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ABSTRACT Pyrazinamide is used in the treatment of tuberculosis (TB) because its
sterilizing effect against tubercle bacilli allows the shortening of treatment. It is part
of standard treatment for drug-susceptible and drug-resistant TB, and it is being
considered as a companion drug in novel regimens. The aim of this analysis was to
characterize factors contributing to the variability in exposure and to evaluate drug
exposures using alternative doses, thus providing evidence to support revised dosing
recommendations for drug-susceptible and multidrug-resistant tuberculosis (MDR-TB).
Pyrazinamide pharmacokinetic (PK) data from 61 HIV/TB-coinfected patients in South
Africa were used in the analysis. The patients were administered weight-adjusted
doses of pyrazinamide, rifampin, isoniazid, and ethambutol in fixed-dose combination
tablets according to WHO guidelines and underwent intensive PK sampling on days
1, 8, 15, and 29. The data were interpreted using nonlinear mixed-effects modeling.
PK profiles were best described using a one-compartment model with first-order
elimination. Allometric scaling was applied to disposition parameters using fat-free
mass. Clearance increased by 14% from the 1st day to the 29th day of treatment.
More than 50% of patients with weight less than 55 kg achieved lower pyrazinamide
exposures at steady state than the targeted area under the concentration-time curve
from 0 to 24 h of 363 mg · h/liter. Among patients with drug-susceptible TB, adding
400 mg to the dose for those weighing 30 to 54 kg improved exposure. Average
pyrazinamide exposure in different weight bands among patients with MDR-TB could be
matched by administering 1,500 mg, 1,750 mg, and 2,000 mg to patients in the 33-
to 50-kg, 51- to 70-kg, and greater than 70-kg weight bands, respectively.

KEYWORDS NONMEM, population pharmacokinetics, HIV/TB coinfection, fat-free
mass, AUC, weight band dosing

Pyrazinamide is a prodrug converted to its active form, pyrazinoic acid, by hepatic
microsomal deamidase (1) and is active against dormant and semidormant Myco-

bacterium tuberculosis bacilli, especially in acidic environments (2, 3). It is currently part
of a four-drug fixed-dose combination (FDC), which includes isoniazid, ethambutol, and
rifampin, an inducer of a number of cytochrome P450 enzymes via the pregnane X
receptor (PXR) (4). Pyrazinamide is currently being considered as a companion drug in
novel tuberculosis (TB) treatment regimens (5–7), including for multidrug-resistant
tuberculosis (MDR-TB).

Interest in the drug derives from its potent sterilizing activity, which confers the
ability to shorten treatment duration. Pyrazinamide exposures have been correlated
with favorable treatment outcomes in patients on standard doses (5, 8–13). A pyrazi-
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namide area under the concentration-time curve from 0 to 24 h (AUC0 –24) of at least
363 mg · h/liter has been associated with long-term TB treatment outcomes among
patients with drug-susceptible TB and could be targeted for treatment optimization (5).
The current recommended weight-adjusted daily dose of pyrazinamide for treatment of
drug-susceptible TB is approximately 25 (range, 20 to 30) mg/kg of body weight (14), while
that for treatment of MDR-TB is about 35 (range, 30 to 40) mg/kg (15). Doses higher than
those currently recommended may result in high levels of 5-hydroxypyrazinoic acid, which
is responsible for pyrazinamide induced hepatotoxicity (16). On the other hand, there
exist discrepancies in exposure between the weight bands; patients in the lower weight
bands achieve lower drug exposures (17, 18).

Despite interest in pyrazinamide, relatively few studies have described its pharma-
cokinetics (PK) longitudinally (19–22). We previously reported PK exposures of pyrazi-
namide in this cohort of HIV/TB-coinfected patients (17). Here, we use a population
modeling approach to describe changes in PK parameters during the first month of
treatment and identify other factors affecting the PK. We then used parameter esti-
mates of the final model to simulate exposures associated with a range of feasible
doses for treatment of drug-susceptible TB and MDR-TB.

RESULTS
Demographic characteristics. Pyrazinamide concentration data for 61 HIV/TB-

coinfected patients were available for analysis. Demographic characteristics of these
patients have been reported previously (17), and a summary is provided in Table 1. A
total of 1,342 plasma samples were included in the analysis. One sample had a
concentration below the lower limit of quantification and was discarded.

