compounds
and the internal standards. The second set (B), 12 different calibration sets were
prepared with internal standard solution and after ultrafiltration QC stock was
added.

The matrix factor was calculated as the ratio of the peak area of the spiked standards
after sample preparation (B) to the corresponding peak area of the neat solution
standards (A) [9]. The internal standard-normalised matrix factor was calculated
by dividing matrix factor of isoniazid and ethambutol by the matrix factor of their
internal standard [9]. As pyrazinamide was determined without internal standard,
the matrix factor was calculated without normalisation.

3.2.7 Stability

The stability of the compounds was extensively evaluated as a part of a larger
investigation on the stability of many anti-TB drugs. Human serum standards
were prepared by adding appropriate amounts of stock solution to blank matrices.
Analyses were performed in duplicate and time point 0 served as the reference.
The final serum concentrations for the Low concentration samples were 0.51 mg/L
isoniazid, 20.2 mg/L pyrazinamide and 1.00 mg/L ethambutol. For the High concen-
tration samples, the values were 6.89 mg/L, 62.4 mg/L and 5.09 mg/L for isoniazid,
pyrazinamide and ethambutol respectively.

The prepared human serum standards were divided into 0.5 mL aliquots and stored
in sealed plastic tubes at four different conditions: ambient temperature (18-24 °C),
refrigerator (4-8 °C) and at two freezing temperatures (-20 °C and -80 °C). Frozen
samples were thawed immediately before analysis. To determine bench top stability,
samples were thawed and analysed immediately and after being left for 24 hours at
ambient temperature. To determine the autosampler stability, Low and High QC
samples were processed at day one, were left in the autosampler for 24 hours and
re-injected on day two.

To determine freeze/thaw stability, separate Low and High QC samples were thawed,
frozen at -80 °C and analysed on three consecutive days.

One portion of human serum was divided into 1 mL aliquots in 10 mL glass con-
tainers and freeze-dried using a Leybold Lyovac GT4 lyophilizer according to local
standard operating procedure by authorized personnel. Then they were sealed and
refrigerated at 4-8 °C. Freeze-dried samples were reconstituted by adding 1 mL of
water, immediately before use.
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3.2.8 Clinical application

After validation the analytical procedure was used in routine patient care and a
clinical study evaluating the influence of food and fasting on the pharmacokinetics
of first-line anti-TB drugs. Twenty patients included in this study were diagnosed
with drug-susceptible TB and provided written informed consent. The study pro-
tocol was approved by the Medical and Health Research Ethics Committee of the
Gadjah Mada University in Yogyakarta, Indonesia.

3.3 Results

3.3.1 Method development

Using the Waters Atlantis T3 column, best peak shapes and repeatable retention
times were obtained by starting and ending the mobile phase gradient in 100%
aqueous conditions. Mean retention times were 1.15 min for ethambutol, 1.41 min
for isoniazid and 1.72 min for pyrazinamide, respectively (Table 3.1). The hold-up
time of the system is approximately 0.9 min. To optimize the chromatography of
the compounds a mobile phase buffer pH 5 was used. This resulted in acceptable
peak shapes (Figure 3.1). Although isoniazid and ethambutol elute within a short
period, no interference was observed. However, some tailing of ethambutol was
observed. We were unable to further diminish this tailing.

The results of the protein binding tests are presented in Table 3.4. As protein
binding indeed proved to be low, ultrafiltration as a means of sample preparation
could be applied.

Isoniazid Pyrazinamide Ethambutol
Slope water 226145 17732 2793786
Slope serum 211345 15178 2729384
Protein binding (mean %) 6.54 14.41 2.31
Confidence limit (%) 4.31 7.13 7.90

Table 3.4: Protein binding.

In the adsorption test, ethambutol showed a significant loss of approximately
35% in peak area when injected from the standard glass vial (Figure 3.2). The
isoniazid response showed a small but significant decrease when injected from the
polypropylene and the glass vial. Pyrazinamide was unaffected by the different
materials. The type I borosilicate glass insert showed the least absorption for most
compounds and was chosen as the standard vial.

The test for carry-over showed that it was caused by a memory effect of the column.
This memory effect was proven by repeating the gradient three times during an



Figure 3.1: Chromatograms of blank (dotted line) and LLOQ concentrations (solid line) of ethambutol (0.2
mg/L), isoniazid (0.2 mg/L) and pyrazinamide (2.0 mg/L).
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Figure 3.2: Measured amount of isoniazid, pyrazinamide and ethambutol in different materials. Adsorption is
100% - measured amount.

analytical run. During this experiment, isoniazid and ethambutol peaks were
observed at the interval of the original gradient. At every interval, peak areas were
approximately 10% of the preceding peak, for both isoniazid and ethambutol. This
situation was similar to the carry-over our group observed during the quantification
of rifampicin [15]. The memory effect was minimized to approximately 0.1% by
adding two flushing and conditioning steps to the original gradient, in which the
column is flushed with 100% eluent B and conditioned with 100% eluent A.

3.3.2 Analytical validation

Regarding selectivity, examination of the six independent blank human serum
or plasma samples revealed no interfering components at the mass transitions
monitored (Figure 3.1).

The validation results regarding accuracy and precision are listed in Table 3.5. Cal-
ibration curves for isoniazid and ethambutol were obtained by plotting the ratio of
peak area to that of the internal standard against the concentration. Pyrazinamide
was not analysed using an internal standard because no stable isotope-labelled
pyrazinamide was available. The calibration curves were fitted using least squares
linear regression with a weighting factor of 1/x. None of the calibrators was dis-
carded in the validation procedure. The calibration curves were linear in the range
of 0.2 - 8.0 mg/L for isoniazid and ethambutol and 2 - 80 mg/L for pyrazinamide.



3.3. Results 43

The average correlation coefficients were 0.9987 for isoniazid, 0.9992 for pyrazin-
amide and 0.9984 for ethambutol. All the calibration curves showed a significant
goodness of fit. All obtained results met the acceptance criteria set by the FDA [27].
These criteria were < 20% bias and < 20% coefficient of variation (CV) for LLOQ QC
samples and < 15% bias and < 15% CV for the other QC samples. The maximum
overall bias was 10.7% and the maximum overall CV was 8.1%, which is well within
the limits set by the FDA.

Component Concentration
(mg/L)

Bias (%) CV (%)

Isoniazid LLOQ (0.2) 10.7 6.7
Low (0.5) 2.2 2.5
Med (2.5) 4.3 8.1
High (6.5) 2.7 1.8
OTC (40) 7.1 3.3

Pyrazinamide LLOQ (2) -0.3 3.6
Low (5) -0.6 2.4
Med (25) 2.1 2.0
High (65) -4.5 1.7
OTC (400) -3.7 2.4

Ethambutol LLOQ (0.2) 7.3 5.9
Low (0.5) 2.3 3.3
Med (2.5) 2.6 2.2
High (6.5) 0.6 3.9
OTC (40) -10.5 3.9

Table 3.5: Accuracy and precision results. LLOQ lower limit of quantification, OTC over-the-curve, CV coeffi-
cient of variation.

We participated with this method in the second round of an interlaboratory quality
control program for the measurement of anti-TB drugs [31]. All values were within
the limits of 20% set by the organisation of the programme.

3.3.3 Matrix effect

The results for the matrix effect tests are listed in Table 3.6. Data for both serum and
plasma samples were pooled, as no significant difference was observed between
them. For all compounds, a small positive (internal standard-normalised) matrix
factor was determined for low and high concentrations. Maximum CV was 6.0% for
the Low level of ethambutol, this is within the limit of 15% set by the EMA [9].

3.3.4 Stability

The results of the stability tests showed that isoniazid is not stable at ambient
temperature in human serum (Table 3.7). However, if it is present in ultra filtrate as
in the autosampler test, isoniazid proves to be stable for at least 24 hours. Isoniazid
serum standards are only stable at -80 °C or in freeze-dried conditions for longer
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Component Concentration
(mg/L)

Matrix factor CV (%)

Isoniazid Low (0.5) 1.128 4.7
High (6.5) 1.157 5.0

Pyrazinamide1 Low (5) 1.184 2.8
High (65) 1.142 3.3

Ethambutol Low (0.5) 1.079 6.0
High (6.5) 1.065 5.5

Table 3.6: Internal standard-normalised matrix factor [9].
1 matrix factor of pyrazinamide is not internal standard-normalised, due to absence of stable isotope-labelled
internal standard for pyrazinamide. CV coefficient of variation.

periods. From the data in Table 3.7, it is calculated that average in vitro half-life
values for isoniazid were 6 days at ambient temperature, 15 days at refrigerating
temperatures and 115 days at -20 °C.

Component Isoniazid Pyrazinamide Ethambutol
Sample Low (%) High (%) Low (%) High (%) Low (%) High (%)
Autosampler (ultra filtrate), 24 h 96.7 97.4 97.1 98.5 92.9 93.7
Ambient temperature, 24 h 75.7 78.5 106.1 103.4 97.3 96.7
Ambient temperature, 51 d n.d. 28.2 n.d. 85.3 94.0 86.2
Refrigerator, 51 d 31.3 34.0 106.8 102.7 89.0 86.8
Freezer (-20 °C), 51 d 74.2 67.8 99.7 109.6 84.6 90.4
Freezer (-80 °C), 51 d 101.6 102.5 108.1 104.9 90.0 96.3
Freeze-dried, 51 d 101.6 95.6 104.9 103.8 82.0 87.8
Freeze-thaw (3 cycles) 87.0 94.4 86.6 98.2 111.7 103.3

Table 3.7: Stability testing results for isoniazid, pyrazinamide and ethambutol. n.d.: not detectable. Low concen-
tration sample: 0.51 mg/L isoniazid, 20.2 mg/L pyrazinamide and 1.00 mg/L ethambutol, High concentration
sample 6.89 mg/L isoniazid, 62.4 mg/L pyrazinamide and 5.09 mg/L ethambutol.

None of the three compounds in human serum showed degradation beyond criteria
after three freezing and thawing cycles, although the concentrations of the isoniazid
and pyrazinamide samples at low concentration level dropped considerably after
the third cycle.

Pyrazinamide in human serum is stable at all temperatures except at ambient tem-
perature. Measured pyrazinamide concentrations at ambient temperature started
to decline significantly after five days. Since the human matrices stored at ambi-
ent temperature showed signs of decomposition over time, degradation products
may have affected these measurements. None of the measured ethambutol con-
centrations fell beyond acceptance limits at any of the time points for all storage
conditions. A limited concentration drop for all long term stability samples was
observed however.
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3.3.5 Clinical application

To illustrate the clinical application a concentration-time curve over a 24 hours time
period of a TB patient recently started on TB treatment is shown in Figure 3.3. She
received her medication orally on an empty stomach. Including the preparation of
calibration standards and QC samples, it takes approximately 1.5 hours to analyse
the three drugs in these 12 samples. The maximum capacity is almost 200 samples
per 24 hours. In the same time, the samples can be analysed for rifampicin on a
separate LC-MS/MS [7, 15], resulting in a processing time similar to the method of
Song [6].

Figure 3.3: A concentration-time curve of a female TB patient (39 kg) receiving 225 mg isoniazid (white circle),
825 mg ethambutol (black circle) and 1200 mg pyrazinamide (black diamond).

3.4 Discussion

The most important aspect from these results presented here is that ethambutol
did not show any significant in vitro protein binding in serum using this method,
which clearly contradicts earlier results [17, 20]. This may partly be caused by the
difference in temperature, as this factor is known to influence protein binding [26].
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In our experiments we used an unthermostated centrifuge. However it can be
observed from the accuracy and precision results in Table 3.5, that temperature had
limited influence on the validation. In the adsorption test, ethambutol showed a
significant loss of approximately 35% in peak area when injected from the standard
glass vial. Earlier reported protein binding results [17, 20] vary and may be obscured
by adsorption of ethambutol to non deactivated glass vials. Furthermore, any
possible protein binding would be reduced by the extensive dilution of the samples
with internal standard solution during sample preparation before the ultrafiltration
[32]. By then, variation of any possible protein binding of ethambutol in the diluted
samples is compensated by the stable isotope-labelled internal standard.

Protein binding of isoniazid and pyrazinamide is also lower than reported values.
Reported (reversible) protein binding values of isoniazid might have been obscured
by the instability of isoniazid in serum. The instability of isoniazid is attributed to
irreversible protein binding [33]. As protein binding of isoniazid, pyrazinamide and
ethambutol proved low, ultrafiltration as a means of sample preparation could be
applied resulting in a fast and simple method of analysis.

Significant carry-over and memory effects were observed for isoniazid and ethamb-
utol, during method development. This can be explained by absorption to silica
and metal surfaces, due to their polar characteristics. Carry-over was overcome
by rinsing the sample needle and needle seat with eluent B, in-between sample
injections. Memory effects were overcome by adding two flushing and conditioning
steps to the original gradient (Table 3.2).

Bench-top stability testing and the more extensive stability assessment showed
that isoniazid is unstable in human serum unless it is freeze-dried or stored at
-80 °C. Instability of isoniazid in plasma at ambient temperature and -20 °C has
been reported earlier [28, 29]. This instability calls for adequate standard operating
procedures and rapid handling of samples. The autosampler stability testing show
that isoniazid is stable in ultra filtrate for at least 24 hours proving that serum
proteins are involved in the instability of isoniazid. Pyrazinamide serum samples
are more stable and can be kept for at least 51 days in a refrigerator. Ethambutol
proved to be stable at ambient temperature.

Using this method, almost 200 patient samples can be analysed for isoniazid,
pyrazinamide and ethambutol in 24 hours. If one makes use of an optimal sampling
strategy consisting of three samples to calculate the area under the concentration-
time curve, information on drug exposure of 65 patients can be obtained in one
day. The presented analytical method has shown to be robust for therapeutic
drug monitoring and pharmacokinetic studies of isoniazid, pyrazinamide and
ethambutol. It may be of clinical help and importance as the current opinion is
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moving from standard dosing towards a more drug exposure based evaluation of
TB treatment [34].

3.5 Conclusion

A fast, simple and reliable LC-MS/MS method has been developed for the determ-
ination of isoniazid, pyrazinamide and ethambutol in human serum. Isoniazid,
pyrazinamide and especially ethambutol have proven to be low protein bound.
Therefore, ultrafiltration as a means of sample preparation could be applied. The
method adheres to all the validation criteria and is suitable for the simultaneous
determination of isoniazid, pyrazinamide and ethambutol in human serum for
therapeutic drug monitoring and pharmacokinetic studies.
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To the Editor

Tuberculosis (TB) remains a major global health problem. Inadequate exposure
to TB drugs constitutes one of the main factors underlying suboptimal treatment
response and development of resistance, as evidenced by results from the in vitro
hollow fibre model [1], clinical studies on relationships between drug concentra-
tions and response [2–5], a pharmacogenetic trial [6], and findings of a recent
meta-analysis [7].

More specifically, these concentration-effect evaluations suggest that clinicians
should prescribe higher doses of rifampicin [2, 5], use acetylator status to determine
the dose of isoniazid [6, 7], and that higher doses and exposures to pyrazinamide
may increase efficacy [4, 5].

Clearly such studies also underline the relevance of careful concentration-effect
evaluations during the development of new TB drugs that eventually will be applied
by clinicians all over the world.

Finally, these studies support the concept of therapeutic drug monitoring (TDM)
of TB drugs as applied by clinicians and pharmacists in selected centres around
the world [8–10]. In contrast to administering the same fixed dose to all patients,
TDM is seeking to individualize drug doses, guided by measurement of serum (or
plasma) drug concentrations.

Both pharmacokinetic evaluations in academia and in drug development pro-
grammes and the use of TDM require the application of analytical methods for
TB drugs. Intralaboratory (internal) method validation and intralaboratory quality
control (QC) procedures, such as validation of equipment and qualification of
technicians, should ensure that these methods have sufficient accuracy, precision
and specificity. In addition, participation in an interlaboratory (external) QC (or
proficiency testing) programme is an essential component of quality assurance
and also provides evidence of laboratory competence for clinicians, researchers,
accrediting bodies and regulatory agencies [11].

It is worth noting that (semi)automated immuno-assays are not available for meas-
urement of TB drugs. TB drugs are being measured by so called chromatographic
assays that have to be developed and validated within each laboratory, sometimes
based on published analytical methods, which also explains the current limited
availability of TDM for TB drugs. Clearly more complex, labour-intensive assays de-
veloped ‘in house’ hinder the inter-laboratory comparability of drug measurements
and definitely require participation in an external QC programme.

