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Abstract
Background and Objectives Pyrazinamide, a drug used in the regimen for the treatment of drug-sensitive tuberculosis, is also used
for the treatment of multidrug-resistant tuberculosis (MDR-TB). We aimed to describe the population pharmacokinetics of pyrazinamide and its major metabolite, pyrazinoic acid, in patients with MDR-TB and characterise the effects of demographic variables.
Methods This was a non-randomised clinical study involving 51 adult patients admitted for the intensive phase of MDRTB treatment. Blood samples were collected at pre-dose and at 0.5, 1, 1.5, 2, 3, 4, 8, 16 and 24 h after drug administration.
Plasma concentrations of pyrazinamide and pyrazinoic acid were analysed using a validated LC–MS/MS method. Nonlinear
mixed-effects modelling using Monolix 2018R1 software was employed to estimate population pharmacokinetic parameters.
Results A one-compartment pharmacokinetic model with transit compartment absorption process and first-order elimination best
described the pyrazinamide and pyrazinoic acid concentration–time data. The estimated population pharmacokinetic parameters were
0.7 h, 3.38 h−1, 57.1 l, 4.37 L/h and 10.5 L/h for mean transit time, absorption rate constant, apparent distribution volume for pyrazinamide,
and apparent clearance for pyrazinamide and pyrazinoic acid (CLm/F), respectively. These parameters were not affected by patient age,
HIV status or sex. The parameter variability in CLm/F was the highest (83.5%), while the rest of the parameters ranged from 16.2 to 58%.
Conclusions The developed population pharmacokinetic model adequately described the disposition of pyrazinamide and
pyrazinoic acid and can be useful for dose determination of pyrazinamide in patients with MDR-TB.
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Key Points
The developed joint pharmacokinetic model adequately
described the pharmacokinetics of pyrazinamide and its
metabolite, pyrazinoic acid, and can be utilised to generate information about pharmacokinetic characteristics in
MDR-TB patients.
Pyrazinoic acid clearance was approximately twice
as high as pyrazinamide clearance and exhibited the
highest between-subject variability, which could not be
explained by body weight, HIV status, sex or age.
The pharmacokinetics of pyrazinamide and pyrazinoic
acid were not affected by HIV status, sex or age.

1 Introduction
Pyrazinamide is one of the drugs used to treat drug-sensitive [1] and multi-drug resistant tuberculosis (MDR-TB)
[2]. It enters Mycobacterium tuberculosis by passive diffusion and is converted to pyrazinoic acid by nicotinamidase/pyrazinamidase. A weak efflux pump then excretes
it. The protonated pyrazinoic acid is reabsorbed into the
bacilli under acid conditions [3]. Due to inefficiency of the
efflux pump, pyrazinamide accumulates and causes cellular damage. Pyrazinamide has no defined target of action.
It exerts its bactericidal effect by disrupting the membrane
energetics and acidification of the cytoplasm [3].
Pyrazinamide and pyrazinoic acid pharmacokinetics
have been described in healthy volunteers [4] and further
compared in patients with renal impairment and healthy
volunteers [5]. The pharmacokinetics have also been determined and compared in patients with hepatic cirrhotic
insufficiency and healthy subjects [6]. The pharmacokinetics of pyrazinamide [7, 8] have been better described
than those of pyrazinoic acid [4, 5] in healthy subjects.
Furthermore, the influence of HIV infection and patient
demographic data on the pharmacokinetics of pyrazinamide and pyrazinoic acid have not been fully demonstrated
[9].
The World Health Organization recommended the
inclusion of pyrazinamide in the intensive phase of MDRTB treatment as an add-on agent [10]. Hence, the characterisation of pyrazinamide pharmacokinetics in this patient
population is important for clinical decisions.
To our knowledge, no study has described and characterised the pharmacokinetics of pyrazinamide and its
major metabolite pyrazinoic acid in HIV-positive patients
co-infected with MDR-TB. Therefore, the aim of this study
was first to jointly model the population pharmacokinetics of
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pyrazinamide and pyrazinoic acid, and second, to determine
the influence of patient demographic characteristics on the
pharmacokinetics of pyrazinamide and pyrazinoic acid.