Structural model and parameter estimates. Pyrazinamide pharmacokinetics was
best described by a one-compartmental model with first-order elimination and transit
compartment absorption. Table 2 shows the parameter estimates of the final model
and their 95% bootstrap confidence interval. Clearance (CL) was found to increase by
14% on day 29 from a typical value of 3.35 liters/h on day 1; thus, day 29 clearance
would be estimated at 3.83 liters/h (change in objective function value [ΔOFV] of �21
compared to a model with one estimate for clearance, 1 degree of freedom [df], and a
P value of �0.001). This process was best described using a linear model, which was
more parsimonious than estimating separate values of CL. The clearance estimates for
day 1 and day 29 obtained using a linear model were similar to the ones obtained
by estimating separate clearance values on the 4 days. The latter model estimated
clearance values of 3.35 liters/h on day 1, 3.46 liters/h on day 8, 3.66 liters/h on day 15,
and 3.82 liters/h on day 29. Using the arguably more biologically plausible exponential
model did not significantly improve the fit and could not provide a robust estimate of
the half-life of the induction, sometimes producing implausible results in the bootstrap
analysis. The absorption process was best characterized using the transit compartment
absorption, which provided significant improvement compared to simple first-order

TABLE 1 Baseline characteristics of patients

Characteristic or parameter Valuea

Total no. 61
Females, n (%) 33 (54)
Receiving ART, n (%) 41 (67)
Treatment 5 days/week, n (%) 51 (84)
Age (yr) 32 (18–47)
Weight (kg) 55.2 (34.4–98.7)
Height (m) 1.59 (1.41–1.81)
FFM (kg) 42.2 (28.0–57.6)
Albumin (g/liter) 26 (15–43)
ALT (U/liter) 16 (5–44)
Creatinine (�mol/liter) 74 (53–155)
Viral load (�1,000) (copies/ml) 86 (0.05–13,000)
CD4� count (cells/liter) 254 (12–500)
aValues are expressed as median (range) unless otherwise specified.
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absorption with a delay using a lag (ΔOFV of �37, 1 df, P value of �0.001). On average,
the time from drug ingestion to absorption is around half an hour and then is followed
by very fast absorption. Large variability (�50%) in absorption between occasions was
observed. The model also identified between-subject variability in clearance and
bioavailability as well as between-occasion variability in clearance, bioavailability, and
absorption mean transit time.

Inclusion of allometric scaling on CL and volume of distribution (V) using total body
weight (TBW) improved the fit (ΔOFV of �13), but the better predictor to adjust PK for
body size was fat-free mass (FFM), which dramatically reduced the OFV further when
changed to TBW (ΔOFV of �37). Estimating allometry exponents did not result in a
significant improvement in OFV and the estimated values were close, 0.75 for CL and
1 for V, hence the exponents were fixed to these literature values. After the inclusion
of allometric scaling, the model could not detect any additional effect of CD4� count,
viral load, early antiretroviral therapy (ART) initiation, alanine transaminase (ALT), albumin,
creatinine clearance, and formulation. The visual predictive check plot in Fig. 1 shows
that our model correctly describes the observed concentrations and captures the
change in clearance over time.

Monte Carlo simulations. The median weight, height, and FFM of the 870 patients
with drug-susceptible TB were 53 kg (range, 30 to 102 kg), 1.65 m (range, 1.35 to 1.98
m), and 40.7 kg (range, 25.3 to 71.7 kg), respectively, with 45% being female. Figure 2
shows the simulated exposures at day 29 of treatment achieved under dosing strate-
gies for the treatment of drug-susceptible TB. With the currently recommended weight-
adjusted dose, patients in the lower weight bands are exposed to much lower levels of
pyrazinamide, with patients of �38 kg being exposed to 42% lower AUC0 –24 than those
weighing �70 kg. The proportion of patients achieving a target AUC0 –24 of 363 mg ·
h/liter in each weight band is presented in Table 3. The model predicts that at the
current dose, only around 10% of the patients in the 30- to 37-kg weight band and 40%
in the 38- to 55-kg weight band achieve the target exposure. Alternative dosing