Unfortunately an international interlaboratory QC programme is as yet unavailable
for TB drugs. We therefore started such an external QC programme, focusing on
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first-line as well as several second-line TB drugs.

TB drugs involved in the first round of the QC programme were isoniazid, rifampi-
cin, pyrazinamide, ethambutol (first-line TB drugs), moxifloxacin and linezolid
(second-line TB drugs). All raw drug substances were of analytical quality and had
a high and specified purity (> 99%). TB drugs were weighed out on independently
calibrated balances and dissolved in methanol/water using calibrated pipettes
and volumetric flasks. Drug-free human serum was obtained from the regional
blood bank. Blank serum was spiked with solutions of TB drugs to obtain two QC
samples. Each of the two samples contained all six TB drugs in either a low or
intermediate/high concentration (Table 4.1). The QC samples were freeze-dried
immediately in view of the instability of some of the drugs and to decrease shipping
costs. We had previously assessed stability under various conditions after freeze-
drying (unpublished data). All weighed-in concentrations were considered as true
values.

Drug Measure-
ments, n

Conc.
Level1

Measured conc.
relative to true
value (%)

Absolute
inaccuracy
(%)2

Measurements with
acceptable accuracy,

n and %3

Isoniazid 7
7

Low
Int./High

95 (84-105)
104 (80-108)

5 (3-16)
7 (3-20)

7
7

100%

Rifampicin 6
6

Low
Int./High

78 (38-116)
87 (49-135)

26 (6-62)
27 (1-51)

3
2

42%

Pyrazinamide 5
5

Low
Int./High

108 (104-117)
110 (101-118)

8 (4-17)
10 (1-18)

5
5

100%

Ethambutol 6
6

Low
Int./High

107 (75-137)
104 (98-142)

14 (4-37)
4 (1-42)

4
5

75%

Moxifloxacin 3
3

Low
Int./High

98 (95-108)
105 (87-106)

5 (2-8)
6 (5-13)

3
3

100%

Linezolid 2
2

Low
Int./High

95 (90-99)4

94 (89-98)4
5 (1-10)
6 (2-11)

2
2

100%

Table 4.1: Measurements of quality control samples, subdivided by drug and concentration level. Data are
presented as median (range) unless otherwise stated. Conc.: concentration; int.: intermediate.
1 Low and Int./High conc. levels were 0.48 and 6.47 mg/L (isoniazid), 1.41 and 5.60 mg/L (rifampicin), 18.79 and
58.61 mg/L (pyrazinamide), 0.93 and 4.78 mg/L (ethambutol) , 0.31 and 2.65 mg/L (moxifloxacin), and 0.91 and
11.09 mg/L (linezolid). 2 Inaccuracy is the percentage bias from the true conc., i.e. inaccuracy = (100 * meas-
ured conc. / true conc.) - 100%. 3 Acceptable measurements are within 20% limits from the true conc.
4 Mean (range).

Seven laboratories from two continents participated in the first round of the pro-
gramme. The freeze-dried QC samples were transported at room temperature to
these laboratories. The laboratories were informed that the samples had to be
stored at 4 – 8 °C after receipt. They were requested to reconstitute the samples
with 1 ml water and to analyze them as soon as possible. Reconstituted samples
could also be stored at –80 °C for analysis at a later time point. The participating
laboratories were asked to return their results within 6 weeks after dispatch of the
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samples.

Descriptive statistics were calculated after standardization of all laboratory results
to percentages with reference to the true value. By subtracting 100% from these
percentages, the percentage bias from the true concentration (inaccuracy) was
calculated. 20% limits around the true values were considered to be appropriate
threshold values for satisfactory measurements, as used and justified in our other
international QC programmes [12] [13]. All participants were informed about their
performance within 2 months after reporting of their results.

Two of the seven participating laboratories were able to measure all six TB drugs,
one laboratory measured five drugs (all four first-line TB drugs and moxifloxa-
cin), two laboratories measured four drugs (all four first-line TB drugs, but not
the second-line drugs moxifloxacin and linezolid) and the two remaining laborat-
ories were able to measure less than four of the first-line drugs. Analytical meth-
odology used was conventional high-performance liquid chromatography, ultra-
performance liquid chromatography, liquid chromatography with mass spectro-
metric detection or gas chromatography with mass spectrometric detection.

A total of 58 analyses were performed, with satisfactory (accurate) results reported
for 48 (83%) measurements. Table 4.1 summarizes the results by TB drug. Ri-
fampicin concentrations were too low in three laboratories both at the low and
medium/high concentration. Furthermore, the programme showed ethambutol
concentrations that were too high for one laboratory, a trend for higher concentra-
tions of pyrazinamide in one participating laboratory, and similarly high concen-
trations of rifampicin in another laboratory.

The concentration level did not appear to affect accuracy, as 24 (83%) out of 29 of the
measurements was performed satisfactorily both at the low and intermediate/high
concentration levels .

When arranged by performing laboratory, it appeared that three out of seven labor-
atories performed all measurements within 20% inaccuracy limits (i.e. a 100%
score, 12 out of 12, 10 out of 10 and two out of two accurate results, respectively).
The other laboratories measured 10 out of 12 (83%), four out of six (67%), five out of
eight (63%) and five out of eight (63%) of the concentrations within the acceptance
limits.

83% of the measurements were within 20% limits of the true weighed-in concentra-
tions, meaning the initial results of this QC programme show a reasonably good
performance of the participating laboratories in measuring TB drugs. For com-
parison, first rounds of similar programmes for antiretroviral drugs and antifungal
drugs yielded satisfactory measurements in 65% and 77% of the measurements,
respectively [12, 13]. One out of six (17%) measurements of TB drugs was still inac-
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curate and such figures are relevant in the context of pharmacokinetic studies and
TDM. In this respect, it should be recognised that the first round of this programme
may have selected the best-performing laboratories or those with emphasis on
quality assurance.

The results for rifampicin in this first round were clearly worse than for other drugs.
We have wondered whether these results might be due to incomplete dissolution of
the freeze-dried samples, as rifampicin is slightly soluble in aquous solutions. For
the next rounds we will validate the dissolution of the samples once more.

Beyond the possible QC programme problems, many other sources of error may
explain the rifampicin results, including method (validation) problems, equipment,
technical and clerical errors, as well as unexplained errors [11]. In the past we have
evaluated such possible sources of error in other QC programmes by sending an
error evaluation form to the laboratories; this will be considered for future rounds
of the TB programme.

It is worth noting that low rifampicin serum or plasma concentrations have been
reported by many authors in populations all over the world. Based on the results
of this first round of the QC programme, it can not be excluded that some of these
findings may be explained by inaccuracy in the measurement of rifampicin, yet
the results of the first round of this programme should not be overinterpreted and
results from subsequent rounds should be awaited.

Many research consortia are currently studying the effects of higher doses of ri-
fampicin, and resulting in higher exposures achieved with these doses, both in
pulmonary and extrapulmonary TB. This emphasises the relevance of accurate
assays for rifampicin and the usefulness of this QC programme.

In addition to the low rifampicin concentrations measured in some laboratories,
the programme revealed possible inaccuracies or previously undetected problems
related to analysis of ethambutol and pyrazinamide in some laboratories. By parti-
cipating in the programme, these laboratories were alerted to these problems, and
this may enable and encourage them to optimise their methods and intralaboratory
QC procedures. Clearly, this is how external QC control testing aims to achieve
improvement in laboratory performance and attain interconvertibility of results
between laboratories [9, 11].

For the first round of the programme, we selected all first-line TB drugs (group I of
TB drugs), moxifloxacin as a pivotal representative from group III of TB drugs
(fluoroquinolones) [14] and linezolid because this drug is frequently used for
multidrug-resistant/extensively drug-resistant TB treatment despite its allocation
to group V of TB drugs [10, 15]. In future rounds of the programme, we will consider
incorporating other TB drugs (with consideration of the requests of the participants)
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and offer two patient casus in relation to the measurements, for those involved
in TDM for TB drugs. An increase in the number of participants may allow for an
evaluation of the effects of the drug measured, the concentration level or analytical
methodology on the accuracy of the results and will provide a better impression of
overall laboratory performance.

In summary, external QC for measurement of TB drugs in serum or plasma is pivotal
considering the high level of interest in the pharmacokinetics of TB drugs, both
for the development of new TB regimens and for direct applications in patient
care (TDM). We have developed an interlaboratory (external) QC programme or
proficiency testing programme for TB drugs and invite laboratories to participate
in this programme.
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Abstract

Rifampin, together with isoniazid, has been the backbone of the current first-line
treatment of tuberculosis (TB). The ratio of the area under the concentration-time
curve from 0 to 24h (AUC0–24) to the MIC is the best predictive pharmacokinetic-
pharmacodynamic parameter for determinations of efficacy. The objective of this
study was to develop an optimal sampling procedure based on population pharma-
cokinetics to predict AUC0–24 values. Patients received rifampin orally once daily as
part of their anti-TB treatment. A one-compartmental pharmacokinetic population
model with first-order absorption and lag time was developed using observed ri-
fampin plasma concentrations from 55 patients. The population pharmacokinetic
model was developed using an iterative two-stage Bayesian procedure and was
cross-validated. Optimal sampling strategies were calculated using Monte Carlo
simulation (n=1,000). The geometric mean AUC0–24 was 41.5 (range, 13.5-117)
mg ·h/L. The median time to maximum concentration of drug in serum (Tmax) was
2.2h, ranging from 0.4 up to 5.7h. This wide range indicates that only obtaining
a concentration level at 2h (C2) would not capture the peak concentration in a
large proportion of the population. Optimal sampling using concentrations at 1, 3
and 8h postdosing 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
rifampin 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 8h.
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5a.1 Introduction

Tuberculosis (TB) is still 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 [1]. First-line treatment of TB consists of
administration of isoniazid, rifampin, pyrazinamide and ethambutol during the
first 2 months, continuing with isoniazid and rifampin for another 4 months [2, 3].

In general, treatment success rate continues to be high among new TB cases glob-
ally [1]. However, healthcare providers around the world are still confronted with
treatment failure on a regular basis. Recently, it was shown that the risk of treatment
failure was almost nine-fold higher in patients with low drug exposure than in pa-
tients with higher drug exposure [4]. Earlier data already showed that pharmacokin-
etic variability is likely to be the driving force in the occurrence of development of
drug resistance [5].

Studies in both hollow fiber infection models and murine models showed that the
area under the concentration-time curve over 24h in the steady state divided by the
MIC (AUC/MIC ratio) is the best predictive pharmacokinetic/pharmacodynamic
parameter for determination of the efficacy of rifampin [6, 7]. More importantly,
these data were confirmed in TB patients, as poor long-term outcome was predicted
by low AUC values [4]. In addition, low peak plasma concentrations (Cmax)/MIC
ratios preceded the acquisition of drug-resistance [4].

Drug exposure may be influenced by a number of variables, such as concomitant
food intake, comorbidities and intraindividual differences in pharmacokinetics
[8–12]. Therefore, it seems rational to monitor drug exposure in patients with
suspected malabsorption, gastrointestinal disorders, drug-drug interactions, dia-
betes mellitus, or HIV coinfection [13]. To optimize treatment outcome in patients
suspected with low drug exposure, therapeutic drug monitoring (TDM) may be
useful [13, 14]. In the past, the drug concentration level at 2h after administration
(C2) has been used to approximate Cmax and the level at 6h (C6) has been used
to distinguish between delayed absorption and overall poor intestinal absorption
[13]. Indeed, it has been recognized that the C2 level does not always capture the
Cmax [15–17]. Furthermore, it is unknown whether C2 and C6 levels do reflect AUC
values or can be used to accurately predict the AUC values [18]. Obtaining a full
concentration-time curve to calculate the AUC values is a laborious and expensive
procedure and thus not feasible in clinical practice. Alternative strategies to easily
evaluate drug exposure are urgently needed. An optimal sampling procedure based
on a population pharmacokinetic model may help to overcome these problems.
This method implies that a limited number of appropriately timed blood samples
are needed to adequately predict the AUC as a measure for drug exposure [19–
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21]. Therefore, the objective of this study was to develop and validate an optimal
sampling procedure for determination of rifampin concentrations based on pop-
ulation pharmacokinetics, in order to predict area under the concentration-time
curve from 0 to 24h (AUC0–24) for this pivotal anti-TB drug.

5a.2 Materials and Methods

5a.2.1 Study Population

The study population was constituted of two groups. Group 1 were patients aged
at least 18 years that were eligible for inclusion if they were treated with rifampin
for drug-susceptible TB at the University Medical Center Groningen, Tuberculosis
Centre Beatrixoord, Haren, The Netherlands, between 2009 and 2013. Patients
whose bodyweight was below 50 kg were administered 450 mg of rifampin and
patients over 50 kg received 600 mg of rifampin. In general, to prevent or alleviate
adverse gastrointestinal effects of rifampin administration, patients received a
light breakfast before taking the medication. After at least 2 weeks of treatment,
a pharmacokinetic curve consisting of a predose and three to nine time points
randomly between 0.5 and 8h post-dose was obtained for TDM as part of routine
patient care. The predose level was obtained just before dosing and this level was
defined as C24, the concentration level at 24h. Samples were transported the same
day to the laboratory and plasma was separated and stored at -20 °C until analysis
which was performed within 10 days. Under these circumstances, rifampin con-
centrations are stable, as evidenced by our previous assay [12, 22]. Plasma samples
were analyzed for rifampin by liquid chromatography-tandem mass spectrometry
(LC-MS/MS), as previously described [23, 24]. Plasma concentrations values below
the lower quantification limit were treated as zeros. Demographic and medical data,
including age, sex, weight, height, serum creatinine level, diagnosis, localization of
TB, ethnicity, presence of comorbidity and concomitant medication and rifampin
dose, were collected from the medical chart. This study was evaluated by the local
ethics committee and found to be in accordance with the Dutch law due to its
retrospective nature (ERB decision 2013-492).

To also include patients that had received rifampin in a fasted state, data from
patients from an earlier study at our centers were included [21]. These patients
constituted group 2. Study subjects were TB patients admitted to the two Dutch
TB referral centers, the above-mentioned Tuberculosis Centre Beatrixoord, Haren
and the Centre for Chronic Diseases Dekkerswald, Radboud University Medical
Center, Nijmegen, The Netherlands [21]. The patients who were included were at
least 18 years of age and they had to provide written informed consent. The study
protocol was approved by the Ethical Review Board of Radboud University Medical
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Center Nijmegen, The Netherlands [21]. Patients whose bodyweight was below 50
kg were administered 450 mg of rifampin and patients over 50 kg received 600 mg
of rifampin. A full pharmacokinetic curve was recorded during the intensive phase
of TB treatment after steady state was reached (≥ 2 weeks). Patients refrained from
food intake from 11.00 p.m. on the day preceding the pharmacokinetic assessment
to 4h after intake of study medication. Serial venous blood samples were collected
just prior to and at 1.0, 1.5, 2.0, 2.5, 3.0, 4.0, 6.0, 8.0, 12.0 and 24.0h after witnessed
intake of study medication. Plasma was separated immediately, frozen to -80 °C
and transported on dry ice for bioanalysis [21]. Plasma samples were analyzed for
rifampin levels by high performance liquid chromatography (HPLC), as previously
described [12, 25].

5a.2.2 Population Pharmacokinetic Model

The concentration-time curves were used to develop a one-compartmental pop-
ulation pharmacokinetic model using an iterative two-stage Bayesian (ITSB) pro-
cedure (KinPop module of MW\Pharm version 3.60; Mediware, Zuidhorn, The
Netherlands) [5, 10, 11]. This design was chosen despite rifampin’s relatively com-
plex and nonlinear pharmacokinetics, with distribution to a wide variety of tissues,
conversion into its slightly active metabolite desacetyl-rifampin and both hepatic
and renal clearance [12, 26, 27]. However, the one-compartmental model can be
justified as rifampin diffuses easily to tissue [28–30] and it has been used earlier [10,
11, 31, 32]. The final model was selected based on the Akaike information criterion
(AIC), a measure for goodness of fit [33].

The bioavailability of rifampin could not be determined because it was admin-
istered orally only. Furthermore, its bioavailability is known to be almost complete
and therefore, was assumed to be equivalent to a value of 1 [8] [Micromedex 2.0
(electronic version); Thomson Reuters (Healthcare), Greenwood Village, CO, USA].
On the basis of the pertinent literature, the rifampin clearance/creatinine clear-
ance ratio (fr) was 0.14 [28, 29]. Pharmacokinetic parameters were assumed to be
log-normally distributed. Residual errors were assumed normally distributed, with
standard deviation (SD) calculated as follows: SD = 0.1 + 0.10 ·C, where C is the
observed plasma concentration of rifampin.