2 Methods
2.1 Study Design
The study was conducted at the Brewelskloof Hospital in
the Province of Western Cape, South Africa. It was a nonrandomised clinical study involving adult male and female
HIV-positive and HIV-negative patients, admitted for the
intensive phase of MDR-TB treatment.
Patients were included in the study if they met the following criteria—provided signed informed written consent, had been receiving treatment for MDR-TB for at least
2 weeks and were aged between 18 and 65 years. Patients
were excluded from the study if any of the following were
applicable—request by the patient, history of any disease
known to interfere with pyrazinamide pharmacokinetics,
pregnancy, breast-feeding, intolerance to pyrazinamide,
co-treatment with drugs known to interact with pyrazinamide and severe dehydration. Information on patient
demographics, tuberculosis and HIV treatment history, comorbidities and co-treatments was obtained from patient
folders.

2.2 Ethics
This study was approved by the ethics committee of the University of the Western Cape (Ref: 07/6/12) and the University of Cape Town (Ref: 777/2014).
Permission was granted from the provincial department
of health, as well as from the Brewelskloof Hospital authorities. The study was conducted according to the principles
outlined in the declaration of Helsinki [11]. All patient information was managed with strict confidentiality.

2.3 Pyrazinamide Dosing and Blood Sampling
Study participants were in a fasting state from 10 pm prior
to the sampling day. On the following morning, baseline
blood samples were taken for liver and renal function
tests, and immunological and virological tests. Patients
were then given their usual dose of anti-tuberculosis
medications, including pyrazinamide, and the time was
noted. They were then allowed to eat and drink as normal.
All patients received pyrazinamide at a dose of 25 mg/
kg. Antiretroviral drugs were also given to HIV-positive
patients as prescribed.
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Five mililitres of blood was collected in heparinized tubes
immediately before drug dosing (pre-dose) and at 0.5, 1,
1.5, 2, 3, 4, 8, 16 and 24 h after drug administration from an
intravenous catheter placed in a forearm vein of each patient.
Using the Labofuge 200 Heraeus Sepatech (Germany),
blood samples were centrifuged at 5000 rpm for 5 min. The
plasma was separated and stored at − 80 °C until the date of
analysis. A further 5 ml blood sample was collected once for
renal and liver function tests. The patients were allowed to
eat and drink as needed during the study period.

2.4 Quantification of Pyrazinamide and Pyrazinoic
Acid in Plasma
Analysis of the plasma concentration of pyrazinamide
and pyrazinoic acid was performed using the LC–MS/
MS method with propranolol as an internal standard. The
method was validated according to international guidelines
[12]. Protein precipitation was employed to extract the
analytes and the internal standard. The average coefficient
(r 2) of determination for pyrazinamide and pyrazinoic
acid was 0.9991 and 0.9988, respectively. The inter- and
intra-day precision and accuracy was < 15% (coefficient of
variation) for both pyrazinamide and pyrazinoic acid. The
pyrazinoic acid limit of detection and quantification was
0.005 µg/ml and 0.010 µg/ml, respectively and the method
was linear up to 50 µg/ml. The lower limit of detection
for pyrazinamide was 0.06 µg/ml while the lower limit of
quantification was 0.10 µg/ml. The average recovery for
pyrazinamide, pyrazinoic acid and the internal standard
was 91.8, 88.3 and 93.1%, respectively. The carry-over
for the internal standard ranged from 0.002 to 0.004 µg/ml
but was negligible for pyrazinamide and pyrazinoic acid.
The analytes were stable after three freeze-thaw cycles
and the instrument response was 98.2–100% of the initial
signal. No interfering peaks were observed at the retention time for pyrazinamide (1.68 min) and pyrazinoic acid
(3.01 min).