TABLE 2 Estimated parameter values from the final model

Parameter Estimate Bootstrap 95% CIa Shrinkage (%)

CL/Fday 1
b (liter/h) 3.35 3.11–3.56

ΔCL/Fday 29 (%) 14.3 6.0–25.8
V/Fb (liter) 43.2 41.5–44.7
ka

e (h�1) 3.54 3.0–4.27
MTTf (h) 0.542 0.47–0.61
NNc 28 7–52
Fd 1 fixed

Between-subject variability (%)
CL 16.3 11.0–20.0 12.8
F 10.7 7.6–13.2 18.5

Between-occasion variability (%)
CL 13.3 10.0–15.4 31.5
F 11.9 8.5–15.5 13.5
ka 84.0 79.7–97.5 30.3
MTT 52.9 40.1–68.7 39.9

Error
Additive (mg/liter) 1.23 0.85–1.57
Coefficient of variation (%) 4.4 2.8–5.4

aCI, confidence interval.
bThis parameter has been adjusted by allometric scaling, and the values reported refer to a subject with FFM
of 42 kg (the median value of the cohort). The individual estimates for clearance and volume parameters
were defined as CLi � �CL(FFMi/42)0.75 · e(BSVCL � BOVCL) and Vi � �v(FFMi/42)1, respectively. �CL is the typical
values for clearance and �v is the typical value for volume of distribution.

cNN, number of absorption transit compartments.
dF, bioavailability.
eka, absorption rate constant.
fMTT, mean transit time.
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approaches minimizing the difference in exposure between weight bands without
changing the weight bands are depicted in Fig. 2. In the most balanced alternative,
alternative 2 (administering 1,200 mg to patients in the 30- to 37-kg weight band and
1,600 mg to those in the 38- to 54-kg weight band; other patients’ dosing remained
unchanged), the highest median exposure would be in the �70-kg weight band while
the lowest will be in the 55- to 70-kg weight band, resulting in a maximum difference
in exposure of 16%. The simulations show that overall, 73% of the patients will achieve
target exposure with alternative 2 dosing strategies compared to 51.5% for the current
dosing strategy. Figure 3a and b show simulated concentrations for two typical male
patients of weights of 34 kg and 46 kg achieved with the current dose and alternative
dosing strategy 2. The two typical patients attain a maximum concentration of drug
in serum (Cmax) of at least 35 mg/liter when dosing is administered per alternative
strategy 2. As shown in Fig. 2, alternative dosing strategies 1 and 3 do not seem to
minimize differences in exposure between weight bands, and some patients in the
lower weight bands would achieve extremely high exposure when dosed using the
alternative strategy 3.

Figure 4 shows simulated steady-state pyrazinamide AUC0 –24 achieved with doses
within the recommended range of 1,000 mg to 2,500 mg for the treatment of MDR-TB.
Simulations were performed using estimated PK parameters for day 1 without the
increase in clearance, which may be due to coadministration with rifampin. Pyrazin-
amide exposure associated with the currently recommended dose is only comparable
if patients in the 33- to 50-kg weight band are administered 1,500 mg, while patients
in the 51- to 70-kg and �70-kg bands receive 1,750-mg and 2,000-mg doses, respec-
tively. These doses ensure that on average, at least 90% of patients in the three weight
bands achieve an AUC0 –24 of at least 363 mg · h/liter. On the other hand, administering

FIG 1 Visual predictive check. Open circles are the observed concentrations. The middle continuous line
is the 50th percentile of the observed data, and upper and lower dashed lines are the 97.5th and 2.5th
percentiles of the observed data, respectively. The shaded regions represent the 95th prediction interval
of the 2.5th, 50th, and 97.5th percentiles.
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1,000 mg or 1,200 mg to patients in the 33- to 50-kg weight band results in only 41%
and 68% of them attaining an AUC0 –24 of 363 mg · h/liter.

DISCUSSION

We described the population pharmacokinetics of pyrazinamide among HIV/TB-
coinfected patients during the first month of treatment using nonlinear mixed-effects
modeling. The model described an increase in pyrazinamide clearance with days on
treatment (from day 1 to day 29) and identified FFM as the best predictor of the effect
of body size on exposure compared to total body weight. Simulations were used to
explore pyrazinamide exposure achieved with different dosing strategies for the treat-
ment of drug-susceptible and multidrug-resistant TB.