To evaluate the ability of this population pharmacokinetic model to predict in-
dividual AUC values, cross-validation was performed. For this cross-validation,
a number of submodels were developed, with each model leaving out five pa-
tients. The number of submodels was equal to the number of sets of five pa-
tients among the total number of patients. All subjects were excluded once and
the AUC of each ‘left-out’ subject was estimated (AUC0–24, estimated) by fitting the
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concentration-time curve using the complementary submodel excluding this sub-
ject. This left-out model estimates how well the final model might perform to pre-
dict individual AUC0–24 values for future TB patients [20, 34]. For all subjects, this
AUC0–24, estimated was compared to the calculated AUC0–24 (AUC0–24, calculated).
AUC0–24, calculated values and the values of other individual pharmacokinetic para-
meters were calculated using MW\Pharm’s KinFit module. AUC0–24, calculated val-
ues were determined by the log-linear trapezoidal rule. Cmax was defined as the
highest observed plasma concentration with the time to maximum concentration
of drug in serum (Tmax) as the corresponding time.

5a.2.3 Optimal Sampling Strategies

A Monte Carlo simulation of 1,000 subjects randomly drawn from the population
model was used to evaluate optimal sampling strategies (OSS) for prediction of
AUC0–24. OSS with different combinations of one to three sampling time points
ranging from 0 to 24h with a time resolution of 1h were evaluated using Bayesian
fitting. All possible combinations within the groups of one to three time points
were evaluated. OSS was considered acceptable if the root mean squared error
(RMSE), a measure for precision, was < 15%. The mean prediction error, a measure
for bias, was accepted if it was < 5%. The best-performing OSS was subsequently
evaluated by comparing the AUC0–24 predicted with OSS (AUC0–24, OSS) to the
AUC0–24, calculated for all patients. Group 1 patients were sampled predose and
randomly between 0.5 and 8h. If the exact time point was unavailable, the nearest
(preferably, earlier) time point (for instance, 7 instead of 8h) was chosen for predic-
tion of AUC0–24, OSS.

5a.2.4 Statistics

The influence of patient characteristics on population pharmacokinetic paramet-
ers was investigated with a Mann-Whitney U test, chi-square test, or a Kruskal-
Wallis test or by determination of the Spearman correlation coefficient. Correlation
between different AUC values was studied using the Spearman correlation coef-
ficient. Agreement between AUC0–24, calculated and AUC0–24, OSS was evaluated
using a Bland-Altman analysis. Two-sided P values ≤ 0.05 were considered statist-
ically significant. All statistical measurements were either derived directly from
MW\Pharm or were computed using IBM SPSS Statistics 20 (IBM Corp., Armonk,
NY, USA).
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5a.3 Results

5a.3.1 Study Population

This study included 55 patients: 22 from group 1, the patient care cohort of 2009
to 2013 and 33 patients from group 2, the earlier study. Patient characteristics
are displayed in Table 5a.1. Several characteristics, especially weight and those
related to weight, were significantly different between the group of patients and
the population of study participants. The median administered dose was 10.2
(range, 4.7 to 21.4) mg of rifampin/kg of body weight. Most patients (85%) re-
ceived 600 mg rifampin. Dosage regimens of 450 mg and 900 mg were received
by five (9%) and three (5%) patients, respectively. Gender, dose, age, body surface
area (BSA), ethnicity and presence of comorbidity or concomitant medication had
no significant influence on the individual pharmacokinetic parameters (all P val-
ues > 0.05). Table 5a.2 shows the calculated pharmacokinetic parameters of the
concentration-time curves that were used for modeling (n=55).

Patient parameter Group 1, n=22 Group 2, n=33 All patients, n=55 P1

Male/female, n (%) 14/8 (64/36) 29/4 (88/12) 43/12 (78/22) 0.035
Age, yr, median (IQR) 36 (24-43) 44 (30-57) 39 (29-51) 0.052
Weight, kg 56.5 (16.6) 65.9 (15.6) 62.2 (16.5) 0.011
Lean body mass, kg 52.2 (10.6) 61.8 (8.8) 58.0 (10.6) 0.001
Height, m 1.70 (0.09) 1.73 (0.08) 1.72 (0.08) 0.115
Body mass index, kg/m2 19.7 (5.8) 22.0 (5.0) 21.1 (5.4) 0.037
Body surface area, m2 1.63 (0.22) 1.80 (0.21) 1.74 (0.23) 0.012
Dose, mg 614 (130) 595 (26.1) 602 (84.1) 0.844
Dose/ weight, mg/kg 11.4 (3.2) 9.40 (1.8) 10.2 (2.6) 0.008
Ethnicity, n (%): 0.0812

Black 11 (50) 10 (30) 21 (38)
Caucasian 4 (18) 14 (42) 18 (33)
Asian 1 (5) 5 (15) 6 (11)
Other 6 (27) 4 (12) 10 (18)

Type of tuberculosis, n (%): 0.0892

Pulmonary 12 (55) 27 (82) 39 (71)
Extra-pulmonary 6 (27) 4 (12) 10 (18)
Both 4 (18) 2 (6) 6 (11)

Comorbidity, present n (%): 4 (18) 13 (39) 17 (31) 0.0952

Co-medication, present n (%): 7 (32) 26 (79) 33 (60) 0.0002

Samples/patient, 6.5 (1.3) 10.3 (0.9) 8.8 (2.2) < 0.001
Sampling schedule predose and ran-

domly between
0.5 and 8h post-
dose

predose and
1.0, 1.5, 2.0, 2.5,
3.0, 4.0, 6.0, 8.0,
12.0 and 24.0h
post-dose

Table 5a.1: Patient demographics. Data are presented as mean (SD), unless stated otherwise. IQR, interquartile
range.
1 Continuous data from comparisons of groups 1 and 2 were tested using the Mann-Whitney U test.
2 Chi-square test.
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Pharmacokinetic parameter Group 1, n=22 Group 2, n=33 All patients, n=55 P1

AUC0–24 (mg ·h/L) 35.2 (23.9-109) 46.3 (13.5-117) 41.5 (13.5-117) 0.007
Cmax (mg/L) 6.8 (3.5-15.6) 9.3 (2.4-24.1) 8.2 (2.4-24.1) 0.002
Tmax (h) 2.6 (0.5-4.5) 2.0 (0.4-5.7) 2.2 (0.4-5.7) 0.069
CL/F (L/h) 17.5 (10.0-31.5) 13.0 (4.9-51.3) 14.7 (4.9-51.3) 0.013
Vd/F (liter) 51.9(25.5-103) 41.5 (12.8-182) 45.4 (12.8-182) 0.054
T1/2 (h) 1.9 (0.7-2.4) 2.2 (1.6-6.6) 2.1 (0.7-6.6) 0.559

Table 5a.2: Noncompartmental pharmacokinetic parameters of rifampin. Data are presented as geometric
mean (range), except for the Tmax data, which is displayed as median (range). AUC0–24, area under the
concentration-time curve from 0 to 24h in milligrams · hour per liter; Cmax, maximum concentration in mg
per liter, Tmax, time of maximum concentration in hours; CL/F, apparent clearance in liters per hour, Vd/F,
apparent volume of distribution in liters; T1/2, elimination half-life in hours.
1 Data from comparisons of groups 1 and 2 were tested using the Mann-Whitney U test.

5a.3.2 Population Pharmacokinetic Model

The final one-compartmental model was selected based on the Akaike information
criterion [33]. Geometric mean pharmacokinetic parameters of the final population
model (n=55) are shown in Table 5a.3. Pharmacokinetic parameters of the two
patients groups are shown in Table 5a.4. The mean values of the 11 sub-models
developed for cross-validation were close to those from the final model.

Pharmacokinetic parameter All patients, n=55
CLm/F (L/h/1.85m2) 15.5 (8.0)
fr 0.14 (fixed)
Vd/F (L/kg LBM) 0.713 (0.282)
ka (1/h) 1.14 (1.03)
Tlag (h) 0.887 (0.571)
F 1 (fixed)

Table 5a.3: Final population pharmacokinetic model parameters. Data are presented as population mean (SD).
Bioavailability (F) was fixed at a value of 1 and the rifampin clearance/creatinine clearance ratio (fr ) was fixed
at a value of 0.14. CLm/F, apparent metabolic clearance in liters per hour normalized to a body surface area of
1.85 m2; Vd/F, apparent volume of distribution in liters per kilogram of lean body mass (LBM); ka, absorption
constant in 1/h; Tlag, lag time in the absorption phase in hours.

Pharmacokinetic parameter Group 1, n=22 Group 2, n=33 P1

CLm/F (L/h/1.85m2) 17.9 (9.1-32.9) 13.8 (5.4-54.3) 0.035
Vd/F (L/kg LBM) 0.844 (0.545-1.514) 0.637 (0.325-1.162) 0.002
ka (1/h) 0.90 (0.22-3.24) 1.33 (0.26-5.37) 0.078
Tlag (h) 1.11 (0.46-2.92) 0.77 (0.30-2.12) 0.017

Table 5a.4: Pharmacokinetic parameters of group 1 and group 2. Data are presented as geometric mean
(range). CLm/F, apparent metabolic clearance in liters per hour normalized to a body surface area of 1.85
m2; Vd/F, apparent volume of distribution in liter per kg of lean body mass; ka, absorption constant in 1/h;
Tlag, lag time in the absorption phase in hours.
1 Data from comparisons of groups 1 and 2 were tested using the Mann-Whitney U test.

Compared to the AUC0–24, calculated values, the AUC0–24, estimated values were un-
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derestimated by a median difference of 5.9% (range, -39.8% to 13.5%). A highly
positive correlation between the two AUC calculations was shown by the Spear-
man correlation coefficient, r2 = 0.96 (p < 0.01). In Figure 5a.1, the correlation
between AUC0–24, calculated and AUC0–24, estimated values is shown. For one sub-
ject, fitting the concentration-time curve using its complementary submodel as
a Bayesian prior resulted in a large difference between AUC0–24, estimated and
AUC0–24, calculated (65.7 and 109 mg ·h/L, respectively; underestimation, 39.8%).
With this estimation considered an outlier (> 3 ·SD difference), the median under-
estimation decreases to 4.9% (range, -21.8% to 13.5%), indicating limited influence
of the outlier.

Figure 5a.1: Correlation of AUC0–24, calculated and AUC0–24, estimated in the cross-validation. AUC0–24, estimated
was determined by fitting the individual concentration-time curve using the complementary submodel exclud-
ing this subject.
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5a.3.3 Optimal Sampling Strategy

Of all OSS possibilities, the five best-performing OSS values for one, two and three
time points are shown in Table 5a.5. RMSE values of all OSS with either one or two
time points were > 15%. The values for RMSE and bias of the five best-performing
OSS with three samples were < 15% and < 5%, respectively. Based on clinical
suitability, an OSS with time points of sampling at 1, 3 and 8h (OSS 1-3-8) was
considered the best option.

First
sampling
time
point (h)

Second
sampling
time
point (h)

Third
sampling
time
point (h)

Correlation coeffi-
cient (r)

Mean predictive er-
ror (% bias)

% RMSE1

7 0.83 3.8 27.4
6 0.83 0.5 27.6
8 0.83 5.7 27.9
5 0.81 -4.2 29.0
9 0.81 6.9 29.1
3 10 0.93 -3.2 18.3
2 8 0.92 0.3 18.7
3 9 0.93 -4.4 18.8
2 7 0.92 -2.8 18.8
3 8 0.93 -5.2 19.0
1 3 8 0.96 -0.4 13.2
2 4 10 0.96 -2.7 14.0
2 4 9 0.96 -3.6 14.0
1 3 9 0.96 -0.6 14.2
2 5 14 0.96 -2.3 14.3

Table 5a.5: Best-performing optimal sampling strategies for one, two and three time points.
1 RMSE, root mean squared error.

AUC0–24, OSS 1–3–8 correlated to AUC0–24, calculated with Spearman correlation coef-
ficient of 0.95 (P < 0.01) and was underestimated by a median difference of 1.0%
(range, -24.9% to 10.0%). Agreement between AUC0–24, calculated and the estimated
AUC0–24, OSS 1–3–8 is shown in the Bland-Altman plot (Figure 5a.2). In the Bland-
Altman plot, data from four patients can be observed that are below the lower
line of agreement. High AUC0–24, calculated values (90 to 110 mg ·h/L) were seen
with all four patients and the values were underestimated by 17.9% to 24.9%. The
estimated AUC0–24, OSS 1–3–8 values ranged from 72 to 90 mg ·h/L and were thus all
still reasonably high.

5a.4 Discussion

Here we developed a population pharmacokinetic model and an OSS using time
points 1, 3 and 8h. Using these combined approaches, we were able to predict
AUC0–24 of rifampin with sufficient accuracy and precision.
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Figure 5a.2: Bland-Altman plot of mean AUC0–24 versus the difference between AUC0–24, calculated and
AUC0–24, OSS 1–3–8. The solid line represents the mean difference. The corresponding limits of agreement (mean
difference ± 2 SD difference) are depicted as dashed lines.

Comparing the two groups of patients, it can be observed that AUC0–24 and Cmax

were higher in group 2. The difference in these parameters may have been caused
by the difference in food intake or fasting around the time the medication was
ingested in the two groups. However, the magnitude of this factor is unclear. A
meta-analysis on the impact of concomitant food intake has shown that there is no
difference in rifampin AUC values after food or fasting [35]. A recent study showed
a 26% decrease in AUC0–10 values under fed conditions compared with fasted
conditions [36]. As a consequence of the lower AUC values in group 1 patients,
clearance was higher in this group than in group 2.

A limitation of this study is that only patients admitted to a TB referral center,
not regular outpatients, were included, which may have introduced selection bias.
However, in our experience, particularly these patients are typically selected for
TDM, as TDM in patients with drug-susceptible TB is mainly performed if problems
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emerge with therapy.

TDM of rifampin is mostly driven by the need to prevent sub-therapeutic levels,
rather than by concerns regarding toxicity, as the drug is well tolerated at higher
concentrations [12, 37]. Due to the correlation between the bactericidal effect of
rifampin and the AUC [4, 6, 7], the validation of the population model focused on
its ability to predict AUC0–24 values. The model was able to predict the AUC0–24

values with acceptable accuracy and precision. Moreover, discarding of the outlier
identified during cross-validation did not result in a large difference, suggesting
sufficient robustness of the model.

The precision of the AUC prediction with the best OSS, defined as an RMSE of
13.2%, might still be regarded to be relatively high. However, dose adjustments
are generally performed using matching tablets or capsules (i.e., 150 mg or 300
mg), resulting in adjustments of 33% or more. These dose adjustments result in an
even higher increase of AUC values [12]. We therefore do not consider the possible
deviation from the AUC0–24, estimated from the calculated AUC due to imprecision
to be clinically relevant. A reason for the high RMSE could be the diverse population
used for the development of the population model. Regarded from a contrasting
point of view, this implies that implementation of the model and the OSS in TDM
might be applicable for various patients around the world.

Given that data related to outcome have become available only recently, we aimed
at an AUC/MIC ratio of 270 [7]. As we studied patients with drug-susceptible TB,
actual MICs of the isolates for rifampin were not determined. If the mean MIC
for rifampin is defined as 0.2 mg/L [37], this would imply an adequate or target
AUC0–24 value of 54 mg ·h/L or higher. This AUC was only obtained in 13 (24%)
of the 55 patients studied. In the event that observed MIC was lower, this might
still result in a favourable AUC/MIC ratio [38]. Furthermore, on the basis of the
lower AUC0–24 value of 13 mg ·h/L for rifampin in the presence of pyrazinamide
AUC value over 363 mg ·h/L recently proposed by Pasipanodya et al. [4], all our
patients obtained sufficient exposure. At this time, a lack of data on drug exposure
and MIC values makes it difficult to interpret the drug exposure of a single drug in a
four-drug regimen with a possible range of MIC values. Well-designed prospective
studies are needed to elucidate the pharmacokinetic/pharmacodynamic targets of
the first-line regimen.

