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Population Pharmacokinetics of
Pyrazinamide in Patients with
Tuberculosis

Abdullah Alsultan,a,b,c Rada Savic,d Kelly E. Dooley,e Marc Weiner,f

William Whitworth,g William R. Mac Kenzie,g Charles A. Peloquin,b,c the
Tuberculosis Trials Consortium
Department of Clinical Pharmacy, College of Pharmacy, King Saud University, Riyadh, Saudi Arabiaa; University
of Florida, College of Pharmacy, Department of Pharmacotherapy and Translational Research, Gainesville,
Florida, USAb; Emerging Pathogens Institute, University of Florida, Gainesville, Florida, USAc; Department of
Bioengineering and Therapeutic Sciences, University of California, San Francisco, San Francisco, California,
USAd; Johns Hopkins University School of Medicine, Baltimore, Maryland, USAe; VA Medical Center San Antonio
and UT Health, San Antonio, Texas, USAf; Centers for Disease Control and Prevention, Atlanta, Georgia, USAg

ABSTRACT The current treatment used for tuberculosis (TB) is lengthy and needs
to be shortened and improved. Pyrazinamide (PZA) has potent sterilizing activity
and has the potential to shorten the TB treatment duration, if treatment is opti-
mized. The goals of this study were (i) to develop a population pharmacokinetic (PK)
model for PZA among patients enrolled in PK substudies of Tuberculosis Trial Con-
sortium (TBTC) trials 27 and 28 and (ii) to determine covariates that affect PZA PK.
(iii) We also performed simulations and target attainment analysis using the pro-
posed targets of a maximum plasma concentration (Cmax) of �35 �g/ml or an area
under the concentration-versus-time curve (AUC) of �363 �g · h/ml to see if higher
weight-based dosing could improve PZA efficacy. Seventy-two patients participated
in the substudies. The mean (standard deviation [SD]) Cmax was 30.8 (7.4) �g/ml,
and the mean (SD) AUC from time zero to 24 h (AUC0 –24) was 307 (83) �g · h/ml. A
one-compartment open model best described PZA PK. Only body weight was a sig-
nificant covariate for PZA clearance. Women had a lower volume of distribution (V/F)
than men, and both clearance (CL/F) and V/F increased with body weight. Our simu-
lations show that higher doses of PZA (�50 mg/kg of body weight) are needed to
achieve the therapeutic target of an AUC/MIC of �11.3 in �80% of patients, while
doses of �80 mg/kg are needed for target attainment in 90% of patients, given spe-
cific assumptions about MIC determinations. For the therapeutic targets of a Cmax of
�35 �g/ml and/or an AUC of �363 �g · h/ml, doses in the range of 30 to 40 mg/kg
are needed to achieve the therapeutic target in �90% of the patients. Further clini-
cal trials are needed to evaluate the safety and efficacy of higher doses of PZA.

KEYWORDS pyrazinamide, tuberculosis, pharmacokinetics, simulation

The standard regimen for drug-susceptible tuberculosis (TB) consists of rifampin,
isoniazid, pyrazinamide (PZA), and ethambutol for 2 months, followed by 4 months

of isoniazid and rifampin. If used properly, this regimen is highly effective, with cure
rates approaching 95% within clinical trials; however, in program settings, treatment is
successful in only 70 to 85% of patients (1). Despite the widespread availability of this
regimen, TB is still a worldwide pandemic; it surpassed HIV as a leading cause of death
from an infectious agent in 2014. Approximately 9.6 million people develop TB annu-
ally, and 1.5 million die from it (1). Also, multidrug-resistant tuberculosis (MDR-TB) and
extensively drug resistant tuberculosis (XDR-TB) pose threats to public health efforts to
control TB. Treatment of MDR-TB and XDR-TB requires the use of less effective and
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more toxic drugs for a prolonged period of time (18 to 24 months). The success of
treatment of MDR-TB and XDR-TB compared to that of drug-susceptible TB is low.