FFM is calculated based on weight, height, and sex and was found to be superior to
total body weight when included in the model via allometric scaling to capture the
effect of body size on differences in CL/F and V/F (23). Some previously proposed
population PK models of pyrazinamide do not account for the effect of body size using
allometric scaling (19, 21). One of these, by Wilkins et al. (19), described a linear effect

FIG 2 Box plots of simulated AUC0 –24 for currently recommended doses for drug-susceptible TB (14) and 3 alternative dosing strategies, stratified by weight
band. Dots are the observed AUC0 –24 on day 29 of treatment. The dashed line represents an AUC0 –24 of 363 mg · h/liter. The dosing strategies used for the
30- to 37-, 38- to 54-, 55- to 70-, and �70-kg weight bands are 800 mg, 1,200 mg, 1,600 mg, and 2,000 mg for current doses. For alternative dosing strategy
1, patients weighing 30 to 37 kg receive 1,200 mg, while the doses for patients in the other weight bands are unchanged. For alternative 2, 1,200-mg and
1,600-mg doses are administered to patients weighing 30 to 37 kg and 38 to 54 kg, respectively, while other patients’ dosing is unchanged. For alternative 3
dosing, 1,600 mg is administered to patients weighing 30 to 54 kg and dosing for other patients is unchanged.

TABLE 3 Proportion of simulated patients with drug-susceptible TB achieving a target
AUC0 –24 of 363 mg · h/liter

Dose (mg) Weight (kg) Proportion (%)

800 30–37 11.4

1,200 30–37 64.6
38–54 41.9

1,600 30–37 93.4
38–54 80.4
55–70 64.1

2,000 �70 81.5
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of weight on both CL/F and V/F and also reported higher V/F in males than females
(16% more). More recently, Chigutsa et al. (20) proposed a model incorporating
allometric scaling using total body weight and reported larger bioavailability in women.
When we accounted for body size using total body weight instead of FFM, the model
estimated bioavailability among females to be 26% higher, the same effect observed by
Chigutsa et al. Both results discussed above are consistent with ours, although the
covariate effects were accounted for differently. By using allometric scaling to explain
variability in body size, we apply a well-known concept without estimating any additional
parameters (23). We believe that this strategy, also applied by Denti et al. (24) and
Rockwood et al. (25), of describing the differences as being due to differences in size
and body composition is both more parsimonious and physiologically plausible. Fur-

FIG 3 (a) Predicted concentrations for a typical male patient weighing 34 kg, receiving 800 mg (solid line) and 1,200 mg (dashed line).
(b) Predicted concentrations for a typical male patient weighing 46 kg, receiving 1,200 mg (solid line) and 1,600 mg (dashed line).

FIG 4 Box plots of simulated AUC0 –24 achieved during treatment of MDR-TB using the model without the increase in clearance over
time, stratified by weight band and dose administered. Single-dose tablets of pyrazinamide were used in the simulations, with each
tablet containing either 400 mg, 500 mg, or 700 mg. The minimum and maximum values of the box plots are the 2.5th and 97.5th
percentiles, and the horizontal tick mark on each box plot shows the 10th percentile. The dashed line represents the AUC0 –24 of 363
mg · h/liter.
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thermore, this strategy has also been reported for other drugs in the FDC (24–28);
hence, dosing regimens using current FDCs could be modified to take into account the
variability in body size and composition.

Clearance of pyrazinamide was found to increase from the first day to day 29. The
increase in clearance with time on treatment has been described by Smythe and Denti
et al., with a later report of a 16% increase among Tanzanian patients, which is close to
our 14% (24, 29). Symthe reported a higher increase (30%) in clearance from the first
day to steady state in a cohort of TB patients from West Africa. The exact mechanism
driving this change needs further investigation, and a number of reasons might explain
this. Rifampin is a potent inducer of a large number of metabolic pathways via PXR (4).
Induction of microsomal deamidase and xanthine oxidase enzymes responsible for
pyrazinamide metabolism by rifampin might explain the observed result. Tuberculosis
has been reported to lower drug-metabolizing capacity in animals (30), hence, treat-
ment and improvement of the disease symptoms may enhance drug metabolism and
other body functions, consistent with the observed increase in pyrazinamide clearance.
Our estimated value of CL/F on day 29 is comparable to those reported in other studies,
conducted in healthy volunteers, TB patients, and HIV/TB-coinfected patients (19, 21,
31). However, when predicting appropriate doses for patients with MDR-TB, we as-
sumed a constant clearance over time, as the regimens used do not contain rifampin
and the response to treatment is generally more gradual with the weaker second-line
regimens than for patients with drug-susceptible TB.