The median Tmax value was 2.2h, ranging from 0.4 to 5.7h (Figure 5a.3). The
wide range indicates that obtaining only a C2 level would fail to capture the peak
concentration in a large proportion of the population. One might argue that this
was a consequence of the fact that our group 1 patients receiving standard care
were not fasting, due to the institution’s regulations. However, this variation in the
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Tmax values was due only partly to delayed absorption, as the range of Tmax values
for the fasted group 2 patients (i.e., 0.4 to 5.7h) was larger than the range of Tmax

values for the patients in group 1 who were allowed to eat (0.5 to 4.5h).

Figure 5a.3: Histogram of time of maximum concentration in hours.

Comparing our OSS with the data recently published by Magis-Escurra et al. there
are three differences [21]. First, their OSS was deliberately limited to time points
up to 6h postdose and ours was not. Obviously, their proposed OSS of 1, 4 and
6h for rifampin is more feasible in daily practice than ours. In our OSS, these
time points were not selected as the best-performing OSS; thus they result in a less
accurate and precise prediction of the AUC values [21]. The second difference is that
the model presented here was developed using a larger and more heterogeneous
population. The population consisted of both fasted and fed patients making our
model more widely applicable for daily practice. Thirdly, Magis-Escurra et al. used
multiple linear regression to derive OSS, whereas we used a Bayesian approach
in the current analysis. Both strategies have advantages and disadvantages. The
distinct advantage of our Bayesian approach is that it is more flexible, allowing for
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deviations from the exact sampling times at 1, 3 and 8h [39]. But this requires use of
our model and software, whereas multiple linear regression yields a straightforward
equation to fill in.

Recently, Medellin-Garibay et al. published an OSS for analysis of rifampin levels at
2, 4 and 12h postdose [16]. This is less practical than the one presented here. The
choice of those time points may be a consequence of their low elimination rate
constant and long half-life of 5.1h, which is quite different from literature [6, 13].

5a.5 Conclusions

A one-compartmental population pharmacokinetic rifampin model was developed
in order to estimate the effective pharmacokinetic/pharmacodynamic parameters
of rifampin AUC values in tuberculosis patients. With an optimal sampling strategy
with sampling points at 1, 3 and 8h, the model is able to predict AUC0–24 values
with acceptable accuracy and precision.

Acknowledgement

The authors would like to thank A. Yahoo for his initial work on the rifampin model.

References

1. World Health Organization. Global Tuberculosis Report 2014 tech. rep. (2014).

2. World Health Organization. Treatment of tuberculosis guidelines 4th edition
tech. rep. (2010).

3. Blumberg H. M. et al. American Thoracic Society/Centers for Disease Control
and Prevention/Infectious Diseases Society of America: treatment of tubercu-
losis. Am J Respir Crit Care Med 167, 603–662 (2003).

4. Pasipanodya J. G., McIlleron H., Burger A., Wash P. A., Smith P. & Gumbo T.
Serum drug concentrations predictive of pulmonary tuberculosis outcomes. J
Infect Dis 208, 1464–1473 (2013).

5. Srivastava S., Pasipanodya J. G., Meek C., Leff R. & Gumbo T. Multidrug-
resistant tuberculosis not due to noncompliance but to between-patient
pharmacokinetic variability. J Infect Dis 204, 1951–1959 (2011).



References 73

6. Gumbo T., Louie A., Deziel M. R., Liu W., Parsons L. M., Salfinger M. & Drusano
G. L. Concentration-dependent Mycobacterium tuberculosis killing and pre-
vention of resistance by rifampin. Antimicrob Agents Chemother 51, 3781–
3788 (2007).

7. Jayaram R. et al. Pharmacokinetics-pharmacodynamics of rifampin in an
aerosol infection model of tuberculosis. Antimicrob Agents Chemother 47,
2118–2124 (2003).

8. Becker C., Dressman J. B., Junginger H. E., Kopp S., Midha K. K., Shah V. P.,
Stavchansky S. & Barends D. M. Biowaiver monographs for immediate release
solid oral dosage forms: rifampicin. J Pharm Sci 98, 2252–2267 (2009).

9. Smythe W. et al. A semimechanistic pharmacokinetic-enzyme turnover model
for rifampin autoinduction in adult tuberculosis patients. Antimicrob Agents
Chemother 56, 2091–2098 (2012).

10. Wilkins J. J., Savic R. M., Karlsson M. O., Langdon G., McIlleron H., Pillai
G., Smith P. J. & Simonsson U. S. Population pharmacokinetics of rifampin
in pulmonary tuberculosis patients, including a semimechanistic model to
describe variable absorption. Antimicrob Agents Chemother 52, 2138–2148
(2008).

11. Peloquin C. A., Jaresko G. S., Yong C. L., Keung A. C., Bulpitt A. E. & Jelliffe R. W.
Population pharmacokinetic modeling of isoniazid, rifampin, and pyrazinam-
ide. Antimicrob Agents Chemother 41, 2670–2679 (1997).

12. Ruslami R., Nijland H. M., Alisjahbana B., Parwati I., van Crevel R. & Aarnoutse
R. E. Pharmacokinetics and tolerability of a higher rifampin dose versus
the standard dose in pulmonary tuberculosis patients. Antimicrob Agents
Chemother 51, 2546–2551 (2007).

13. Peloquin C. A. Therapeutic drug monitoring in the treatment of tuberculosis.
Drugs 62, 2169–2183 (2002).

14. Ray J., Gardiner I. & Marriott D. Managing antituberculosis drug therapy by
therapeutic drug monitoring of rifampicin and isoniazid. Intern Med J 33,
229–234 (2003).

15. Magis-Escurra C., van den Boogaard J., IJdema D., Boeree M. & Aarnoutse R.
Therapeutic drug monitoring in the treatment of tuberculosis patients. Pulm
Pharmacol Ther 25, 83–86 (2012).

16. Medellin-Garibay S. E., Correa-Lopez T., Romero-Mendez C., Milan-Segovia
R. C. & Romano-Moreno S. Limited sampling strategies to predict the area
under the concentration-time curve for rifampicin. Ther Drug Monit 36, 746–
751 (2014).



74 Chapter 5a. Optimal Sampling

17. Prahl J. B., Johansen I. S., Cohen A. S., Frimodt-Moller N. & Andersen A. B. Clin-
ical significance of 2 h plasma concentrations of first-line anti-tuberculosis
drugs: a prospective observational study. J Antimicrob Chemother 69, 2841–
2847 (2014).

18. Sturkenboom M. G., Akkerman O. W., Bolhuis M. S., de Lange W. C., van der
Werf T. S. & Alffenaar J.-W. Adequate design of pharmacokinetic-pharma-
codynamic studies will help optimize tuberculosis treatment for the future.
Antimicrob Agents Chemother 59, 2474 (2015).

19. Alffenaar J. W., Kosterink J. G., van Altena R., van der Werf T. S., Uges D. R. &
Proost J. H. Limited sampling strategies for therapeutic drug monitoring of
linezolid in patients with multidrug-resistant tuberculosis. Ther Drug Monit
32, 97–101 (2010).

20. Pranger A. D., Kosterink J. G., van Altena R., Aarnoutse R. E., van der Werf T. S.,
Uges D. R. & Alffenaar J. W. Limited-sampling strategies for therapeutic drug
monitoring of moxifloxacin in patients with tuberculosis. Ther Drug Monit 33,
350–354 (2011).

21. Magis-Escurra C. et al. Population pharmacokinetics and limited sampling
strategy for first-line tuberculosis drugs and moxifloxacin. Int J Antimicrob
Agents 44, 229–34 (2014).

22. Aarnoutse R. E., Sturkenboom M. G., Robijns K., Harteveld A. R., Greijdanus
B., Uges D. R., Touw D. J. & Alffenaar J.-W. An interlaboratory quality control
programme for the measurement of tuberculosis drugs. Eur Respir J 46, 268–
71 (2015).

23. De Velde F., Alffenaar J. W., Wessels A. M., Greijdanus B. & Uges D. R. Simultan-
eous determination of clarithromycin, rifampicin and their main metabolites
in human plasma by liquid chromatography-tandem mass spectrometry. J
Chromatogr B 877, 1771–1777 (2009).

24. Vu D. H., Koster R. A., Wessels A. M., Greijdanus B., Alffenaar J. W. & Uges
D. R. Troubleshooting carry-over of LC-MS/MS method for rifampicin, clari-
thromycin and metabolites in human plasma. J Chromatogr B 917-918, 1–4
(2013).

25. Nijland H. M., Ruslami R., Suroto A. J., Burger D. M., Alisjahbana B., van Crevel
R. & Aarnoutse R. E. Rifampicin reduces plasma concentrations of moxifloxa-
cin in patients with tuberculosis. Clin Infect Dis 45, 1001–1007 (2007).

26. Acocella G. Pharmacokinetics and metabolism of rifampin in humans. Rev
Infect Dis 5 Suppl 3, S428–32 (1983).



References 75

27. Acocella G., Mattiussi R. & Segre G. Multicompartmental analysis of serum, ur-
ine and bile concentrations of rifampicin and desacetyl-rifampicin in subjects
treated for one week. Pharmacol Res Commun 10, 271–288 (1978).

28. Launay-Vacher V., Izzedine H. & Deray G. Pharmacokinetic considerations
in the treatment of tuberculosis in patients with renal failure. Clin Pharma-
cokinet 44, 221–235 (2005).

29. Ellard G. A. & Fourie P. B. Rifampicin bioavailability: a review of its pharmaco-
logy and the chemotherapeutic necessity for ensuring optimal absorption. Int
J Tuberc Lung Dis 3, S301–8, discussion S317–21 (1999).

30. Summary of product characteristics Rifadin 2013.

31. Pahkla R., Lambert J., Ansko P., Winstanley P., Davies P. D. & Kiivet R. A. Com-
parative bioavailability of three different preparations of rifampicin. J Clin
Pharm Ther 24, 219–225 (1999).

32. Milan-Segovia R. C., Dominguez-Ramirez A. M., Jung-Cook H., Magana-Aquino
M., Vigna-Perez M., Brundage R. C. & Romano-Moreno S. Population pharma-
cokinetics of rifampicin in Mexican patients with tuberculosis. J Clin Pharm
Ther 38, 56–61 (2013).

33. Proost J. H. & Eleveld D. J. Performance of an iterative two-stage bayesian
technique for population pharmacokinetic analysis of rich data sets. Pharm
Res 23, 2748–2759 (2006).

34. Altman D. G. & Royston P. What do we mean by validating a prognostic model?
Stat Med 19, 453–73 (2000).

35. Lin M. Y., Lin S. J., Chan L. C. & Lu Y. C. Impact of food and antacids on the
pharmacokinetics of anti-tuberculosis drugs: systematic review and meta-
analysis. Int J Tuberc Lung Dis 14, 806–818 (2010).

36. Lin H. C., Yu M. C., Liu H. J. & Bai K. J. Impact of food intake on the phar-
macokinetics of first-line antituberculosis drugs in Taiwanese tuberculosis
patients. J Formos Med Assoc 113, 291–297 (2014).

37. Van Ingen J., Aarnoutse R. E., Donald P. R., Diacon A. H., Dawson R., Plem-
per van Balen G., Gillespie S. H. & Boeree M. J. Why Do We Use 600 mg of
Rifampicin in Tuberculosis Treatment? Clin Infect Dis 52, e194–9 (2011).

38. Daskapan A., de Lange W. C., Akkerman O. W., Kosterink J. G., van der Werf
T. S., Stienstra Y. & Alffenaar J.-W. The role of therapeutic drug monitoring in
individualised drug dosage and exposure measurement in tuberculosis and
HIV co-infection. Eur Respir J 45, 569–71 (2015).



76 Chapter 5a. Optimal Sampling

39. Ting L. S. L., Villeneuve E. & Ensom M. H. Beyond cyclosporine: a systematic
review of limited sampling strategies for other immunosuppressants. Ther
Drug Monit 28, 419–30 (2006).



C
H

A
P

T
E

R

5b
ADEQUATE DESIGN OF

PHARMACOKINETIC–PHARMACODYNAMIC

STUDIES WILL HELP OPTIMIZE

TUBERCULOSIS TREATMENT FOR THE

FUTURE

Marieke G.G. Sturkenboom
Onno W. Akkerman
Mathieu S. Bolhuis
Wiel C.M de Lange

Tjip S. van der Werf
Jan-Willem C. Alffenaar

Antimicrobial Agents and Chemotherapy 2015; 59(4): 2474



78 Chapter 5b. Letter

We read with interest the paper by Requena-Méndez and colleagues, who aimed to
evaluate plasma concentrations of isoniazid adminstered daily and twice weekly [1].
The sampling strategy to assess the area under the concentration-time curve (AUC)
consisted of obtaining two plasma samples at 2 and 6 h (C2 an C6, respectively)
after intake of the drugs. In addition, the maximum concentration (Cmax) was
defined as the higher of either the C2 or the C6 concentration. They concluded that
low isoniazid exposure (the AUC from 0 to 6 h) or a low Cmax were not associated
with poorer clinical outcomes.

The authors summarized several limitations of their study. It is most likely that the
design of their pharmacokinetic study (i.e., C2 and C6 monitoring) explains why
they failed to find such association. They chose C2 and C6 monitoring because of
logistical reasons. Although this approach has been used frequently in the past,
this sampling strategy is suited neither for capturing the Cmax nor for accurately
predicting the AUC of isoniazid. Earlier, Prahl and colleagues showed that currently
used target values for C2 are not predictive of treatment efficacy and need to be re-
defined [2]. Due to the large pharmacokinetic variability of isoniazid the true Cmax

will be captured only by intensive pharmacokinetic sampling [3]. In addition, estim-
ation of isoniazid AUC using two samples (C2 and C6) does not qualify to be placed
among the best performing optimal sampling strategies for isoniazid [4]. Obtaining
a full pharmacokinetic curve and using a validated limited sampling strategy are
the only two strategies of accurately predicting the AUC. A more practical approach
would include a third sample at 4 h after drug intake [4]. To overcome practical
complications like sample stability, dried blood spot monitoring can be helpful [5].

Requena-Mendez et al. suggested that weight-based twice-weekly dosing is still
a suitable alternative. We argue that their study was not designed and lacked the
power to relate this strategy to treatment outcome. Conclusions on treatment out-
come may be further complicated by the fact that data regarding drug susceptibility
were not available [1, 6]. The earlier meta-analysis on this subject showed that
microbiological failure was more frequent in the intermittent dosing schedules [7].
Indeed, intermittent dosing should no longer be recommended [8].

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 tuberculosis (TB) treatment.
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Abstract

Background: Isoniazid and rifampicin are first-line anti-tuberculosis drugs that
are dosed on total body weight (TBW). Due to the variability in clinical condition
related to low TBW, we hypothesized that TBW may not be the best parameter for
dosing. The aim of this study is to investigate the association of different patient
related parameters with drug exposure.

Methods: We conducted a retrospective study of TB patients treated with isoniazid
or rifampicin and for whom an area under the concentration-time curve over 24h
(AUC0–24) of isoniazid or rifampicin was available. We collected demographic,
clinical and biochemical data from the medical records. The correlation of clinical
variables with drug exposure was determined.

Results: 66 patients were included. Univariate analysis showed no correlation
between isoniazid dose/TBW and exposure (adjusted R2=0.008, P=.232). A weak
positive association was shown between rifampicin dose/TBW and exposure (ad-
justed R2=0.102, P=.006) and between gender and exposure (adjusted R2=0.194,
P<.001). Multiple linear regression analysis showed a significant, small, independ-
ent and positive association of isoniazid AUC0–24 with the dose/TBW, body mass
index (BMI) and elevated C-reactive protein (CRP) level (adjusted R2=0.162, P=.010).
A significant, independent and positive association of rifampicin AUC0–24 was
shown with the dose/TBW, gender, BMI and CRP level (adjusted R2=0.354, P<.001).

Conclusions: Dose/TBW showed no correlation with isoniazid exposure and only a
weak correlation with rifampicin exposure. Patients with a BMI < 16 kg/m2 received
a higher dose/TBW but showed similar exposure as patients with a higher BMI. To
accurately estimate isoniazid and rifampicin exposure, TDM should be performed.
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6.1 Introduction

Tuberculosis (TB) is globally the leading cause of death related to infectious dis-
eases. In 2014 an estimated 9.6 million people became TB-infected and 1.5 million
people died due to TB [1]. First-line treatment of TB consists of isoniazid, rifampi-
cin, pyrazinamide and ethambutol during the first two months, continuing with
isoniazid and rifampicin for another four months [2, 3].