A major limitation of the current regimen is the length of treatment. In the United
States, the reported TB treatment completion rate at 6 months is 18%, and at 1 year it
is 89% (Centers for Disease Control and Prevention [CDC] surveillance slides [http://
www.cdc.gov/tb/statistics/surv/surv2013/default.htm] and CDC communication to
C.A.P., 24 June 2014). Longer treatment durations risk nonadherence and may lead to
treatment failures and acquired drug resistance. Shorter treatment regimens for TB may
enhance adherence, improve TB treatment outcomes, and reduce programmatic health
costs.

One approach to improve the treatment of TB is to optimize the dosing of current
drugs. PZA has excellent sterilizing activity and is the only anti-TB drug showing
bactericidal activity against Mycobacterium tuberculosis organisms in acidic environ-
ments (2). When PZA is added to isoniazid, rifampin, and ethambutol during the first 2
months of treatment, it allows for the shortening of treatment from 9 to 6 months (3,
4). Also, PZA is synergistic with the new anti-TB drugs pretomanid and bedaquiline (5,
6). Therefore, PZA is likely to be a component of novel regimens intended to shorten
the treatment of TB in the future and is a prime candidate for dose optimization.

Currently, the CDC and World Health Organization (WHO) recommend a PZA dose
of 20 to 25 mg/kg of body weight. In the earlier clinical studies establishing PZA’s role,
doses of 30 to 40 mg/kg were used, with the minimum daily dose being 1,500 mg (7–9).
Recent in vitro, animal, and clinical studies suggest that the current dosing for PZA may
be too low (7, 10–14). Chideya et al. showed that maximum plasma concentrations
(Cmaxs) of PZA of less than 35 �g/ml were associated with treatment failure and death
(12). Pasipanodya et al. showed that PZA area under the concentration-versus-time
curve (AUC) values of less than 363 �g · h/ml were associated with treatment relapse,
failure, or death (10). The same authors conducted a more detailed pharmacokinetic
(PK)-pharmacodynamic (PD) study including average MIC and PK data. They showed
that an AUC/MIC ratio of �11.3 for PZA was a significant predictor of sterilizing activity
in patients with low rifampin concentrations, given certain assumptions about MIC
determinations (14). A high proportion of patients with TB do not achieve these PK
targets with current dosing, suggesting that higher doses of PZA will be required for
optimal sterilizing activity.

The goals of this study were (i) to develop a population PK model for PZA among
patients enrolled in PK substudies of Tuberculosis Trial Consortium (TBTC) studies 27
and 28 and (ii) to determine covariates that affect PZA PK. (iii) We also performed
simulations and target attainment analysis using the proposed targets of a Cmax of �35
�g/ml or an AUC of �363 �g · h/ml to see if higher weight-based dosing could improve
PZA efficacy.

RESULTS

We evaluated the PK of PZA in 72 patients with TB, using 499 observations. The
study included 60 males and 12 females with a mean weight of 59.8 kg and a mean age
of 36.7 years (Table 1). Participants received a mean dose of 22.7 mg/kg. Twenty-seven
patients received a dose of 1,000 mg, 2 patients received a dose of 1,250 mg, 35
patients received a dose of 1,500 mg, and 8 patients received a dose of 2,000 mg.

TABLE 1 Baseline demographics of patients in TBTC studies 27 and 28

Characteristic Value(s)

% male patients 82
Mean (range) wt (kg) 59.8 (40–101.9)
Mean (range) age (yr) 36.7 (19–76)
% of sites in Africa 51.4
Mean (range) serum creatinine concn (mg/dl) 0.75 (0.5–1.2)
Mean (range) dose (mg) 1,351 (1,000–2,000)
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Noncompartmental analysis. Results for the noncompartmental analysis are shown
in Table 2. PZA demonstrated rapid absorption after oral administration, with all but
three patients reaching Cmax at 2 h or less. The mean (standard deviation [SD]) time to
Cmax (Tmax) was 1.6 (1.2) h, and the mean (SD) Cmax was 30.8 (7.4) �g/ml. Females had
slightly higher Cmaxs than males (33.2 versus 30.3 �g/ml). The mean (SD) AUC from time
zero to 24 h (AUC0 –24) was 307 (83) �g · h/ml. Dose (in milligrams per kilogram of body
weight) showed a modest association with Cmax (coefficient of determination [R2] �

0.12) and with AUC (R2 � 0.16). Figure 1 shows the frequency distribution for Cmax and
AUC0 –24. The mean (SD) half-life (t1/2) was 7.5 (1.2) h.

Most patients in our study did not achieve the proposed Cmax and/or AUC target.
Only 18 (25%) of 72 patients achieved a Cmax of 35 �g/ml, and only 15 (21%) patients
achieved an AUC of 363 �g · h/ml. There was a strong correlation between Cmax and
AUC (R2 � 0.62). On the basis of the results of our study, a Cmax of 35 �g/ml
corresponds to an AUC of 344 �g · h/ml, very close to our 363 �g · h/ml target,
indicating that achievement of one target (AUC or Cmax) was likely to result in
achievement of the other target as well.

Population pharmacokinetics. PZA was best described by a one-compartment
open model with first-order elimination and first-order absorption. A combined error
model best described the residual variability. Because PZA was rapidly absorbed and
there were limited data prior to 2 h postdosing, the final population estimate for the
absorption rate constant (ka) was high. Therefore, the distribution for ka was capped at
4.5 h�1. Significant covariates included sex and body weight for the volume of

TABLE 2 PK parameters estimated from noncompartmental analysis

Parameter Mean (range) value

Cmax (�g/ml) 30.8 (16–54)
AUC0–24 (�g · h/ml) 307 (136–579)
Tmax (h) 1.6 (0.8–6)
t1/2 (h) 7.5 (4.5–11)
CL/F (liters/h) 4.6 (2.3–7.6)

FIG 1 Frequency distribution for both Cmax (in micrograms per milliliter) and AUC (in micrograms · hours per
milliliter).
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distribution (V/F) and body weight for clearance (CL/F). Allometric scaling was used to
describe the effect of body weight on both V/F and CL/F, using fixed exponents of 1 and
0.75, respectively. The typical value of CL/F in a 70-kg individual was 5.06 liters/h, while
the typical values of V/F were 54.2 liters for a 70-kg male and 46.5 liters for a 70-kg
female (Table 3). Goodness-of-fit plots are shown in Fig. 2 and 3. Figure 2 shows the
observed and predicted concentrations, while Fig. 3 shows the visual predictive check
(VPC) plot.

External validation. We validated the final model with an external data set. The
average age in the external data set was 48 years, and 73% of the patients were male.
These values are comparable to those for our population, where the average age was
37 years and 82% of the patients were males. The average dose was 1,750 mg. There
was a good correlation between the population predicted and observed concentrations
(R2 � 0.73). However, our model underpredicted Cmax (bias � 12%, precision � 35%).
There was excellent agreement between the observed and individual predicted con-
centrations (R2 � 0.97) (Fig. 4). Our model also showed low levels of bias and precision
(bias � �4.7%, precision � 12.1%).

Simulation and target attainment. The final model estimates for CL/F with body
weight as a covariate were used for the simulations. The model-predicted change in
AUC between the lower and upper bounds of each group was �21%, indicating
comparable exposures within groups (Table 4). The model-predicted change in AUC
from a 40-kg to a 90-kg adult was approximately 100% if all patients were given the
same dose on a milligram basis (i.e., if dosing was not weight adjusted). Therefore, it
seemed reasonable to dose patients by these three weight groups instead of using a
fixed dose for all patients.