Parameter estimates of the final model were used to simulate pyrazinamide expo-
sure under different dosing schemes so as to achieve comparable AUC0 –24 values
across weight bands. Consistent with the previous noncompartmental analysis (NCA) of
the data (17), our model predicted that patients in lower weight bands attain lower
drug exposures than those in the 55- to 70-kg weight band despite administering
similar weight-adjusted doses. Disease severity is associated with low body mass index
(32). Lower pyrazinamide exposure among these patients is likely to be even more
critical and is associated with poor treatment outcomes (5, 11). Alternative doses for the
treatment of drug-susceptible TB suggested in this report are based on the current
weight bands and available FDC tablet sizes or single pyrazinamide tablets, each at a
strength of 400 mg. Implementation of a fixed pyrazinamide dose of 1,500 mg as
proposed by Sahota and Della Pasqua might be challenging under the current FDC
therapy. Moreover, while desirable in terms of simplification, it implies reducing exposures
of pyrazinamide and other drugs among patients with weight greater than 54 kg,
thereby increasing the risks of poor treatment outcomes (18). The distribution of model-
predicted AUC0 –24 suggests that adding 400 mg of pyrazinamide to the current FDC for
patients with weights less than 55 kg (alternative dosing strategy 2) would achieve
more uniform exposures across weight bands and increase the proportion of patients
attaining an AUC0 –24 of 363 mg · h/liter. The same dosing strategy will result in the
majority of patients attaining a Cmax of 35 mg/liter, which was found to be associated
with favorable treatment outcomes (11). McIlleron et al. reported reduced exposure
to drugs in FDC among patients who are male or with low weight (17), hence our
proposed optimal dosing strategy could be transferable to other drugs of the FDC.
Another advantage of the proposed dosing strategy is the reduction of weight bands
from 4 to 3, where the 38- to 54-kg and 55- to 70-kg weight bands are combined. There
would be a slight gain in the proportion of patients achieving the target AUC0 –24

overall under the alternative dosing strategy 3 compared to alternative 2, but the risk
of hepatotoxicity could be elevated for patients in the 30- to 37-kg weight band treated
under the alternative dosing strategy 3, who would be administered between 42 and
53 mg/kg doses (33).

The currently recommended pyrazinamide dose of 30 to 40 mg/kg results in
disparate exposure among patients with MDR-TB (15). Moreover, a significant propor-
tion of patients treated according to the recommended dose do not achieve the
therapeutic AUC0 –24 of 363 mg · h/liter identified for drug-susceptible TB. Assuming
availability of 400-, 500-, and 750-mg tablet sizes, our simulations predict that prescrip-
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tion of doses at the higher end of the recommended range for low-weight patients
will help minimize the differences in exposure between weight bands. Our proposed
optimal dosing strategy of 1,500 mg for patients in the 33- to 50-kg weight band, 1,750
mg for patients weighing up to 70 kg, and 2,000 mg for heavier patients ensures that
exposures between weight bands are comparable. Furthermore, the strategy guaran-
tees that 90% of MDR-TB patients achieve exposures of �363 mg · h/liter.