In general, treatment success rate continues to be high among new TB cases [1].
However, treatment has been increasingly challenged by the emergence of drug
resistance, toxicity, relapse and non-response [4]. Recently, it was shown that risk
on treatment failure was almost nine-fold higher in patients with low drug exposure
compared to patients with higher drug exposure [5]. Earlier data already showed
that pharmacokinetic variability is likely to be the driving force in the occurrence
of development of drug resistance [6]. In addition, low peak plasma concentrations
(Cmax) preceded acquired drug-resistance [5].

The World Health Organanization (WHO) advises to dose adult patients based on
body weight (TBW) with a maximum of 300 mg once daily for isoniazid and 600
mg for rifampicin [2]. In the guidelines, it is not indicated whether TBW at time
of start of treatment should be used or TBW before the patient developed TB with
subsequent weight loss.

A low body mass index (BMI) was associated with delay in sputum conversion
and increased early mortality [7, 8]. TB and malnutrition are closely associated;
malnutrition is a risk factor for TB, while TB in turn causes malnutrition [9, 10].
TB is probably associated with more severe malnutrition and weight loss than
other illnesses, presumably as a result of increased levels of the appetite-related
hormones leptin and ghrelin [10, 11]. Resting energy expenditure is increased and
endogenous protein synthesis is impaired by the so called ‘anabolic block’ [9, 10].

Due to the variability in clinical condition related to low TBW, we hypothesized that
TBW may not be the best parameter for dose selection of isoniazid and rifampicin,
indeed other size descriptors might be better suited for dosing. Furthermore, there
may be other factors, such as liver function or infection related parameters, that
may influence drug exposure. The aim of this study is to investigate the association
of different patient related parameters with drug exposure in TB patients.
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6.2 Patients and Methods

6.2.1 Study Population

Patients aged at least 18 years were included in the study if they were treated with
rifampicin or isoniazid for TB between 2010 and 2014 at the University Medical
Center Groningen, Tuberculosis Centre Beatrixoord, Haren, The Netherlands. This
study was evaluated by the local ethics committee and found to be in accordance
with the Dutch law due to its retrospective nature (ERB decision 2013-492).

Patients were dosed according to the WHO guidelines [2]. In general, patients
received a light breakfast before taking the medication. After at least two weeks
of treatment, a pharmacokinetic curve, consisting of a pre-dose and three to nine
time points randomly between 0.5-8 hours post-dose, was obtained for therapeutic
drug monitoring (TDM) as part of routine patient care. The pre-dose level was
obtained just before dosing and this level was also used as C24, the concentra-
tion level at 24 hours. Samples were transported the same day to the laborat-
ory and plasma was separated and stored at –20 °C until analysis within 10 days.
Under these circumstances, isoniazid and rifampicin concentrations remained
stable [12–14]. Plasma samples were analyzed for isoniazid or rifampicin by liquid
chromatography-tandem mass spectrometry (LC-MS/MS), as previously described
[12, 15, 16]. Plasma concentrations below the lower quantification limit were
treated as zeros. Based on drug exposure, doses were adjusted if necessary.

Exposure of isoniazid and rifampicin was calculated as area under the concentration-
time curve (AUC) over 24 hours in steady state (AUC0–24). AUC0–24 values and the
values of other individual pharmacokinetic parameters were calculated using the
KinFit module of MW\Pharm version 3.60 (Mediware, Zuidhorn, The Netherlands).
AUC0–24 values were determined by the log-linear trapezoidal rule. Cmax was
defined as the highest observed plasma concentration with the time to Cmax of
drug in serum (Tmax) as the corresponding time. Patients with calculated half-
life of isoniazid ≤ 130 min were considered fast acetylators, otherwise they were
considered slow acetylators [17].

Demographic medical and biochemistry data were collected from the medical
chart including age, gender, TBW, height, diagnosis, localization of TB, drug dose,
ethnicity, comorbidities and interfering comedication (see Table 6.1). Biochemistry
data included liver function tests, renal function, albumin level, C-reactive protein
(CRP) and erythrocyte sedimentation rate. The different size and weight descriptors
were calculated using the demographic data recorded in the medical chart [18].
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Characteristic All patients, n=66
Male/female, n (%) 38/28 (58/42)
Age (yr) 35.1 (26.2-49.1)
Total body weight (kg) 50.3 (43.0-63.3)
Height (cm) 170 (162-175)
Size descriptor

Body mass index (kg/m2) 17.9 (15.4-21.9)
Body surface area (m2) 1.56 (1.45-1.76)
Ideal body weight (kg) 63.8 (56.2-70.0)
Fat-free mass (kg) 48.1 (40.4-54.5)
Lean body weight (kg) 41.8 (37.3-51.5)
Adjusted body weight (kg) 58.1 (52.0-66.1)

Biochemistry
Aspartate aminotransferase (U/L) 27 (18-37)
Alanine aminotransferase (U/L) 20 (11-36)
Total bilirubin (µmol/L) 5 (4-7)
Gamma-glutamyl transferase (U/L) 83 (41-146)
Albumin (g/L) 36 (31-40)
Erythrocyte sedimentation rate (mm/h) 66 (31-91)
C-reactive protein CRP (mg/L) 36 (11-69)
Glomerular filtration rate (mL/min/1.73m2) 139 (119-176)
Unknown / missing 5 (8)

Localization of TB, n (%)
Pulmonary 38 (58)
Extra-pulmonary 10 (15)
Both 15 (23)
Unknown / missing 3 (5)

Type of TB, n (%)
Drug-susceptible 52 (79)
Isoniazid resistance 11 (17)
Rifampicin resistance 3 (5)

Relapse, n (%) 8 (12)
WHO region, n (%)

Africa 7 (11)
America 5 (8)
Eastern Mediterranean 26 (39)
Europe 15 (23)
South-East Asia 6 (9)
Western Pacific 2 (3)

Comorbidity, n (%)
Diabetes Mellitus 8 (12)
HIV 6 (9)
Other 17 (26)
Unknown/ missing 4 (6)

Comedication, n (%)
None 43 (65)
Antacid 2 (3)
Anti-diabetic 6 (9)
Anti-HIV 6 (9)
Corticosteroid 10 (15)
Unknown 2 (3)

Table 6.1: Patient characteristics. Antacid; aluminiumoxide/magnesium hydroxide (2), Anti-diabetic; insulin
(2), insulin and oral anti-diabetic (2), metformin (1), Anti-HIV; tenofovir/emcitrabine and raltegravir (3), teno-
fovir/emcitrabine and efavirenz (1), raltegravir (1), darunavir/ritonavir (1), Corticosteroid; prednisone (7), dexa-
methasone (2), hydrocortisone (1). Continuous data are presented as median (range).
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We assessed the correlation of AUC0–24 of isoniazid and rifampicin with factors that
can influence the pharmacokinetics of the drugs, such as age, size descriptors or
biochemistry data. The correlation of the dose per kg TBW (dose/TBW) of isoniazid
or rifampicin with the AUC0–24 was assessed as well. Furthermore, we performed
a multiple linear regression analysis to assess the relation between the AUC0–24

of isoniazid and rifampicin and several explanatory variables. Variables with a P
value < 0.10 in the univariate analyses and variables that could conceivably indicate
altered pharmacokinetics were included in the analysis. Finally, we compared both
drug doses/TBW and exposure of isoniazid and rifampicin between patient groups
with different BMI, gender, relapse, CRP, acetylator status (isoniazid only) and the
presence of co-medication.

6.2.2 Statistics

Values are expressed as medians with interquartile range (IQR) for continuous
variables and as percentages of the group from which they were derived for cat-
egorical variables. Pharmacokinetic data were log transformed and are presented
as geometric mean with range. Continuous data of groups were tested using the
Mann-Whitney U test.

In the univariate linear regression, all variables were correlated with exposure.
Multiple linear regression was performed with backward analysis, thereby removing
nonsignificant variables, starting with the one with the highest P value. Two-sided
P values ≤ 0.05 were considered statistically significant. All statistical analyses were
performed using SPSS for Windows, version 22 (IBM Corp., Armonk, NY, USA).

6.3 Results

Sixty-six patients were included, of whom 55 had a pharmacokinetic curve for
TDM of isoniazid and 63 patients underwent TDM of rifampicin. The patient
characteristics are displayed in Table 6.1. Median BMI was 17.9 (IQR 15.4-21.9)
kg/m2, indicating that the majority of the population suffered from moderate to
severe underweight. Most patients received both isoniazid and rifampicin for drug-
susceptible TB. In 11 (17%) and three (5%) patients, TB was resistant to isoniazid
or rifampicin respectively. Several reasons for TDM were identified, i.e. low TBW,
gastro-intestinal symptoms, relapse and lack of clinical improvement. Table 6.2
shows the non-compartmental pharmacokinetic parameters for both drugs.

Univariate analysis showed no association between isoniazid dose/TBW and expos-
ure (adjusted R2=0.008, P=.232). A weak positive association was shown between ri-
fampicin dose/TBW and exposure (adjusted R2=0.102, P=.006) and between gender
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Pharmacokinetic parameter All patients
Isoniazid, n=55

AUC0–24 (mg ·h/L) 11.8 (2.3-42.1)
Maximum concentration, Cmax (mg/L) 2.3 (0.5-6.4)
Time of maximum concentration, Tmax (h) 1.3 (0.5-4.0)
Apparent clearance, CL/F (L/h) 22.9 (7.1-87.6)
Apparent volume of distribution, V/F (L) 101 (15.1-570)
Elimination half-life, T1/2 (h) 3.0 (1.4-15.8)

Rifampicin, n=63
AUC0–24 (mg ·h/L) 34.6 (2.3-130)
Maximum concentration, Cmax (mg/L) 6.4 (0.7-15.8)
Time of maximum concentration, Tmax (h) 2.6 (0.5-7.8)
Apparent clearance, CL/F (L/h) 14.9 (4.6-43.9)
Apparent volume of distribution, V/F (L) 45.8 (10.3-137)
Elimination half-life, T1/2 (h) 2.1 (1.2-11.0)

Table 6.2: Noncompartmental pharmacokinetic parameters of isoniazid and rifampicin. Data are presented as
geometric mean (range).

and exposure (adjusted R2=0.194, P<.001, Table 6.3). When dose/TBW was cor-
related with Cmax, similar results were observed. Neither isoniazid dose/TBW
correlated with Cmax (adjusted R2=-0.007, P=.437), nor did rifampicin dose/TBW
correlate with Cmax (adjusted R2=0.045, P=.053).

Regression Adjusted R2 Effect 95% CI P
Univariate linear regression

Dose/TBW 0.102 3.945 1.168-6.722 .006
gender 0.194 22.864 11.400-34.328 <.001

Multiple linear regression 0.354 <.001
Dose/TBW 3.529 0.536-6.522 .022
gender 20.979 10.566-31.392 <.001
BMI 1.952 0.395-3.509 .015
CRP 0.172 0.040-0.304 .012

Table 6.3: Linear regression model of factors significantly correlated with rifampicin AUC0–24.

In the multiple linear regression isoniazid dose/TBW, BMI and elevated CRP level (≥
5 mg/L) correlated significantly with AUC0–24 (adjusted R2=0.162, P=.010, Table 6.4).
In the multiple linear regression, rifampicin dose/TBW, gender, BMI and CRP
level correlated significantly with rifampicin exposure (adjusted R2=0.354, P<.001,
Table 6.3). We also performed the univariate and multiple linear regression with log
transformed AUC0–24. As the outcome was essentially the same for both isoniazid
and rifampicin, we only present the nontransformed data.

Diabetes mellitus, HIV, the presence of co-medication and liver function tests did
not correlate with the exposure of either drug.

The comparisons of dose/TBW and corresponding exposures in different patient
groups are presented in Tables 6.5 and 6.6. From Table 6.5, it can be observed that



88 Chapter 6. Predictors of Drug Exposure

Regression Adjusted R2 Effect 95% CI P
Multiple linear regression .162 .010

Dose/TBW 3.038 0.307-5.769 .030
BMI 0.738 0.132-1.343 .018
Elevated CRP (≥ 5 mg/L) 6.379 0.630-12.128 .031

Table 6.4: Linear regression model of factors significantly correlated with isoniazid AUC0–24.

if patients were divided in two dosing groups, up to and over 10 mg/kg rifampicin,
the exposure significantly differs between the groups.

We divided the patients receiving isoniazid in fast and slow acetylators, based on
the half-life of isoniazid [17]. Table 6.6 showed no significant difference between
these groups. It is notable that the fast acetylators showed a trend towards a higher
geometric mean AUC0–24 than the slow acetylators.

Figures 6.1 and 6.2 and Tables 6.5 and 6.6 illustrate that the effect of BMI resulted
in comparable exposure, although the low BMI group (BMI < 16 kg/m2) received a
significantly higher dose/TBW of both rifampicin and isoniazid.

Dose/TBW (mg/kg) AUC0–24 (mg ·h/L)
Yes No P1 Yes No P1

Low dose/TBW
(≤ 10 mg/kg)

8.9 (6.9-10.0) 11.7 (10.1-20.5) <.001 29.4 (2.3-114) 39.8 (12.8-130) .026

gender, male 10.0 (6.9-20.5) 10.7 (7.1-14.4) .044 28.0 (2.3-67.9) 46.9 (18.7-130) .002
BMI < 16
kg/m2

11.9 (9.6-20.5) 9.6 (6.9-14.4) <.001 36.7 (12.8-81.7) 33.6 (2.3-130) .521

Elevated CRP
(≥ 5 mg/L)

10.3 (7.1-20.5) 9.8 (6.9-12.8) .579 33.5 (2.3-130) 34.0 (12.8-64.3) .655

Relapse 9.7 (7.4-12.3) 10.4 (6.9-20.5) .661 39.2 (13.7-81.7) 34.1 (2.3-130) .513
Comedication 9.9 (7.1-14.0) 10.6 (6.9-20.5) .225 33.4 (2.3-114) 35.3 (13.7-130) .753

Table 6.5: Rifampicin dosing and exposure in different patient groups (geometric mean and range).
1 Data from comparisons of groups were tested using the Mann-Whitney U test.

Dose/TBW (mg/kg) AUC0–24 (mg ·h/L)
Yes No P1 Yes No P1

Low dose/TBW
(≤ 5 mg/kg)

4.3 (3.4-5.0) 5.9 (5.0-7.2) <.001 9.9 (2.3-41.1) 13.7 (4.9-42.1) .189

Acetylator, fast 5.0 (3.5-7.2) 5.2 (3.4-7.1) .484 13.2 (4.9-41.1) 11.3 (2.3-42.1) .335
gender, male 5.0 (3.4-7.2) 5.4 (3.5-7.1) .263 11.0 (3.4-42.1) 12.9 (2.3-41.1) .317
BMI < 16
kg/m2

5.7 (4.6-7.1) 4.9 (3.4-7.2) .003 12.1 (3.4-42.1) 11.6 (2.3-41.1) .868

Elevated CRP
(≥ 5 mg/L)

5.1 (3.5-7.2) 5.2 (3.4-7.1) .767 12.7 (4.2-42.1) 7.3 (2.3-13.1) .015

Relapse 5.3 (3.7-7.1) 5.2 (3.4-7.2) .582 13.8 (8.9-31.0) 11.5 (2.3-42.1) .519
Comedication 5.0 (3.5-7.1) 5.2 (3.4-7.2) .299 13.0 (2.3-41.1) 11.3 (4.2-42.1) .267

Table 6.6: Isoniazid dosing and exposure in different patient groups (geometric mean and range).
1 Data from comparisons of groups were tested using the Mann-Whitney U test.
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Figure 6.1: Median rifampicin AUC0–24 for two patient groups, BMI < 16 kg/m2 and BMI≥ 16 kg/m2. Median box
plot with interval from the 10th to the 90th percentile of the rifampicin AUC0–24 (P=.521) and median rifampicin
dose/TBW (P<.001) are presented.

6.4 Discussion

Our data show that variability in exposure of both isoniazid and rifampicin was
large. For isoniazid, an 18-fold difference was observed between the highest and
lowest AUC0–24. For rifampicin, a strikingly 56-fold difference was noted (Table 6.2).
These very wide ranges were not completely anticipated. Although many factors,
such as concomitant food intake, comorbidities, gastrointestinal disorders and
drug-drug interactions may influence drug exposure [19–21], this is not addressed
in current dosing guidelines. Therefore, additional measures like monitoring drug
exposure in patients at risk for altered drug exposure should be undertaken [19].