For simulations based on an AUC/MIC of �11.3, very high doses were needed to
achieve the therapeutic target (Table 5). If we convert these doses to doses in
milligrams per kilogram of body weight, the dose needed to achieve a rate of target
attainment of 80% across all groups was approximately 50 mg/kg, while doses of �80
mg/kg were needed to achieve target attainment in 90% of patients.

Simulations based on an AUC of �363 �g · h/ml and on a Cmax of �35 �g/ml
produced similar and more achievable results (Tables 6 and 7). Depending on the
weight group, doses in the range of 35 to 45 mg/kg were needed to achieve the
therapeutic targets in �90% of the patients. Patients at the lower bound of body
weight (weight groups 1 and 2) needed higher doses (about 40 to 45 mg/kg), while
patients at the upper bound of body weight needed lower doses (about 35 mg/kg) to
achieve the therapeutic targets (Fig. 5).

TABLE 3 PK parameter estimates for final population PK modela

PK parameter

Estimate

Base model Final model

ka (h�1 [% RSE]) 3.94 (7) 3.63 (12)
IIV for ka (% CV) 233 (18) 220 (22)

V/F (liters [% RSE]) 44.9 (3)
Females 46.5 (4)
Males 54 (2)

IIV for V/F (% CV) 21 (10) 10.9 (15)
CL/F (liters/h [% RSE]) 4.44 (3) 5.06 (3)
IIV for CL/F (% CV) 25.3 (9) 23 (9)

Residual variability
a (% RSE) 0.921 (8) 0.94 (8)
b (% [% RSE]) 10.5 (8) 10 (7)

aBoth V/F and CL/F are scaled for a 70-kg individual in the final model. Log (CL/F) � log(5.06) � 0.75 ·
[log(weight) � log(70 kg)]. Log (V/F) � log(46.5) � 0.148 · sex (male) � [log(weight) � log(70 kg)]; female
was considered the reference. RSE, relative standard error; IIV interindividual variability; CV, coefficient of
variation.
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DISCUSSION

We described the population PK of PZA in patients with TB. The one-compartment
structural model that we used is consistent with the models used in previous studies
(15–17). PZA showed rapid absorption, as expected. PZA probably has the most
predictable absorption among all anti-TB drugs. Both body weight and sex indepen-
dently influenced PZA PK. Because these two variables significantly affect the PZA V/F,
the inclusion of both of them in the model decreased the variability by approximately
50%. Body weight significantly influenced PZA CL/F and explained 9% of its variability.
Our models predict that AUC would decrease by approximately 2-fold in a 90-kg patient
compared to that in a 40-kg individual if the patients were given the same fixed dose
(rather than weight-based dosing). Therefore, administration of a fixed dose to all
patients is not appropriate. We suggest dividing patients into three different weight
groups (Table 5), where the exposure is comparable across each weight group.

Both V/F and CL/F estimates were modestly higher in our analysis than previous
studies (15, 17). Of note, most of the patients in our study did not achieve the proposed
Cmax or AUC targets of 35 �g/ml and 363 �g · h/ml, respectively. This indicates that the

FIG 2 Goodness-of-fit plots for the final population pharmacokinetic model. (Top) Individual predictions of PZA concentrations versus observed concentrations;
(bottom) population predictions of PZA concentrations versus observed concentrations.
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current dosing might be too low to achieve PK targets. In the study by Zhu et al., the
average Cmax and AUC values were 38 �g/ml and 373 �g · h/ml, respectively, whereas
they were 30.8 �g/ml and 307 �g · h/ml, respectively, in our study, despite the use of
similar doses on a milligram-per-kilogram basis (15).

FIG 3 Visual predictive check (VPC) for PZA concentration versus time on the basis of 1,000 Monte Carlo simulations. Solid green line, the 10th, 50th, and
90th percentiles of the observed data; shaded regions, 90% confidence interval around the 10th, 50th, and 90th percentiles of simulated data; blue
diamonds, observed concentrations. emp. prctile, empiric percentile; prctile out., percentile outside of the bounds; and P.I, prediction interval.