2.5 Population Pharmacokinetics Modelling
All patients in this study had achieved steady-state concentration for pyrazinamide at the time of blood sampling. As
it is routine practice to administer anti-tuberculosis medications at specific times in hospitals, we assumed that the
previous pyrazinamide dose was administered 24 h before
the next dose. Therefore, the pre-dose sampling time (0 h)
was set at 23.9 h for modelling purposes.
The molecular weights of pyrazinamide (123.1 g/
mol, [13]) and pyrazinoic acid (124.1 g/mol, [14]) are
similar with a ratio of pyrazinoic acid to pyrazinamide of
1.008, which is approximately equal to one. Therefore, no
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correction of concentration units was effected [15]. Instead,
concentrations in µg/ml were used in all pharmacokinetics analyses. The population pharmacokinetic parameters
of pyrazinamide and pyrazinoic acid were estimated using
nonlinear mixed-effects modelling implemented in Monolix
2018R1 software [16] that uses the stochastic approximation
expectation maximization (SAEM) algorithm. The pyrazinamide concentration–time profile was modelled alone and
then simultaneously with pyrazinoic acid. It was necessary
to make some assumptions in order to ensure identifiability
of pharmacokinetic parameters so that different sets of pharmacokinetic parameters produce unique and not identical
output. In the joint pharmacokinetic modelling, we assumed
that pyrazinamide was cleared by complete biotransformation into pyrazinoic acid and subsequently eliminated. We
also assumed that pyrazinamide did not undergo first-pass
metabolism. The volume of distribution for pyrazinamide
was assumed equal to pyrazinoic acid in order to circumvent
the problem of parameter unidentifiability [17].
One- and two-compartment structural models for pyrazinamide and pyrazinoic acid were tested. We used transit
compartment model [18] or lag time to describe pyrazinamide absorption and assessed whether it improved the
model fit. Residual variability was modelled by exploring
additive, proportional and combined (additive and proportional) residual error models.
Once the appropriate structural and residual error model
was identified, the effects of covariates on the population
pharmacokinetic model parameters were investigated. Allometric scaling on clearance and volume parameters was performed in order to adjust for the expected effect of body size.
The exponents were fixed to 0.75 for clearance and 1 for
volume [19]. The correlations between random effects were
investigated and significant correlations were estimated as
population parameters. The graphs of predicted individual
parameters versus covariates were explored. The criteria for
selection of covariates to be investigated was based on pharmacological plausibility and if a correlation existed between
the random effects of predicted individual parameters and
covariates. The covariates tested were age, weight, HIV status and sex. They were included into the model one at a
time as a log-linear relationship normalised by the typical
population median value. Hence, the relationship between
the pharmacokinetic value (𝜃i ) and the continuous covariate
(covi) belonging to the ith individual was expressed as Eq. 1:
)
(
( )
(
)
covi
+ 𝜂i
ln 𝜃i = ln 𝜃pop + 𝛽𝜃i × In
(1)
COVmedian
where 𝜃pop was the typical population pharmacokinetic value
and COVmedian was the population median value of the continuous covariates. The inter-individual random effect was
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denoted by 𝜂i. For categorical covariates, the relationship for
a category not in the reference group was expressed as Eq. 2:

( )
)
(
ln 𝜃i = ln 𝜃pop + 𝛽𝜃i,cat [cat = n] + 𝜂i

R package, to assess precision and model robustness. The
distribution and shrinkage of the individual parameter estimates randomly sampled from the conditional distribution
were checked [20]. The percentage relative standard error
(RSE%) was also considered as a measure of uncertainty in
the parameter estimation. Therefore, RSE% of ≤ 50% was
considered reliable or precise.
The final model without covariates was used to estimate
individual AUC0–24 h for pyrazinamide and pyrazinoic acid.
Other individual pharmacokinetic parameters (individual
predicted mode) estimated from the final pharmacokinetic
model were half-life, Cmax and Tmax.

(2)

where 𝛽𝜃i,cat [cat = n] denoted the difference in parameter
(𝜃i ) between an individual belonging to the reference group
and group n. The covariate was retained in the model if it
was statistically significant (p ≤ 0.05 using Wald test) and
resulted in a decrease of the objective function value (OFV;
− 2 × log-likelihood) by at least 3.84 points.
Model appropriateness was evaluated by visual inspection
of the goodness-of-fit plots such as individual- and population-predicted versus observed concentrations, individualweighted residuals (IWRES) versus predicted concentrations
and versus time. Visual predictive checks for both pyrazinamide and pyrazinoic acid were inspected for possible model
misspecification. We also performed a bootstrap procedure
using Monolix 2018R1 with Rsmlx (R Speaks Monolix)
Table 1  Patient demographic
characteristics