The most striking outcome of this retrospective study is that dose/TBW showed no
correlation with isoniazid exposure and only a weak albeit significant correlation
with rifampicin exposure. When dose/TBW was correlated with Cmax, the same
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Figure 6.2: Median isoniazid AUC0–24 for two patient groups, BMI < 16 kg/m2 and BMI ≥ 16 kg/m2. Median box
plot with interval from the 10th to the 90th percentile of the isoniazid AUC0–24 (P=.868) and median isoniazid
dose/TBW (P=.003) are presented.

was found and this confirms the data by Ray et al. [22].

BMI had a weak positive correlation with exposure of both drugs in the multiple
linear analysis, meaning that patients with a low BMI (BMI < 16 kg/m2) showed
a lower exposure. Indirectly, this may confirm the data on outcome of Putri et al.
[8]. This effect of BMI resulted in comparable exposure, although the low BMI
group received a significantly higher dose/TBW of both rifampicin and isoniazid
(Figures 6.1 and 6.2). These data confirm the data of the Indonesian TB patients in
whom the effect of malnutrition on exposure of bound and unbound rifampicin
was investigated [23].

Table 6.6 showed no significant difference in isoniazid exposure between fast and
slow acetylators, this is in contrast with what is generally experienced [21]. Com-
bined with the low Cmax we have observed in our population (Table 6.2), it might
indicate that the main problem of low exposure in the patients we studied might
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have been caused by poor intestinal absorption rather than an increased rate of
elimination. Our group recently performed a pharmacokinetic trial in treatment-
naive TB patients in which we investigated the influence of food of the first-line
anti-TB drugs [20]. In this prospective trial we also observed low Cmax, indeed
suggesting that reduced absorption might be an important cause of low exposure
[20].

Our study suffers from several limitations and the first is the sample size. Only
patients admitted to a TB referral center were included, which may have introduced
selection bias. However, referral of patients, based on clinical condition, to a TB
center may differ per setting, country and WHO region. Therefore these results
may also guide implementation of TDM in an outpatient setting; patients not
responding to standard treatment may be selected for TDM avoiding the need to
offer TDM to all patients.

Another limitation is that only total and not free unbound, concentrations of iso-
niazid and rifampicin were measured. For isoniazid this is not really problematic,
but for rifampicin which is highly protein bound, this may be relevant [23, 24].
As we studied patients with mainly drug-susceptible TB, drug susceptibility was
determined by breakpoint testing and actual MICs of the isolates for isoniazid or
rifampicin were unknown. Patients with a low AUC in combination with a very low
MIC could have had an AUC/MIC ratio in the target range, while a comparable
case with a MIC near the breakpoint could have had an AUC/MIC ratio below the
target range. Furthermore, data on outcome are lacking because patients were
transferred to municipal health providers throughout the country for continuation
of their treatment after they improved clinically enough to be released from the TB
clinic.

Recently, poor treatment outcome has been linked with low TB drug exposure.
Pasipanodya et al. showed that to achieve a favourable outcome, in order of im-
portance, AUC0–24 of pyrazinamide, rifampicin and isoniazid should be over 363,
13 and 52 mg ·h/L respectively [5]. In the presence of pyrazinamide, rifampicin
AUC0–24 was sufficiently high in the majority of our patients (61/63, 97%) with re-
spect to long-term outcome. It is however striking to see that in none of our patients
the AUC0–24 of isoniazid met this target to predict a favourable long-term outcome.
Of course, one should keep in mind that the pharmacokinetic/pharmacodynamic
index is AUC over MIC and in both studies actual MIC values were not obtained.
MIC distribution may vary in different regions around the world and this should be
taken into account when AUC is linked to treatment outcome [25].

At this point in time, we were unable to identify all factors predisposing for low
exposure of isoniazid or rifampicin in TB patients. However, most patients have
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in common that their worsening clinical condition resulted in the need for admis-
sion to a TB clinic. Therefore, TDM may help optimize drug exposure and thereby
treatment in TB patients with a worsening condition [4]. Finally, a 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. The study should be powered to detect both clinically and epidemiolo-
gically meaningful differences in relapse rate, acquired drug resistance or toxicity
[4].

6.5 Conclusions

Dose/TBW showed no correlation with isoniazid exposure and only a weak but
significant correlation with rifampicin exposure. Patients with a BMI < 16 kg/m2

received a higher dose/TBW but showed similar exposure as patients with a higher
BMI. To accurately estimate isoniazid and rifampicin exposure, TDM should be
performed.
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Abstract

Objectives: Concomitant food intake influences pharmacokinetics of first-line anti-
tuberculosis drugs in healthy volunteers. However, in treatment-naive TB patients
who are starting with drug treatment, data on the influence of food intake on the
pharmacokinetics are absent. This study aimed to quantify the influence of food
on the pharmacokinetics of isoniazid, rifampicin, ethambutol and pyrazinamide in
TB patients starting anti-TB treatment.

Methods: A prospective randomized cross-over pharmacokinetic study was con-
ducted in treatment-naive adults with drug-susceptible TB. They received isoniazid,
rifampicin and ethambutol intravenously and oral pyrazinamide on day 1, followed
by oral administration of these drugs in fasted and fed condition on two consecutive
days. Primary outcome was the bioavailability while fasting and with concomitant
food intake. This study was registered with clinicaltrial.gov identifier NCT02121314.

Results: Twenty subjects completed the study protocol. Absolute bioavailability in
the fasted state and the fed state was 93% and 78% for isoniazid, 87% and 71% for
rifampicin and 87% and 82% for ethambutol. Food decreased absolute bioavail-
ability of isoniazid and rifampicin by 15% and 16%, respectively. Pyrazinamide
AUC0–24 was comparable for fasted (481 mg ·h/L) and fed state (468 mg ·h/L). Food
lowered the maximum concentration of isoniazid, rifampicin and pyrazinamide
by 42%, 22% and 10% respectively. Time to maximum concentration was delayed
for isoniazid, rifampicin and pyrazinamide. The pharmacokinetics of ethambutol
were unaffected by food.

Conclusions: Food decreased absolute bioavailability and maximum concentration
of isoniazid and rifampicin but not of ethambutol or pyrazinamide, in treatment-
naive TB patients. In patients prone to low drug exposure, this may further com-
promise treatment efficacy and increase risk of acquired drug resistance.
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7.1 Introduction

Tuberculosis is the infectious disease with the second-highest morbidity and mor-
tality by one single pathogen around the world. In 2013 an estimated 9.0 million
people became TB infected and 1.5 million people died because of TB [1]. First-line
treatment of TB consists of isoniazid, rifampicin, pyrazinamide and ethambutol
during the first two months, continuing with isoniazid and rifampicin for another
four months [2, 3]. Reported treatment success rates range from 60% to 87% de-
pending on co-morbidity [4, 5]. Conceivably, filling the gaps of our knowledge
of pharmacokinetics and pharmacodynamics may help to improve TB treatment
thereby preventing the emergence of drug-resistant organisms.

Effective pharmacokinetic parameters for TB drugs are AUC and maximum con-
centration of drugs in the blood (Cmax). Higher AUC values are associated with
increased efficacy, while low Cmax has been associated with emergence of drug res-
istance [6]. During the first two weeks of treatment, when TB patients are seriously
ill, they often suffer from gastrointestinal reactions such as abdominal pain, nausea
and vomiting. Concomitant intake of food has been recommended [2, 3] but it
has an ambivalent impact 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 been
shown to be reduced by dosing with meals [7–10].

A meta-analysis by Lin et al. showed that both AUC and Cmax of isoniazid were
decreased by food [11]. Cmax, but not AUC, of rifampicin and ethambutol were
decreased by food. Pyrazinamide absorption was not influenced by food. However,
the majority of these data were obtained in healthy volunteers [11] and not in
TB patients [12, 13]. One study in TB patients after 2 weeks of treatment showed
that a high-carbohydrate diet decreased AUC0–8 and Cmax of isoniazid [12]. Re-
cently, it was shown that food reduced the Cmax and AUC0–10 of all first-line anti-TB
drugs in TB patients at least after four days of treatment [14]. The pharmacokin-
etics of first-line drugs in treatment-naive patients may be different from those of
TB patients who are on anti-TB therapy for some time because of differences in
severity of disease, malnutrition and hypoalbuminemia [15, 16]. Furthermore, in
treatment-naive patients, the number of bacilli is high and when the drug exposure
is inadequate, the risk of acquired drug resistance is higher [6]. To prevent nausea,
vomiting and possible treatment failure in patients, it is important to quantify
the impact of food on drug exposure of the first-line anti-TB drugs in TB patients
starting their treatment. Therefore, the goal of this study was to investigate the
absolute bioavailability of isoniazid, rifampicin, ethambutol and pyrazinamide in
treatment-naive TB patients under fasting conditions and with food on the first
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three days of treatment.

7.2 Patients and methods

7.2.1 Study Design and Population

This was a prospective randomized cross-over pharmacokinetic study. The study
protocol followed the guidelines of the Helsinki Declaration of 2008 and was ap-
proved by the institutional review board at Faculty of Medicine, Universitas Gadjah
Mada, Yogyakarta, Indonesia (KE/FK/626/EC) and the National Agency of Food
and Drug Control, Indonesia (PN.01.06.1.31.11.12.7158). Written informed consent
was obtained from each subject before the study. This study was registered with
clinicaltrial.gov identifier NCT02121314.

We considered the comparison between fasted and fed to be a type of bioequival-
ence study. The European Medicines Agency (EMA) guideline on bioequivalence
states that ≥ 12 subjects should be used for a bioequivalence study [17]. Therefore,
it was thought that 20 patients should be sufficient to detect the influence of food
on the bioavailability of anti-TB drugs.

Newly diagnosed, treatment-naive TB patients aged ≥ 18 years old were eligible
for inclusion. Subjects were recruited from the governmental chest clinics in
Yogyakarta and Sardjito General Hospital, Yogyakarta, Indonesia. Exclusion criteria
were active unstable liver disease, history of kidney disease or use of antacids that
could not be discontinued during the study. The subjects agreed to refrain from the
use of non-prescription drugs and alcohol during the entire study period.

The study was performed on the first three days of anti-TB treatment, so there was
no washout period and patients did not reach steady state of any of the four drugs
(Figure 7.1). To determine absolute bioavailability, all subjects started on day 1
with intravenous treatment of isoniazid, rifampicin and ethambutol. Pyrazinamide
is not available as an injection and was therefore administered orally on day 1
(Table 7.1). All subjects fasted overnight for the 3 study days of the study. For the
fasted treatment, they continued to fast until 2h after drug dosing. For the fed
treatment, they consumed a high-carbohydrate breakfast containing 600 Kcal 0.5h
before dosing. Primary endpoints were absolute bioavailability (F) and AUC from
time of administration to 24h after (AUC0–24). Secondary endpoints were Cmax and
its corresponding time (Tmax).
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Allocated to fed day 2, fasted 
day 3 (10+1)
• received allocated intervention 
(11)
• did not receive allocated 
intervention (0)

Allocated to fasted day 2, fed 
day 3 (10)
• received allocated intervention 
(10)
• did not receive allocated 
intervention (0)

Follow up (11)
• lost to follow up (0)
• discontinued intervention (1) 

Folow up (10)
• lost to follow up (0)
• discontinued intervention (0) 

Analysed (10)
• excluded from analysis (0) 

Analysed (10)
• excluded from analysis (0) 

Not eligible (9)
• did not meet inclusion criteria (2)
• declined to participate (7)

Assessed  for eligibility (30)

Randomized (20) Eligible (1)
• replaced excluded patient (1)

Figure 7.1: Study design. Number of patients in parentheses.

Subjects were dosed on their pre-study weights according to the WHO guidelines,
i.e. 5mg/kg isoniazid, 10 mg/kg rifampicin, 15 mg/kg ethambutol and 25 mg/kg
pyrazinamide [2]. On day 1, intravenous drugs were administered using isoniazid
100 mg/mL injection (Department of Clinical Pharmacy and Pharmacology, UMCG,
Groningen, The Netherlands, license number 108964F), Rifadin 600 mg injection
(Sanofi Aventis, Gouda, The Netherlands) and EMB-Fatol 1000 mg injection (Riem-
ser Arzneimittel AG, Greifswald-Insel Riems, Germany). Isoniazid was given as a
short infusion of 30 minutes. Rifampicin and ethambutol were infused in 2 hours.
Pyrazinamide was administered as 500 mg tablet orally (PT. Indofarma, Bekasi,
Indonesia).
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Fasted day 2, fed day 3 Fed day 2, fasted day 3
Day 1

t = 0h isoniazid 5 mg/kg iv
rifampicin 10 mg/kg iv
ethambutol 15 mg/kg iv
pyrazinamide 25 mg/kg orally1

blood sampling 0 (predose), 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8h after dosing
Day 2

t = - 0.50h - high-carbohydrate meal
t = 0h FDC orally FDC orally
t = 2h high-carbohydrate meal -
blood sampling 0 (predose), 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8h after dosing

Day 3
t = - 0.50h high-carbohydrate meal -
t = 0h FDC orally FDC orally
t = 2h - high-carbohydrate meal
blood sampling 0 (predose), 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8h after dosing

Table 7.1: Study design. iv, intravenously, FDC, fixed drug combination containing 75/150/275/400 mg of iso-
niazid, rifampicin, ethambutol and pyrazinamide.
1 Pyrazinamide is unavailable as injectable drug.

Participants were randomly assigned following simple randomization procedures
to one of the two treatment groups (fasted day 2 and fed day 3, or fed day 2 and
fasted day 3, Figure 7.1). Allocation concealment was performed with sequentially
numbered, sealed and stapled envelopes. These envelopes contained information
about the treatment group, which was put inside randomly by a nurse in Sardjito
Hospital, who was not involved in the trial. The envelopes were kept in a safe,
locked cabinet in each recruitment place. The allocation sequence was concealed
from the doctors enrolling and assessing participants. After the patient had given
written informed consent, the patient’s name and code was written on the envelope.
Corresponding envelopes were opened just before the time of intervention by the
researcher (A.M.I.S.).

On days 2 and 3, a fixed drug combination containing 75/150/275/400 mg of
isoniazid, rifampicin, ethambutol and pyrazinamide (PT. Indofarma, Bekasi, In-
donesia) was administered orally.

7.2.2 Pharmacokinetic analysis

Serial blood samples were collected at 0 (predose), 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, 6 and 8h
after dosing. Samples were centrifuged and stored at –80 °C until they were analyzed.
Plasma samples were analyzed by LC-MS/MS, as previously described [18–20]. The
technicians who analyzed the samples were blinded to group assignment.

Cmax and Tmax were derived from the plasma concentration data. The AUC0–24

was calculated using the log-linear trapezoidal rule in MW\Pharm (version 3.60,



7.3. Results 101

Mediware, Groningen, The Netherlands). Concentrations at time points 0 of day
2 and 3 also served as C24 of days 1 and 2. C24 of day 3 was calculated using
the formula C24 = Cmax ·e–β·(24–Tmax) in which β is the first order elimination rate
constant. Plasma concentrations below the quantification lower limit were treated
as zeros. Absolute bioavailability (F) was normalized for dosage and calculated as
(AUC0–24, fasted or fed/AUC0–24, intravenously)∗ (Doseintravenously/Doseorally).

Patients with calculated half-life of isoniazid ≤ 2h were considered fast acetylators,
otherwise they were considered slow acetylators [7].

7.2.3 Statistical analysis

For the patient characteristics, means are reported ± standard deviation (SD). Cmax,
AUC0–24 and F were log transformed to calculate geometric mean (and range).
Differences between fasted and fed treatments were tested using the Wilcoxon
signed rank test. Statistical analysis was performed using IBM SPSS Statistics
22 (IBM Corp., Armonk, NY, USA). Two-sided P values ≤ 0.05 were considered
significant.

7.3 Results

From November 2012 to March 2013, 20 subjects were included in the study. One
patient vomited shortly after ingestion of the medication on both the fed and fasted
day. This patient was excluded from the study and replaced by inclusion of another
subject (Figure 7.1). Patient characteristics are presented in Table 7.2. The mean
body mass index (BMI) was 17.4 (± 2.6) kg/m2, showing that a large proportion
of the study population (70%) was underweight (i.e. BMI < 18.5 kg/m2) [21, 22].
Fifteen subjects were fast acetylators for isoniazid. Two patients also suffered from
type II diabetes mellitus and two others were co-infected with HIV.

Dosing information of the subjects is presented in Table 7.3. Due to the fact that it
was possible to dose more exactly with the injection, there is a statistically signific-
ant difference in intravenous (median 15.0 mg/kg) and oral (19.6 mg/kg, P<0.001)
dosing of ethambutol. Assuming that this difference in dosing had no influence on
the bioavailability itself, a linear correction was performed [23, 24].