FIG 4 External validation of the final model. The individual predictions (top) and population predictions (bottom) of the
PZA concentrations versus the concentrations observed in the external data set are shown.
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Previous clinical studies have shown that a Cmax of �35 �g/ml or an AUC of �363
mg · h/ml is associated with treatment failure (10, 12, 18). However, it is important to
note that antimicrobial activity is not linked to the drug concentration alone but is
linked to a combination of the drug concentration and the susceptibility of the
infecting strain to the antibiotic of interest (the MIC). A clinical study by Chigutsa et al.
evaluated the PK/PD of first-line anti-TB drugs (14). This study was unique in that MIC
values were available for the patients’ infecting isolates, allowing for a more detailed
PK/PD analysis. An AUC/MIC of �11.3 for PZA was a key predictor of sterilizing activity
in patients with a rifampin AUC of �35.4 �g · h/ml. An in vitro study by Gumbo et al.
also showed that PZA sterilizing activity is linked to the AUC/MIC (11). To further
evaluate the dosing of PZA, we used Monte Carlo simulations and target attainment
analysis. We evaluated target attainment at three different targets: an AUC/MIC ratio of
�11.3, a Cmax of �35 �g/ml, and an AUC of �363 mg · h/ml. To account for the effect
of weight on PZA CL/F and V/F, simulations were performed for three different weight
groups. The purpose was to minimize the variability in exposure for PZA and simplify
its dosing. The predicted change in AUC between the upper and lower end of each
weight band was �21%. To achieve the therapeutic targets of a Cmax of �35 �g/ml and
an AUC of �363 �g · h/ml in �90% of the patients, doses of 35 to 45 mg/kg were
needed. To achieve the therapeutic target of an AUC/MIC of �11.3, we show that doses
higher than those currently used (1,000 to 2,500 mg or 15 to 25 mg/kg) are needed.
Across all three weight groups, doses of 50 mg/kg were needed to achieve target
attainment in 80% of the patients, while doses of 60 to 70 mg/kg were needed to
achieve target attainment in 90% of the patients. Our results are similar to the findings
of Gumbo et al., who suggested a dose of �60 mg/kg (11). However, although the
relationship between PZA dose and hepatotoxicity remains debatable, patient safety
may be a concern at doses of �50 mg/kg (19).

The limitations of our study include inadequate early samples to estimate ka

precisely, forcing us to cap the ka distribution at 4.5. It should be noted that MIC
determinations for PZA are particularly challenging and highly dependent upon the
technique used (20). Therefore, a note of caution is needed when evaluating PZA MIC
values. Further, the targets that we evaluated in our study are based on a limited

TABLE 4 Model-predicted AUC stratified by different weightsa

Wt (kg)
CL/F
(liters/h) AUC (�g · h/ml)

% change compared to:

Value in
previous row

Value for a
40-kg individual

40 3.3 601
55 4.2 473 79 79
75 5.3 375 79 62
90 6.1 327 87 54
aAll data are based on a dose of 2,000 mg.

TABLE 5 Probability of target attainment analysis by weight group on the basis of an
AUC/MIC of �11.3

Dose (mg)

Probability of target attainment (%) in the following wt
group (kg):

40–55 56–75 76–90

1000 29 15 10
1,500 54 41 28
2,000 66 56 48
2,500 77 66 58
3,000 83 74 66
3,500 87 80 74
4,000 90 84 79
4,500 94 87 83
5,000 96 90 86
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number of clinical studies, and they have not been prospectively validated. More PK/PD
studies are needed to better establish therapeutic and safety targets for PZA.

In conclusion, we described the population PK of PZA using a one-compartment
model. Both sex and body weight influenced the PK of PZA. Our simulations show that
the current dosing used for PZA might be too low for the majority of patients. Our
results are consistent with those of previous studies that established the efficacy of PZA.
In those studies, doses in the 30- to 40-mg/kg range were used, and the minimum dose
used was 1,500 mg (7–9). Clinical studies are needed to evaluate the efficacy and safety
of higher doses of PZA.