Variable

Age (years), median (range)
Weight (kg), median (range)
Sex
Male (%)
Female (%)
HIV status
Positive (%)
Negative (%)

Fig. 1  Measured plasma
concentration–time profile for
pyrazinamide and pyrazinoic
acid

Pyrazinamide daily dose
750 mg, n = 1

1000 mg, n = 13

1500 mg, n = 34

2000 mg, n = 3

26
37.6

34.5 (20–29)
46.4 (39.8–51)

35 (18–55)
53.5 (42–72)

32 (25–34)
73 (71–98)

0
2

56.3
43.7

61.3
38.7

33.3
66.7

2
0

12.5
87.5

41.9
58.1

0
100
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3 Results
3.1 Patient Characteristics
Of the 51 adult MDR-TB patients who participated in the
study, 22 were female and 16 were HIV-positive. They provided 377 plasma concentrations for pyrazinamide and 371
for pyrazinoic acid. The patients took varying daily doses
of pyrazinamide in addition to other anti-tuberculosis drugs
such as ethionamide, isoniazid, moxifloxacin, terizidone and
kanamycin. A summary of the patient demographic information is shown in Table 1 while the spaghetti plots of the
measured concentrations are displayed in Fig. 1.

3.2 Pyrazinamide Pharmacokinetic Model
The base pyrazinamide pharmacokinetic model was a
one-compartment model with first-order absorption and
elimination. It was parameterised in terms of ka (absorption rate constant), CL/F (apparent clearance) and V/F

unexplained variability. Addition of a lag time parameter
slightly improved the model (change in OFV = − 1.8) but
the RSE was high (99.8%). The transit compartment model
also improved the fit (change in OFV = − 3.1). However,
it was over parameterised, as the ka estimate and its RSE
were abnormally high, 83 h −1 and 120%, respectively.
Therefore, one parameter was dropped by setting ka equal
to Ktr (transit rate). This modification further improved the
fit (change in OFV = − 7.32) and the absorption parameters
were estimated with better precision (Table 2). Mean transit time (MTT) and ka therefore described the absorption
process of pyrazinamide. The final population pharmacokinetic parameters are shown in Table 2. Addition of
allometric scaling using body weight on V/F and CL/F
led to improved fit (change in OFV = − 4.8) after fixing
the exponents of 1 and 0.75 on V/F and CL/F, respectively. However, only 1.6 and 3% of the variability in V/F
and CL/F, respectively, could be explained by allometric
scaling. The covariates (age, HIV status and sex) had no
significant effect on all estimated parameters in the model.
A significant correlation existed between the random

Table 2  Population pharmacokinetic parameters of pyrazinamide and pyrazinoic acid
Parameter

MTT (h)
ka (h−1)
V/F (L)a
CL/F (L/h)a
CLm/F (L/h)a
Correlation V/F
and CL/F
Residual error
Additive
(PZA), µg/ml
Additive
(POA), µg/ml
Proportional
(PZA)
Proportional
(POA)

PZA model

Joint model

Bootstrap

Estimate and
(RSE%)

BSV and
(RSE%)

Estimate and
(RSE%)

BSV and
(RSE%)

Shrinkage (%) Median
(estimate)

95% CI (estimate)

95% CI (BSV)

0.726 (9.3)
3.53 (7.2)
62.3 (5.97)
4.28 (8.01)

66.6 (10.5)
24.2 (28.8)
39.4 (12.3)
61.2 (10.5)

0.827 (8.41)

0.7 (9.2)
3.38 (11.2)
57.1 (5.32)
4.37 (7.78)
10.5 (10.4)
0.898 (5.25)

54.8 (16.4)
16.2 (52.2)
34 (13)
58.1 (10.8)
83.5 (10.7)

7.92
− 5.09
1.08
2.34
0.724

0.665
3.32
55.9
4.47
10.5
0.82

0.655, 0.674
3.31, 3.39
55.8, 56.9
4.45, 4.55
10.5, 10.7
0.82, 0.93

42.1, 46.1
20.5, 22.9
32.4, 33.9
58.3, 62.7
79, 83.8

0.194 (54.3)