In Table 7.4 and Figure 7.2, the pharmacokinetic data of the first-line anti-TB drugs
after intravenous administration and after oral administration in both fasted state
and fed state are presented. From one patient, data of time points 0.5, 1, 1.5 and
2h of the intravenous administration of rifampicin and ethambutol were omitted
from the analysis, as these samples were drawn from the same arm as infusion was
given.
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Characteristic Subjects, n=20
Male/female, n/n (%/%) 12/8 (60/40)
Age (years), mean (SD) 40.5 (19.6)
Bodyweight (kg), mean (SD) 42.9 (6.4)
BMI (kg/m2), mean (SD) 17.4 (2.6)
Underweight, n (%)1 14 (70)
Acetylator fast/slow, n/n (%/%)2 15/5 (75/25)
Ethnicity, n (%)

Javanese 17 (85)
Sudanese 2 (10)
Madura 1 (5)

Co-morbidity, n (%) 4 (20)
HIV 2 (10)
diabetes, type II 2 (10)

Co-medication, n (%)3 8 (40)

Table 7.2: Patient characteristics.
1 Underweight is defined as BMI < 18.5 kg/m2. 2 Patients with a calculated half-life of isoniazid ≤ 2h were con-
sidered fast acetylators; otherwise they were considered slow acetylators. 3 Co-medication: acetaminophen
(1), acetaminophen/acetylcysteine (2), acetaminophen/acetylcysteine and salbutamol (1), metformin (1), met-
formin, insulin and simvastatin (1), methylprednisolone (1), nystatin (1).

Drug Intravenously day 1 Orally day 2-3 P1

Isoniazid
dose, mg/kg 5.0 (5.0-5.0) 5.4 (4.2-6.0) 0.234
dose, mg 208 (150-275) 225 (150-300) 0.136

Rifampicin
dose, mg/kg 10.0 (9.9-10.0) 10.7 (8.3-12.0) 0.141
dose, mg 415 (300-550) 450 (300-600) 0.234

Ethambutol
dose, mg/kg 15.0 (15.0-15.3) 19.6 (15.3-22.0) <0.001
dose, mg 623 (450-825) 825 (550-1100) <0.001

Pyrazinamide Orally2

dose, mg/kg 25.5 (22.7-29.8) 28.6 (22.2-32.0) 0.040
dose, mg 1000 (750-1500) 1200 (800-1600) 0.046

Table 7.3: Dosing information. Data are presented as median (range).
1 Related Samples Wilcoxon Signed Rank Test was used to compare intravenous and oral dosing.
2 Pyrazinamide is unavailable as injectable drug.

The high-carbohydrate meal had significant effects on Cmax and Tmax of all drugs
but ethambutol. The decrease of Cmax in fed state compared with fasting state was
1.9 mg/L (42%) for isoniazid, 2.4 mg/L (22%) for rifampicin and 4.4 mg/L (10%) for
pyrazinamide. Tmax was significantly delayed for these three drugs. The time to
Tmax for isoniazid almost doubled; Tmax in fasting state was 1.3h and Tmax in fed
state was 2.5h. For rifampicin, Tmax was 2.3h in fasted and 3.6h in fed state. Tmax of
pyrazinamide was 1.5h in fasted and 2.8h in fed state. The time delays for all three
drugs were similar, 1.2h, 1.3h and 1.3h, respectively.

Absolute bioavailability in fasted and fed state for isoniazid was 93% and 78%,
for rifampicin 87% and 71% and for ethambutol 87% and 82% (Table 7.4 and



Figure 7.2: Concentration-time curves (mean and SD) of first-line anti-TB drugs.
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Drug Intravenously Orally, fasted Orally, fed P1

Isoniazid
Tmax (h), median (IQR) 0.67 (0.58-0.93) 1.28 (0.48-1.52) 2.48 (1.62-3.13) 0.001
Cmax (mg/L) 6.2 (3.4-14.1) 4.5 (2.0-7.5) 2.6 (1.2-5.9) 0.001
AUC0–24 (mg ·h/L) 16.3 (7.8-35.5) 15.6 (7.5-33.0) 13.1 (5.5-36.8) 0.014
F (%) 100 92.7 (43.3–172) 77.8 (28.3-192) 0.014

Rifampicin
Tmax (h), median (IQR) 1.83 (1.00-2.25)2 2.28 (1.50-2.50) 3.60 (2.48-5.02) < 0.001
Cmax (mg/L) 12.3 (7.5-17.3)2 10.7 (7.1-15.1) 8.3 (4.1-13.3) 0.002
AUC0–24 (mg ·h/L) 79.6 (36.9-162) 71.8 (36.0-129) 58.2 (29.0-115) < 0.001
F (%) 100 87.1 (58.8-131) 70.9 (36.3-110) < 0.001

Ethambutol
Tmax (h), median (IQR) 1.25 (1.00-1.55)2 3.00 (2.18-3.13) 3.00 (2.52-4.12) 0.136
Cmax (mg/L) 5.3 (2.6-10.4)2 2.8 (0.6-6.3) 2.5 (0.8-3.7) 0.126
AUC0–24 (mg ·h/L) 14.4 (8.1-26.8) 15.7 (7.0-24.9) 14.8 (7.3-33.5) 0.681
F (%) 100 86.6 (27.4-155) 81.5 (29.5-146) 0.681

Pyrazinamidec3

Tmax (h), median (IQR) 1.50 (1.02-1.98) 2.78 (2.00-4.00) < 0.001
Cmax (mg/L) 44.0 (32.4-66.3) 39.6 (27.6-56.4) 0.001
AUC0–24 (mg ·h/L) 481 (290-668) 468 (278-688) 0.263

Table 7.4: Pharmacokinetic data of first-line anti-TB drugs after intravenous administration and orally in
fasted and fed condition. Data are presented as geometric mean (range), except for Tmax, which is presented
as median (IQR).
1 Related-samples Wilcoxon signed rank test was used to compare ‘orally, fasted’ and ‘orally, fed’ treatments.
2 Cmax and Tmax of rifampicin and ethambutol were unavailable for one patient (N=19).
3 Pyrazinamide is not available as injectable drug.

Figure 7.3). The decrease of 15% and 16% in absolute bioavailability of isoniazid
and rifampicin, respectively, was statistically significant. Due to the absence of an
intravenous injection, we were unable to determine the absolute bioavailability of
pyrazinamide. No significant decrease in AUC0–24 for pyrazinamide was observed.
Finally, none of the pharmacokinetic parameters of ethambutol were affected by
concomitant food.

7.4 Discussion

To the best of our knowledge, this is the first randomized cross-over trial, in which
the influence of food on the absolute bioavailability and pharmacokinetics of all
first-line anti-TB drugs has been investigated quantitatively in treatment-naive TB
patients. The high-carbohydrate meal influenced all pharmacokinetic parameters
of isoniazid and rifampicin but not of ethambutol or pyrazinamide.

The absolute bioavailability of isoniazid, rifampicin and ethambutol has been
reported to be 91%±10%, 93% and 75%-80% respectively [23, 25–28]. In fasted state,
our data are in line with these earlier findings. Data on absolute bioavailability
in fed state have not been published before as far as we know. Food decreased
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Figure 7.3: Median bioavailability of isoniazid, rifampicin and ethambutol under fasted and fed condition.

absolute bioavailability of isoniazid and rifampicin by < 20% and may therefore
be considered not to be clinically relevant according to regulatory guidelines [17].
However, this conclusion may be too conservative. A further reduction of drug
exposure in patients prone to low drug exposure may actually increase the risk of
poor treatment outcome [6, 29].

For isoniazid and rifampicin, the differences in Cmax between fasted and fed state
do not meet the criteria for bioequivalence [17]. These lowered maximum concen-
trations may further increase the risk of acquired drug resistance.

Our study is different from other pharmacokinetics studies in TB patients as we
included treatment-naive patients at the start of their treatment. Other trials on
the influence of food on pharmacokinetics of anti-TB drugs were in steady state:
after ≥ 4 days of treatment [14], or ≥ 2 weeks [12]. The latter did not investigate
ethambutol, and neither trial provided data on the absolute bioavailability of iso-
niazid, rifampicin or ethambutol as they did not compare their treatments with the
gold standard, intravenous treatment. This difference in time of treatment made
it difficult to compare our data with the earlier studies [12, 14]. The differences in
AUC0–24 of rifampicin can be explained by the fact that auto-induction of rifampi-
cin is not maximized until 20-40 days of treatment and our study was performed in



106 Chapter 7. Fast-Food

the first three days of treatment [27, 30].

As for many TB patients who start with drug treatment, the subjects in this study
were actually really ill. The mean BMI of the subjects was 17.4 (± 2.6) kg/m2

and the majority of subjects were underweight. Most (79%) of these low BMI
subjects showed low albumin levels indicating that subjects were malnourished.
Malnourished people may be under dosed as a low BMI approximates to fat mass
but also to low weight and fat-free mass [31]. The poor nutritional status in addition
to inflammation might affect the intestinal mucosa, reducing drug absorption. It
might delay gastric emptying, alter the gastric pH and change bio-distribution
of the drugs [15]. On the other hand, low serum albumin might be beneficial for
rifampicin as the drug is highly protein bound, resulting in a higher free fraction of
the drug [15].

There are several limitations to this study. Free drug concentrations were not
measured. This would have been more informative as perhaps high free fractions
of relative low total concentrations could still have resulted in a favourable drug
exposure [15]. Actual pharmacokinetic/pharmacodynamic ratios could not be
calculated because only breakpoints were available and not actual MICs. Due to
the absence of an intravenous formulation of pyrazinamide, we were unable to
determine the absolute bioavailability of pyrazinamide.

Recently, poor treatment outcome has been linked with low TB drug exposure and
it was shown that risk on treatment failure was almost nine-fold higher in patients
with low drug exposure based on AUC compared to patients with higher drug
exposure [6]. Sufficient drug exposure in the first days of treatment is important to
reduce bacterial load rapidly [32, 33]. Pasipanodya et al. showed that to achieve a
favourable outcome, in order of importance, AUC0–24 of pyrazinamide, rifampicin
and isoniazid should be over 363, 13 and 52 mg ·h/L respectively [6]. Pyrazinamide
AUC0–24 was sufficiently high in the majority of patients with respect to long-
term outcome. Eighteen (90%) and 16 (80%) patients in the fasted and fed group,
respectively, showed sufficiently high AUC0–24 (Table 7.5). Observed AUC0–24 of
rifampicin were sufficient in all patients, regardless of fasted or fed state. It is
however striking to see that none of the AUC0–24 of isoniazid met this target to
predict a favourable long-term outcome.

Low Cmax have been shown to precede acquired drug-resistance [6]. Therefore,
there is a need to safeguard that Cmax/MIC ratios are adequate. Only in one patient
in fasted state, Cmax of pyrazinamide was sufficiently high to prevent acquired drug
resistance (Table 7.5) [6]. The majority of patients had sufficient Cmax of rifampicin.
For isoniazid, again none of the patients, whether fasted or fed, achieved a Cmax

that was high enough.
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Drug Intravenously Orally, fasted Orally, fed
Isoniazid, n/N

patients with Cmax ≤ 8.8 mg/L 16/20 20/20 20/20
patients with AUC0–24 ≤ 52 mg ·h/L 20/20 20/20 20/20

Rifampicin, n/N
patients with Cmax ≤ 6.6 mg/L 0/191 0/20 4/20
patients with AUC0–24 ≤ 13 mg ·h/L 0/20 0/20 0/20

Pyrazinamide, n/N2

patients with Cmax ≤ 58.3 mg/L 19/20 20/20
patients with AUC0–24 ≤ 363 mg ·h/L 2/20 4/20

Table 7.5: Number of patients with exposure lower than reference values.
1 Cmax of rifampicin was unavailable for one patient (N=19). 2 Pyrazinamide is not available as injectable
drug.

The magnitude of these pharmacokinetic findings underlines the importance of the
evaluation of drug exposure in relation to the drug susceptibility of the pathogen
[34]. Because actual MIC values were unknown, it remains difficult to understand
the impact of the observed differences in AUC0–24 and Cmax between fasted and
fed state for each individual patient.

This study has shown that food decreases absolute bioavailability and Cmax of
isoniazid and rifampicin. More than the difference between the fed and fasted state,
we were worried about the very large ranges that were shown for AUC0–24 and ab-
solute bioavailability. Between the highest and lowest value within a group, a factor
2.2, for fasted rifampicin, to 6.8, for fed isoniazid, was observed. Therefore, the
effect of food intake contributed only partly to the large inter- and intra-individual
pharmacokinetic variability [35].

Inter-individual variability caused by comorbidities like HIV and diabetes mellitus
or pharmacogenetics of N-acetyltransferase 2 (NAT2), intra-individual variability
such as the auto-inducing activity of rifampicin and variability of MICs, all have
their impact on the pharmacokinetic/pharmacodynamic ratio. In spite of that,
we emphasize that further reduction of drug exposure due to concomitant food
in patients prone to low drug exposure may increase the risk of poor treatment
outcome [6, 29].

Optimizing drug exposure of first-line drugs by means of therapeutic drug monit-
oring (TDM) including helpful tools like optimal sampling strategies [36, 37] and
dried blood spot analysis [38] or higher dosing of rifampicin [39, 40] have recently
been subject of investigation. Compared to the introduction of new compounds for
first-line treatment of TB in an effort to shorten drug therapy [41–44], optimization
of the current treatment may not be inferior. With higher doses of rifampicin and
TDM to safeguard drug exposure, shortened treatment may be pursued.

Taken into account all these initiatives, we propose a randomized controlled trial
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including drug exposure and actual MIC values of TB strains in comparison with
standard care. Long-term follow up should be performed to fully understand the
true impact of the optimization of current first-line treatment.

In conclusion, this study showed that food decreased absolute bioavailability,
AUC0–24 and Cmax of isoniazid and rifampicin in treatment-naive TB patients
starting with anti-TB treatment. Cmax of pyrazinamide was decreased by a high-
carbohydrate meal, but AUC0–24 was not. Pharmacokinetics of ethambutol were
unaffected by food. Absolute bioavailability in fed state met the criteria for bioequi-
valence. Nevertheless, the decreased drug exposure in fed patients may pose them
more at risk for poor treatment outcome or acquired drug resistance.
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Treatment of tuberculosis (TB) with the four first-line drugs, though usually suc-
cessful, has been challenged by the emergence of drug resistance, toxicity, relapse
and non-response [1]. In this thesis, we have identified factors that can be optim-
ized in the first-line treatment of drug-susceptible TB. In Chapters 3 and 4, two of
the prerequisites for therapeutic drug monitoring (TDM) are described: a sensitive,
simple and rapid liquid chromatography-tandem mass spectrometry (LC-MS/MS)
method to quantify isoniazid, ethambutol and pyrazinamide and an interlaborat-
ory proficiency testing programme that enables laboratories to externally validate
their bioanalysis methods for first-line and two second-line anti-TB drugs. The
programme alerted some laboratories to previously undetected problems, demon-
strating the need for and utility of an ongoing quality control programme in this
area of bioanalysis.

For a drug to be effective, both its action at the site of the disease process (phar-
macodynamics) and the drug concentration over time in body fluids and tissues
(pharmacokinetics) are of major importance. For the first-line anti-TB drugs, the
area under the concentration-time curve (AUC) is the most important pharma-
cokinetic parameter [2]. Drug exposure may be influenced by different factors, such
as concomitant food-intake, comorbidities, co-medication and intra-individual
differences in pharmacokinetics [1]. Patients prone to low drug exposure are those
with mal-absorption and gastro-intestinal disorders, patients suffering from drug-
drug interactions and those with diabetes mellitus or HIV co-infection. More
importantly, pharmacokinetic variability is the driver of drug resistance [2, 3]. In all
these individuals, there is a rationale for TDM [1].