The model presented here has some limitations. A simple linear change in clearance
over time from initiation of treatment was assumed, hence limiting our capacity to
extrapolate from our results beyond observed day 29. On the other hand, since the
values of CL on day 29 are similar to those of prior reports, one can speculate that the
change in clearance after the first month is not as large as the one observed in the first
month of treatment. Our simulations were based on the assumption of first-order
elimination. Since pyrazinamide is eliminated mainly as metabolites through multiple
pathways (20, 34), if one or more of these pathways were to saturate at higher doses,
the model may be underpredicting exposure in lower weight bands. The model
developed was based on PK from a single study population. However, demographic
characteristics broadly representing an African population were used in the simulations
to account for a key covariate effect (FFM) during simulations, hence the use of FFM
values outside the range that was used to optimize parameter estimates of the model.
The demographic characteristics of patients with drug-susceptible TB were assumed to
be similar to those of MDR-TB patients in the simulations, but there could be differences
between the two groups of patients in terms of disease chronicity and severity that
may influence pharmacokinetics and pharmacokinetic targets. Another limitation of the
study is the nonavailability of MIC distribution for calculation of AUC/MIC ratio as a
pharmacodynamic index. However, the range of MICs for drug-susceptible and MDR-TB
are comparable as reported by Chigutsa et al. and Zheng et al., respectively (12, 35).
Regardless of the therapeutic index used (AUC or AUC/MIC), the target will be affected
by activity of concomitant drugs as well as the synergy or antagonism with pyrazin-
amide, demonstrated with rifampin and bedaquiline (12, 36).

In conclusion, our data in patients on the standard rifampin-based first-line regimen
suggest that there is an increase in clearance of pyrazinamide during the first month of
treatment. The currently recommended doses of pyrazinamide result in different levels
of exposure among patients in the different weight bands. More uniform exposures
with more patients attaining target exposures would be achieved by adding 400 mg to
the dose for patients weighing between 30 and 54 kg. Reduced exposure to other
drugs of the FDC has been reported among patients with low weight; hence, an
alternative 2 dosing strategy could be applied to all four drugs by adding one FDC
tablet. While it is necessary to confirm our findings in patients with MDR-TB, our
analysis suggests that average pyrazinamide exposure in different weight bands could
be made uniform by administering 1,500 mg to those with weights of at most 50 kg
and 1,750 mg and 2,000 mg to those in the 51- to 70-kg and �70-kg weight bands,
respectively.

MATERIALS AND METHODS
This report is a model-based secondary analysis of a study described before. The original report

includes a detailed description of the study design, including patient selection, inclusion and exclusion
criteria, informed consent, adherence monitoring, and blood sample collection (17). Briefly, patients were
administered 4-drug FDC tablets, each containing 150 mg of rifampin, 75 mg of isoniazid, 400 mg of
pyrazinamide, and 275 mg of ethambutol. Individual doses were adjusted based on body weight
according to WHO guidelines (14), with 51/61 patients receiving the medications daily from Monday to
Friday and the remaining 10 every day of the week.

Pharmacokinetic blood sampling was performed on the 1st, 8th, 15th, and 29th day of TB treatment
after an overnight fast. Samples were collected immediately before the dose and at 1, 2, 4, 6, 8, and
12 h postdose. An additional sample was collected at approximately 12 h before the dose administered
on the 15th day. Details of procedure and methods used for separation of plasma, storage of samples,
and quantification of drug concentrations were as described in a previous report (17). The lower limit of
quantification for the assay was 0.2 mg/liter.

Pyrazinamide concentrations were described using nonlinear mixed-effects modeling using the
software NONMEM 7.3 (37) and the first-order conditional estimation method with eta-epsilon interac-
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tion (FOCE-I). Model diagnostics and documentation of model development were performed using
Perl-speaks-NONMEM (PsN), Pirana, and Xpose (R package) (38). Additional plots were generated using
R, version 3.2.1 (39), via RStudio, version 0.98.1091 (40).

Model development. One- and two-compartment disposition models with first-order elimination
and different absorption models, including first-order absorption with and without lag time and a more
flexible transit compartment absorption (41), were assessed. Plots of random effects of PK parameters
were generated to identify trends in pharmacokinetic parameters with time on treatment. Three
approaches to characterize the change in clearance over time were explored: estimating a separate value
of clearance at each sampling day, an exponential increase in clearance from the first day to day 29
(exponential induction model), and linear increase in clearance from day 1 to day 29. The exponential
induction model characterizing clearance on each day was parameterized using clearance on the first day
(CLday 1), change in clearance at day 29 (ΔCLday 29), and a half-life of the exponential process (t50), as in
equation 1. In the equation, the time variable for days on treatment went from 0 (day 1) to 28 (day 29).