0.488 (46)

0.522

0.585, 0.629

0.276 (23.3)

0.269

0.259, 0.282

0.191 (12.1)

0.177

0.173, 0.182

0.219 (10.9)

0.206

0.201, 0.213

0.185 (8.46)

MTT Mean transit time, ka pyrazinamide absorption rate constant, V/F pyrazinamide apparent volume of distribution, CL/F pyrazinamide apparent clearance,
acid apparent clearance, BSV between-subject variability expressed as coefficient of variation percentage, cal�√ CLm/F pyrazinoic
�
2
culated as
e(SD) − 1 × 100 where SD was the estimated standard deviation, CI confidence interval, RSE% relative standard error percentage,
PZA pyrazinamide, POA pyrazinoic acid

a
The parameters, V/F, CL/F and CLm/F were adjusted by allometric scaling and referred to an individual with a weight of 52 kg, which was the
median (typical) weight of patients in this study

(apparent volume of distribution). A combined additive
and proportional error model best described the residual

effects of CL/F and V/F. Estimation of this correlation as
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Fig. 2  Schematic diagram for the pharmacokinetics of pyrazinamide
(PZA) and its metabolite (pyrazinoic acid–POA). MTT Mean transit
time of pyrazinamide from ingestion to its absorption, Ad amount
of pyrazinamide in the absorption compartment (gut), ka absorption
rate constant of pyrazinamide, V/F apparent volume of distribution
of pyrazinamide, CL/F clearance of pyrazinamide/metabolism into
pyrazinoic acid, Vm/F apparent volume of distribution of pyrazinoic
acid and CLm/F apparent clearance of pyrazinoic acid. The model
assumed that Vm/F = V/F

a population parameter led to a further drop in the OFV
(change in OFV = − 238).

3.3 Joint Pharmacokinetics Model of Pyrazinamide
and Pyrazinoic Acid
The pyrazinamide pharmacokinetic model was modified to
include a pyrazinoic acid compartment shown as a schematic
diagram in Fig. 2. The apparent volume of distribution of
pyrazinoic acid (Vm/F) is unidentifiable. Hence, the Vm/F
was set equal to V/F in order to circumvent this problem.
The joint model was described by the following system
of ordinary differential Eqs. (3–5)

dAd/dt = − ka × Ad

(3)

dApc/dt = ka × Ad − (CL/F)∕(V∕F) × Apc

(4)

dAm/dt = (CL/F)∕(V∕F) × Apc − (CLm/F)∕(V∕F) × Am
(5)
The amount of pyrazinamide in the absorption and central compartment was represented by Ad and Apc , respectively, with ka as the absorption rate constant. The amount
of pyrazinoic acid ( Am ) resulted from the biotransformation of pyrazinamide. A one-compartment model with
first-order elimination adequately characterised the disposition of pyrazinoic acid. The residual unexplained variability was best modelled with a combined additive and
proportional error model. Inclusion of allometric scaling

on CLm/F using body weight improved the joint model
fit (change in OFV = − 9.6). Only 5% of the variability
in CLm/F was explained by allometric scaling while 0.8
and 3.1% of the variability in V/F and CL/F, respectively,
was explained. The remaining covariates (age, sex and
HIV status) did not have a significant effect on CLm/F.
No significant correlations existed between the random
effects of CLm/F and the rest of the parameters. The final
joint model consisted of the following parameters—MTT,
ka, V/F, CL/F, CLm/F and the correlation V/F_CL/F
(Table 2). The final individual models (Eqs. 6–8) of V/F,
CL/F and CLm/F belonging to an ith individual were
described as follows:

CL∕Fi = 4.37 ×

V∕Fi = 57.1 ×

(

(

weighti
52

CLm/Fi = 10.5 ×

× e𝜂i

)1

× e𝜂i

weighti
52

)0.75

weighti
52

(

)0.75

(6)

(7)

× e𝜂i

(8)

