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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
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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.

References

1. World Health Organization. Global Tuberculosis Report 2015 tech. rep. (2015).

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. Van der Burgt E. P., Sturkenboom M. G., Bolhuis M. S., Akkerman O. W., Kos-
terink J. G., de Lange W. C., Cobelens F. G., van der Werf T. S. & Alffenaar J.-W.
End TB with precision treatment! Eur Respir J 47, 680–2 (2016).

5. 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).

6. 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).

7. Zachariah R., Spielmann M. P., Harries A. D. & Salaniponi F. M. Moderate to
severe malnutrition in patients with tuberculosis is a risk factor associated
with early death. Trans R Soc Trop Med Hyg 96, 291–4.



References 93

8. Putri F. A., Burhan E., Nawas A., Soepandi P. Z., Sutoyo D. K., Agustin H.,
Isbaniah F. & Dowdy D. W. Body mass index predictive of sputum culture
conversion among MDR-TB patients in Indonesia. Int J Tuberc Lung Dis 18,
564–70 (2014).

9. Macallan D. C. Malnutrition in tuberculosis. Diagn Microbiol Infect Dis 34,
153–157 (1999).

10. Gupta K. B., Gupta R., Atreja A., Verma M. & Vishvkarma S. Tuberculosis and
nutrition. Lung India 26, 9–16 (2009).

11. Zheng Y., Ma A., Wang Q., Han X., Cai J., Schouten E. G., Kok F. J. & Li Y.
Relation of leptin, ghrelin and inflammatory cytokines with body mass index
in pulmonary tuberculosis patients with and without type 2 diabetes mellitus.
PLoS One 8, e80122 (2013).

12. Sturkenboom M. G., van der Lijke H., Jongedijk E. M., Kok W. T., Greijdanus B.,
Uges D. R. & Alffenaar J.-W. Quantification of isoniazid, pyrazinamide and eth-
ambutol in serum using liquid chromatography-tandem mass spectrometry. J
Appl Bioanalysis 1, 89–98 (2015).

13. 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).

14. 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).

15. 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).

16. 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).

17. Tostmann A., Mtabho C. M., Semvua H. H., van den Boogaard J., Kibiki G. S.,
Boeree M. J. & Aarnoutse R. E. Pharmacokinetics of first-line tuberculosis
drugs in Tanzanian patients. Antimicrob Agents Chemother 57, 3208–3213
(2013).

18. Green B. & Duffull S. B. What is the best size descriptor to use for pharma-
cokinetic studies in the obese? Br J Clin Pharmacol 58, 119–33 (2004).



94 Chapter 6. Predictors of Drug Exposure

19. Alsultan A. & Peloquin C. A. Therapeutic drug monitoring in the treatment of
tuberculosis: an update. Drugs 74, 839–854 (2014).

20. Saktiawati A. M., Sturkenboom M. G., Stienstra Y., Subronto Y. W., Sumardi,
Kosterink J. G., van der Werf T. S. & Alffenaar J.-W. Impact of food on the
pharmacokinetics of first-line anti-TB drugs in treatment-naive TB patients: a
randomized cross-over trial. J Antimicrob Chemother 71, 703–710 (2016).

21. Pasipanodya J. G., Srivastava S. & Gumbo T. Meta-analysis of clinical stud-
ies supports the pharmacokinetic variability hypothesis for acquired drug
resistance and failure of antituberculosis therapy. Clin Infect Dis 55, 169–177
(2012).

22. 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).

23. Te Brake L. H. et al. Exposure to total and protein-unbound rifampicin is
not affected by malnutrition in Indonesian tuberculosis patients. Antimicrob
Agents Chemother 59, 3233–3239 (2015).

24. Polasa K., Murthy K. J. & Krishnaswamy K. Rifampicin kinetics in undernutri-
tion. Br J Clin Pharmacol 17, 481–484 (1984).

25. 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).