CLday � CLday1 � �CLday29 · CLday1 · �1 � e
�ln�2�·time

t50

1 � e
�ln�2�·28

t50

� (1)

The model with a linear increase in clearance was parameterized using clearance at baseline (day 1)
and change in clearance on day 29 (ΔCLday 29), and the relationship is shown in equation 2. Similar to the
exponential induction model, time on treatment was recorded from day 0 (day 1) to 28 (day 29).

CLday � CLday1 � �CLday29 · CLday1 ·
time

28
(2)

Allometric scaling was applied testing either total body weight (TBW) or fat-free mass (FFM) as a body
size descriptor. The allometry exponents were either estimated or fixed to 0.75 for CL and 1 for V, as
suggested by Anderson and Holford (23). Individual values of FFM (FFMi) were calculated using the
following formula:

FFMi �
WHSmax · Height2 · Weight

WHS50 · Height2 � Weight
(3)

The maximal weight height squared (WHSmax) is 42.92 kg/m2 for males and 37.99 kg/m2 for females.
The WHS50 has values of 30.93 kg/m2 for males and 35.98 kg/m2 for females (42).

The typical value of bioavailability was fixed to a reference value of 1. Between-subject variability
(BSV) and between-occasion variability (BOV) in the PK parameters were explored assuming log-normal
distribution. An error model with both additive and proportional components was used to describe
residual unexplained variability. Model building was guided by a change in objective function value
(ΔOFV; assumed to be approximately �2 distributed), inspection of diagnostic plots, including prediction-
corrected visual predictive check (PcVPC) (43), and physiological plausibility. The effect of CD4� count,
viral load, early antiretroviral therapy (ART) initiation, alanine transaminase (ALT), albumin, creatinine
clearance, and formulation on PK parameters was assessed by exploring proportional changes in
parameter estimates per unit of difference from the median for continuous covariates or relative changes
from a reference category for categorical variables as described by Mould and Upton (44). Creatinine
clearance was calculated from serum creatinine using the Cockroft-Gault equation (45). The precision of
parameter estimates of the final model was evaluated using a nonparametric bootstrap method with
replacement (n � 200).

The final PK model was then used to simulate steady-state pyrazinamide concentrations achieved
during the treatment of drug-susceptible TB and MDR-TB after administration of feasible doses based of
WHO-defined weight bands. Simulations (1,000 repetitions) were performed using demographic data of
870 tuberculosis patients obtained from PK studies conducted in South Africa and West Africa (17, 29,
46–49). For drug-susceptible TB, dosing strategies were assessed using the current weight bands and
currently available FDC tablet sizes or additional 400-mg pyrazinamide tablets. For each dosing strategy,
the proportion of patients achieving a target AUC0 –24 of 363 mg · h/liter in each weight band was
determined (5). In the simulations for MDR-TB, we used estimated PK parameters for day 1 of treatment
to explore exposure associated with currently recommended doses: patients with between 33 and 50 kg
receive 1,000 to 1,500 mg, while patients with weight between 51 and 70 kg and those above 70 kg
receive 1,750 mg and 2,000 to 2,500 mg, respectively (15). Using the same weight bands and available
single-dose tablet sizes of 400 mg, 500 mg, and 750 mg, we explored exposure obtained under different
dosing strategies and identified the dose at which comparable exposure is attained in the different
weight bands. Additionally, the proportion of patients achieving an AUC0 –24 of 363 mg · h/liter was
evaluated, since there is limited information on AUC/MIC pharmacodynamic index for MDR-TB. However,
the MIC distributions for pyrazinamide do not seem highly variable between patients with drug-
susceptible or MDR-TB. Zheng et al. reported MIC values ranging from 6.2 mg/liter to 400 mg/liter among
MDR-TB patients, and among patients with drug-susceptible tuberculosis, Chigutsa et al. reported MIC
values from 12.5 mg/liter to �100 mg/liter (12, 35). Furthermore, using the clinical breakpoints suggested
by Zheng et al. of 18.75 mg/liter and 37.5 mg/liter, associated with 4-month culture conversion and
treatment success, respectively (35), and an AUC0 –24 of 363 mg · h/liter, the calculated AUC/MIC values
are close to 11.3, as reported by Chigutsa et al. (12).
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