All pharmacokinetic parameters were estimated using
the SAEM algorithm implemented in Monolix 2018R1.
The plots of individual predicted and observed concentrations (Fig. 3) for both pyrazinamide and pyrazinoic acid
showed no model misspecification as most of the points were
clustered around the line of unity. Hence, the observed concentrations were in agreement with the predicted concentrations. Furthermore, the population pharmacokinetic parameters of pyrazinamide and pyrazinoic acid were precisely
estimated with RSE ranging from 5.24 to 52.2% (Table 2).
The visual predictive checks (Fig. 4) and IWRES versus
time plots (Fig. 5) indicated adequate fit of the model to
the observed pyrazinamide and pyrazinoic acid concentration–time data. The bootstrap results (Table 2) indicated that
parameters were estimated with good precision and the final
joint model was justifiably robust. Additionally, shrinkage
values (Table 2) were < 30%, indicating that diagnostic plots
of individual predictions were informative of individual
variabilities.

3.4 Other Pharmacokinetics Parameters
The summary of other pharmacokinetic parameters (AUC
0–24, Tmax, Cmax and half-life) estimated from the final joint
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Fig. 3  Population and individual predicted versus observed concentrations of pyrazinamide and pyrazinoic acid. The yellow line represents the spline

525

Author's personal copy
526

P. Mugabo, M. Mulubwa

Fig. 4  Visual predictive checks of pyrazinamide and pyrazinoic acid for 1000 simulations. The shaded areas represent the prediction interval
(95% confidence interval). The solid lines represent the empirical median at 5th, 50th and 95th percentiles. Dots represent the observed data

model are shown in Table 3. Analysis of these parameters

was performed in Monolix. The Monolix model file that was
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Fig. 5  IWRES versus time and IWRES versus predicted concentration for pyrazinamide and pyrazinoic acid. The yellow line represents the spline

527

Author's personal copy
528

P. Mugabo, M. Mulubwa

Table 3  Other pharmacokinetic parameters of pyrazinamide and
pyrazinoic acid
Parameter

Pyrazinamide

Pyrazinoic acid

AUC0–24 (mg·h/L)
Half-life (h)
Cmax (µg/ml)
Tmax (h)

185.3 (45.9–591)
7.8 (3.17–29)
25.8 (5.88–53.1)
4 (1–8)

52.8 (13.7–207)
3.2 (0.69–13.7)
6.7 (1.5–20)
5 (0.5–8)

The values are expressed as median and range

used to conduct the estimation of AUC0–24 and the half-life
is shown in the Supplementary figure while Tmax and Cmax
were obtained from the output file for individual predicted
concentrations.

4 Discussion
There is scant information in the literature on the disposition of pyrazinoic acid resulting from metabolism of pyrazinamide in MDR-TB patients co-infected with HIV. In this
study, we jointly modelled the population pharmacokinetics of pyrazinamide and pyrazinoic acid from the concentration–time profiles in which the blood was intensively
sampled from MDR-TB patients at steady state. The onecompartment model with transit time, first-order absorption
and elimination best described the disposition of pyrazinamide. The absorption process of pyrazinamide was better
described using a transit compartment than lag time (change
in OFV = − 7.32 vs − 1.8). Initially, the transit compartment
model was over parameterised, which led to abnormally
estimated ka with high RSE (83 h −1 and 120%) values.
Reducing the number of parameters from three (MTT, Ktr
and ka) to two (MTT and ka) by setting Ktr equal to ka,
resulted in improved fit with MTT and ka estimated with
good precision (RSE = 9.2% and 11.2%, respectively). The
MTT described on average the time it took from pyrazinamide ingestion to its absorption, which was approximatelty
42 min (0.7 h). This was followed by fast absorption with ka
of 3.48 h−1. Our findings are consisted with Chirehwa et al.
[21], although their study was performed in drug-sensitive
tuberculosis. The pharmacokinetic parameters in the joint
and pyrazinamide-only model were generally similar and
estimated with good precision, although the RSE for additive error and between-subject variability (BSV) in ka for
the pyrazinamide-only and joint model was slightly > 50%
(54.3 and 52.2%, respectively). The V/F in our study was
somewhat higher (57.1–62.3 l) than the previously reported
values of 29.2 l [8], 28.6 l [7], 37.2 l [22] and 43.2 l [21]. It