Apart from the above-mentioned external factors, the first-line anti-TB drugs them-
selves are also problematic [1]. The variability of rifampicin plasma drug concen-
trations over time is influenced by its auto-inducing capacity, lowering rifampicin
exposure with 40% after 40 days when the induction is maximized [4]. Variability
of isoniazid exposure is further influenced by N-acetyltransferase 2 (NAT2), which
metabolizes isoniazid to non-hepatotoxic metabolites. Generally, slow acetylators
exhibit higher isoniazid plasma concentrations than rapid acetylators [5]. In a
randomized clinical trial, isoniazid dosing adjusted for NAT2 genotype resulted in
reduced toxicity and less treatment failure [6]. Clearance of isoniazid, rifampicin
and pyrazinamide is a metabolic process handled by liver enzymes. Altered or
impaired hepatic function further complicates dosing of these drugs. It is rather
difficult to quantify the metabolizing capacity of the liver, making TDM the only
way to ascertain adequate dosing [1]. Three of the first-line anti-TB drugs, isoniazid,
rifampicin and pyrazinamide, are potentially hepatotoxic [7] and more so if plasma
concentrations increase [8]. TDM may therefore also prevent toxicity if performed
timely [1].



115

Low anti-TB drug exposure has been associated with poor treatment outcome, with
an almost nine-fold increase in treatment failure in patients with low drug exposure
[3]. Low maximum concentration (Cmax) preceded acquired drug-resistance [3].
Although the data were not related to minimum inhibitory concentrations (MICs),
they clearly support the need for TDM [1].

In Chapter 5a, we described the development of an optimal sampling procedure
based on population pharmacokinetics to predict AUC0–24 of rifampicin. The study
subjects we included were TB patients, either participating in a pharmacokinetic
study [9] or patients that were admitted to the University Medical Center Groningen,
Tuberculosis Centre Beatrixoord, Haren, The Netherlands. These two groups of
patients represent a rather diverse population; as for instance rifampicin was
ingested on an empty stomach in the pharmacokinetic study and with a light
breakfast in the Beatrixoord group. Possibly, patients in Beatrixoord reflect a more
complicated group of TB patients as TDM of rifampicin is only performed based
on a clinical indication and therefore, selection bias might be involved. A one-
compartmental pharmacokinetic population model with first-order absorption
and lag time was developed using observed rifampicin plasma concentrations from
55 patients. 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 a similar study, we developed a one-compartmental model with lag time for
isoniazid using 36 concentration-time curves [10]. Optimal sampling using concen-
trations at 1, 3 and 8 h post dosing with r2 0.96, root mean squared error 15.3% and
prediction bias 3.3% was considered clinically suitable. Both estimated AUC0–24 us-
ing the one-compartmental model and estimated AUC0–24 using optimal sampling
at time points 1, 3 and 8 h were highly correlated to the calculated AUC0–24 (Spear-
man correlation coefficient, 0.96; p<0.01 and 0.95; p<0.01 respectively) [10]. These
optimal sampling studies facilitate obtaining an AUC and show that calculating
AUC0–24 is possible with sufficient precision and accuracy. In future, in patient care
there is no longer a need to obtain a full pharmacokinetic curve and this approach
facilitates effective TDM.

For TB treatment, the time has come to move away from a ‘one size fits all’ ap-
proach [1]. We need individualized approaches with considerably more precision.
In Chapter 6, we described a retrospective study in TB patients in which we in-
vestigated the correlation of clinical variables with the exposure of isoniazid and
rifampicin. If size descriptors, such as body mass index (BMI), show a predictive
relationship with drug exposure (AUC), than dose might be adjusted prior to start
of treatment and TDM may not be necessary. Univariate analysis showed no associ-
ation between isoniazid dose per total body weight (TBW) and exposure (adjusted
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R2=0.008, P=0.232). A small, but significant positive association was shown between
rifampicin dose/TBW and exposure (adjusted R2=0.102, P=0.006). Multiple linear
regression analysis showed a significant, weak positive association of isoniazid
AUC0–24 with the dose/TBW, BMI and elevated C-reactive protein (CRP) level (ad-
justed R2=0.162, P=0.010). A significant, independent 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). Therefore, we conclude that ‘dose doesn’t matter’. To
predict exposure of either drug, we will still have to perform TDM.

In drug-susceptible TB, breakpoints are used instead of actual MICs. Therefore, to
date, we could only speculate on the pharmacokinetic/pharmacodynamic (PK/PD)
parameter for determination of the efficacy of the treatment. We suggest 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 [1]. The study should be powered to
detect both clinically and epidemiologically meaningful differences in relapse rate,
acquired drug resistance or toxicity. TDM implementation in TB treatment need not
necessarily increase cost [1]. Even in high TB-burdened, resource-poor countries
TDM might at the end of the day prove cost-effective [1]. Local healthcare workers
may be taught to take patient samples. Dried blood spot sampling (DBS) should
be used because of considerable logistic and financial advantages involving easier
sampling, storage and transportation, making TDM an attainable goal in remote,
poorly resources areas [11].

Actual MICs of M. tuberculosis strains of patients on which we performed TDM
(Chapter 6) are currently determined by the National Mycobacteria Reference
Laboratory, National Institute for Public Health and the Environment, Bilthoven,
the Netherlands. Combining these data with outcome, we will be able to determine
the actual PK/PD parameter for efficacy.

In treatment-naive TB patients who are starting on 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 influence
of food on the pharmacokinetics of isoniazid, rifampicin, ethambutol and pyrazin-
amide in TB patients. A prospective randomized crossover pharmacokinetic study
was conducted in 20 treatment-naive 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 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
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regulatory guidelines [12], this is considered to be bioequivalent. However, this
conclusion may be too conservative. A further reduction of drug exposure in pa-
tients prone to low drug exposure may actually increase the risk of poor treatment
outcome [3, 6].

Besides the difference between the fed and fasted state, we were concerned about
the very large ranges which were shown for AUC0–24 and absolute bioavailability.
Between the highest and lowest value within a group, a factor 2.2, for fasted ri-
fampicin, to 6.8, for fed isoniazid, was observed. In the optimal sampling studies
and Chapter 6, we observed similar or even wider ranges [10]. Therefore, the ef-
fect of food intake contributed only partly to the large inter- and intra-individual
pharmacokinetic variability [2] and it is again an argument to perform TDM.

Considering the importance of isoniazid in the first days of treatment and the fact
that neither TDM nor pharmacokinetics will be performed on a daily basis, it seems
worthwhile to investigate higher dosing of isoniazid for the first days, just as it is
explored for rifampicin [13, 14]. Donald et al. did not find a higher EBA for doses
over 300 mg but this may have been caused by a difference between slow and fast
acetylators [15].

Physicians and pharmacists have used TDM in TB treatment if toxicity was suspec-
ted, or patients responded unfavourably. In this thesis, we have shown that TDM
is ready for prime time. Next to possible upfront higher dosing of rifampicin and
isoniazid, TDM is the way to go in our opinion. There are many situations in which
TDM may make the difference between success and failure. 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 with much more precision [1].
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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.
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Tuberculose (TB of TBC) is een ernstige infectieziekte veroorzaakt door de bacterie
Mycobacterium tuberculosis. Wereldwijd ontwikkelen jaarlijks 9 miljoen mensen
TB en overlijden er 1,5 miljoen mensen aan deze ziekte. Een derde van de wereldbe-
volking heeft een latente TB infectie: de mensen zijn geïnfecteerd met de bacterie
zonder dat ze symptomen van de ziekte hebben.

De belangrijkste klachten en verschijnselen van TB zijn hoesten, gewichtsverlies,
nachtzweten en vermoeidheid. Omdat ze niet erg specifiek zijn, is het vooral van
belang dat artsen denken aan de mogelijkheid van TB. Als TB niet wordt behan-
deld, is de mortaliteit hoog. De behandeling is medicamenteus en bestaat uit een
combinatie van antibiotica: isoniazide, rifampicine, pyrazinamide en ethambutol
gedurende twee maanden waarna nog vier maanden moet worden doorbehandeld
met isoniazide en rifampicine. Behandeling met deze zogenoemde eerstelijns ge-
neesmiddelen is in het algemeen succesvol, maar resistentie tegen deze middelen
en bijwerkingen worden regelmatig gezien. Door de lange behandelduur is ook
therapietrouw een belangrijk probleem.

De medicamenteuze behandeling wordt gedoseerd op basis van lichaamsgewicht
van de patiënt, maar is gemaximeerd voor isoniazide en rifampicine. Er komen
steeds meer signalen dat, met name voor deze twee middelen, de doseringen
wellicht aan de lage kant zijn. De hypothese in dit proefschrift is de ‘one size
fits all’ of ‘confectiekleding’ strategie van doseren los te laten en te gaan voor
maatwerk (geïndividualiseerde therapie). We onderzochten diverse methodes
waarin geneesmiddeltherapie geïndividualiseerd is.

In hoofdstuk 1 is het doel van en de werkwijze in dit proefschrift toegelicht. Farma-
cokinetiek beschrijft het gedrag van het geneesmiddel in het lichaam, daaronder
zijn begrepen de processen van opname (absorptie), verdeling (distributie), om-
zetting (metabolisme) en uitscheiding (excretie). Farmacodynamie beschrijft het
biochemische of farmacologische effect van het geneesmiddel op de plaats van
werking in het lichaam. Bij infectieziekten is dit farmacologisch effect gericht te-
gen een micro-organisme, bijvoorbeeld het doden van een bacterie of schimmel
door de celwand aan te tasten. De effectiviteit van het geneesmiddel is niet alleen
afhankelijk van de gevoeligheid van het micro-organisme voor het geneesmiddel,
de minimale remmende (inhibitoire) concentratie of MIC, maar ook de mate van
de blootstelling aan het geneesmiddel in de patiënt. De blootstelling wordt vaak
gemeten in de vorm van de oppervlakte onder de concentratie-tijd curve, AUC.
In vitro en in vivo modellen hebben aangetoond dat AUC/MIC ratio de effectieve
farmacokinetische-farmacodynamische parameter is voor de eerstelijns anti-TB
middelen. Dit is onlangs bevestigd in TB patiënten omdat gebleken is dat een
slechte uitkomst van de behandeling werd voorafgegaan door lage blootstelling van
pyrazinamide, rifampicine en isoniazide. In hetzelfde onderzoek werd ook gezien
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dat lage maximum concentraties (piekspiegels) van pyrazinamide, rifampicine en
isoniazide leidden tot resistentie-ontwikkeling van de bacterie. Therapeutic drug
monitoring (TDM) is een techniek waarbij, op basis van gemeten geneesmiddel-
concentraties in het bloed van de patiënt, de dosering van het geneesmiddel wordt
aangepast. TDM wordt toegepast als het beoogde effect van een geneesmiddel niet
makkelijker of snel genoeg op een andere manier is te meten.

Hoofdstuk 2 is een overzichtsartikel waarin beschreven wordt welke rol de analyse-
techniek LC-MS/MS (vloeistofchromatografie met massaspectrometrie) speelt bij
TDM van geneesmiddelen die gegeven worden bij infectieziekten. Farmacokineti-
sche en farmacodynamische parameters van deze middelen worden besproken en
de mogelijkheden en beperkingen van de LC-MS/MS komen aan bod.

Hoofdstuk 3 beschrijft een gevoelige en snelle LC-MS/MS-methode voor de ana-
lyse van isoniazide, pyrazinamide en ethambutol in serum. In hoofdstuk 4 wordt
ingegaan op een recent ontwikkeld internationaal kwaliteitscontrole-programma
voor de bepaling van de vier eerstelijns anti-TB middelen en moxifloxacine en
linezolide. Het merendeel van de ingezonden resultaten voldeed aan de gestelde
eisen, maar het programma heeft wel een aantal laboratoria kunnen wijzen op
mogelijke structurele fouten in hun analysemethodes.

In hoofdstuk 5a wordt een populatie farmacokinetisch model van rifampicine
beschreven. Concentratie-tijd curves van 55 patiënten zijn gebruikt om het één-
compartimentsmodel te ontwikkelen. Op basis van dit model is een optimale
bemonsteringsmethode, optimal sampling strategy, ontwikkeld. Dit is een methode
waarbij, met een beperkt aantal monsters genomen op specifieke tijdstippen, een
goede inschatting kan worden gemaakt van de totale blootstelling (AUC) aan een
geneesmiddel. De optimale tijdstippen voor TDM zijn 1, 3 en 8 uur na inname
van rifampicine. In dit hoofdstuk hebben we aangetoond dat een gebruikelijke
methode van TDM, het nemen van een monster 2 uur na inname van rifampicine
(piekspiegel), onvoldoende is om een betrouwbare inschatting te maken van de
blootstelling.

In hoofdstuk 5b, een letter to the editor, bediscussiëren we de noodzaak van het
uitvoeren van goed opgezet onderzoek. Alleen op deze manier wordt betrouwbare
resultaten geproduceerd waaruit valide conclusies kunnen worden getrokken. De
enige twee mogelijkheden voor het accuraat voorspellen van de blootstelling van
isoniazide zijn het afnemen van een volledige AUC door middel van afname van
vele monsters gedurende het doseerinterval of het gebruik van een gevalideerde
optimal sampling strategy.

In hoofdstuk 6 is een retrospectief onderzoek beschreven waarin gekeken is naar de
beïnvloeding van een aantal parameters op de blootstelling (AUC) van isoniazide
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en rifampicine. Univariate regressieanalyse gaf geen relatie te zien tussen dosis
isoniazide per lichaamsgewicht en blootstelling van isoniazide. Een kleine maar
significante relatie werd gevonden tussen dosis rifampicine per lichaamsgewicht en
blootstelling. Multiple lineaire regressie geeft een kleine positieve correlatie tussen
isoniazide blootstelling en dosis per lichaamsgewicht, de body mass index (BMI),
en verhoogde ontstekingswaarden in het bloed (C-reactief proteïne of CRP) te zien.
Een significante, positieve associatie is gevonden tussen rifampicine blootstelling
en dosis per lichaamsgewicht, geslacht, BMI en CRP. Vergeleken met patiënten met
een BMI ≥ 16 kg/m2, ontvingen patiënten met een BMI < 16 kg/m2 een hogere
dosis per lichaamsgewicht, maar dit leidde niet tot een hogere blootstelling.

Tijdens de eerste weken van de TB behandeling zijn patiënten vaak erg ziek. Ze
hebben maag-darmklachten zoals buikpijn, misselijkheid en braken. Om deze
problemen te verminderen is voorgesteld om de medicatie tegelijkertijd met eten
in te nemen. Bij gezonde vrijwilligers vermindert voedsel echter de absorptie van de
medicatie. In onbehandelde patiënten waren tot nu toe geen gegevens beschikbaar
over de invloed van voedsel op de opname van de eerstelijns anti-TB geneesmid-
delen in het bloed. In hoofdstuk 7 beschrijven we daarom de ‘Fast-food trial’ die
in Indonesië is uitgevoerd. Dit was een prospectief gerandomiseerd cross-over
farmacokinetisch onderzoek waarin we de invloed van voedsel op de blootstelling
van alle vier eerstelijns anti-TB geneesmiddelen hebben gekwantificeerd. Gedu-
rende de eerste drie dagen van de behandeling kregen 20 patiënten de medicatie
intraveneus toegediend en daarna één dag medicatie oraal, nuchter en één dag
medicatie oraal, maar nadat ze een koolhydraatrijk ontbijt hadden genuttigd. De
invloed van dit ontbijt op de blootstelling is op deze manier gekwantificeerd. Het
koolhydraatrijke voedsel verlaagde de blootstelling van isoniazide en rifampicine
met 15%. De maximale concentratie werd verlaagd met 42%, 22% en 10% voor res-
pectievelijk isoniazide, rifampicine en pyrazinamide. Deze resultaten laten zien dat
vooral in patiënten, die al een risico hebben op een lage blootstelling, het risico op
een slechte uitkomst verder wordt verhoogd. De farmacokinetiek van ethambutol
werd niet beïnvloed door gelijktijdige inname van voedsel.

In hoofdstuk 8 worden de onderzoeksresultaten van dit proefschrift bediscussieerd
en er wordt een blik in de toekomst geworpen. Het hoofdstuk is gebaseerd op
een letter to the editor waarin we opnieuw het belang van goed opgezet onder-
zoek benadrukken. Alleen op deze manier kunnen we de invloed van TDM op
uitkomst van ziektebehandeling inschatten. We stellen voor om een onderzoek
uit te voeren waarin blootstelling gecombineerd met gevoeligheidsbepalingen van
Mycobacterium tuberculosis wordt getest op lange termijn uitkomsten. Voorheen
werd TDM vooral gebruikt wanneer bijwerkingen werden gezien of als de patiënt
onvoldoende of onvoldoende snel reageerde op de behandeling. Wij stellen voor
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om TDM laagdrempelig in te zetten om zo in een vroeg stadium de behandeling,
indien nodig, bij te kunnen stellen en op deze manier resistentieontwikkeling en
ongewenste uitkomsten te minimaliseren.
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