is noteworthy in the current study that the patients did not
take the same co-administered anti-tuberculosis drugs (moxifloxacin, terizidone, ethionamide, kanamycin, isoniazid) as in
the above-mentioned studies (rifampicin, ethambutol, isoniazid). Rifampicin is a potent inducer of CYP3A and CYP2C
isoform enzymes of cytochrome P450 system and increases
the clearance of co-administered drugs metabolised by these
enzymes [23]. Fluoroquinolone (such as moxifloxacin) is a
potential inhibitor of drug metabolising enzymes and may
increase the plasma concentration of other drugs in the regimen [24]. Therefore, possible drug–drug interactions in some
patients could explain this difference in V/F [25].
Inclusion of allometric scaling on V/F, CL/F and CLm/F
by fixing exponents using total body weight improved both
the pyrazinamide-only and joint model fit. However, the corresponding change in BSV in these parameters was small
and ranged from 0.8 to 1.6, 3 to 3.1 and 5% for V/F, CL/F
and CLm/F, respectively. Surprisingly, the BSV in CLm/F
was the highest of all the pharmacokinetic parameters estimated. Pyrazinoic acid inhibits uric acid excretion [26]
and is the reason why pyrazinamide therapy in pulmonary
tuberculosis patients induces hyperuricemia [27]. Therefore, plasma uric acid could have explained this variability
in CLm/F had we included uric acid in the covariate effect
analysis. No covariate (age, HIV status, and sex) investigated
in our study had any effect on pyrazinamide pharmacokinetics. This is partly in agreement with another study in
which age did not have a significant effect on pyrazinamide
pharmacokinetics [7]. Contrary to our findings, two studies
[7, 8] found sex to have a significant effect on pyrazinamide
clearance. However, inclusion of the covariate effect of sex
in the current study did not improve the model fit. Adjusting
for the effect of body size with allometric scaling at the early
stage of pharmacokinetic model development is essential,
as weight can be a confounder for a covariate such as sex.
Our findings were thus different from those of other studies
[7, 8] as allometric scaling was not performed on disposition parameters, and weight was used instead as a normal
covariate.
The assumption we made that pyrazinamide was completely cleared by biotransformation was strong because only
1.6% of the ingested dose is excreted in urine with a very low
clearance of 0.11 l/h [4]. Furthermore, hepatic insufficiency
results in low pyrazinamide total clearance [6], which is an
indication that it is a substrate of liver enzymes [28].
The visual predictive checks (Fig. 4) of the final model
showed significant overlapping in the percentiles of simulated and observed data implying that the model was able to
generate observed data with acceptable precision. The model
predicted pyrazinamide and pyrazinoic acid concentrations
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adequately across all time points as no apparent trend in
the residual plots was observed (Fig. 5). The bootstrap and
shrinkage demonstrated that the joint model was fairly
robust.
The other pharmacokinetic parameters of pyrazinoic acid
are scarce or not well documented in the literature. We have
described these parameters (AUC0–24, half-life, Tmax, and
Cmax) in MDR-TB patients that generally differ from the ones
reported in healthy subjects [4]. However, pyrazinamide
pharmacokinetic parameters were comparable with those
reported in the literature [29, 30].
Our study has some limitations to consider. First, the sample size was small, which could have contributed to the nonsignificant covariate relationship with the pharmacokinetic
parameters of pyrazinamide and pyrazinoic acid. Second, the
design of the study was non-randomised. Hence, the selection of the participants could have been biased. Third, we
did not evaluate the effect of liver function on the pharmacokinetics of pyrazinamide and pyrazinoic acid.

5 Conclusions
The developed population pharmacokinetics model adequately described the disposition of pyrazinamide and
pyrazinoic acid in MDR-TB patients. The model can be
used clinically to generate pharmacokinetic information for
pyrazinamide in MDR-TB patients at steady state for dose
determination. The pyrazinoic acid clearance was higher
than that of pyrazinamide which supports administration of
pyrazinamide once a day in MDR-TB patients. Furthermore,
we characterised other associated pharmacokinetic parameters in this population of patients where pyrazinoic acid
pharmacokinetics differ from those of healthy subjects. The
patient characteristics of age, HIV status and sex did not
significantly affect the pharmacokinetics of pyrazinamide
and pyrazinoic acid.
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