MATERIALS AND METHODS
Study design. Data from PK substudies of TBTC studies 27 and 28 were used. Both studies were

phase 2 prospective, placebo-controlled, randomized clinical trials (21, 22). The studies included adult
patients from Uganda, South Africa, and the United States with drug-susceptible, smear-positive pul-
monary tuberculosis. Participants in TBTC study 27 were randomized to receive ethambutol or moxi-
floxacin once daily, in addition to rifampin, isoniazid, and pyrazinamide. Patients in TBTC study 28 were
randomized to receive isoniazid or moxifloxacin once daily, in addition to rifampin, pyrazinamide, and
ethambutol. In both studies, PZA was given in weight-banded doses of 1,000 mg for patients weighing
40 to 55 kg, 1,500 mg for patients weighing 56 to 75 kg, and 2,000 mg for patients weighing 76 to 90
kg. The result was a dose ranging from 18 to 27 mg/kg daily. Seventy-two patients participated in the
PK substudies. Institutional review board approvals were obtained at all participating research sites.

Sample collection and analytical assay. Blood was collected for plasma predosing and then at 1,
2, 6, 8, 12, and 24 h postdosing. Blood sampling was performed after the fourth or fifth dose of PZA. Each
dose was administered as directly observed therapy. PZA concentrations were measured using a
validated gas chromatography assay with mass selective detection, as previously described (15). The
standard curve ranged from 0.5 to 100 �g/ml. The intraday precision ranged from 0.20% to 11.11%, while
the interday precision ranged from 0.32% to 5.00%.

Pharmacokinetic analysis. (i) Noncompartmental analysis. A noncompartmental PK analysis was
performed using Phoenix software (Phoenix Build, version 6.2.1.51, containing WinNonlin, version 6.3;
Pharsight). Cmax was the highest observed concentration, and Tmax was the time at which Cmax occurred.
AUC0 –24 was estimated using the trapezoidal rule. The elimination rate constant (kel) was estimated from
the terminal elimination slope, and the half-life (t1/2) was equal to 0.693/kel. We also estimated the fraction of
patients that achieved the proposed Cmax or AUC target of 35 �g/ml and 363 �g · h/ml, respectively (10, 12,

TABLE 6 Probability of target attainment analysis by weight group on the basis of an
AUC of �363 �g · h/ml

Dose (mg)

Probability of target attainment (%) in the following wt
group (kg):

40–55 56–75 76–90

1,000 10 1 0
1,500 66 27 8
2,000 94 72 43
2,500 100 94 78
3,000 100 99 94
3,500 100 100 99
4,000 100 100 100

TABLE 7 Probability of target attainment analysis by weight group on the basis of a Cmax

of �35 �g/ml

Dose (mg)

Probability of target attainment (%) in the following wt
group (kg):

40–55 56–75 76–90

1,000 10 0 0
1,500 83 29 3
2,000 97 86 47
2,500 99 97 89
3,000 100 99 97
3,500 100 99 97
4,000 100 100 99
4,500 100 100 100
5,000 100 100 100

Alsultan et al. Antimicrobial Agents and Chemotherapy

June 2017 Volume 61 Issue 6 e02625-16 aac.asm.org 8

http://aac.asm.org


18). Descriptive statistics were estimated using R statistical software, version 3.1.1 (23). Continuous variables
are presented as the mean (range). Categorical variables are presented as frequencies.

(ii) Population PK analysis. Population PK modeling was performed using the nonlinear mixed
effects modeling software Monolix (version 4.3; Lixoft) to estimate primary PK parameters, characterize
the effects of covariates on key PK parameters, and support the dose simulations. Monolix estimates PK
parameters via a maximum likelihood approach using the stochastic approximation expectation maxi-
mization (SAEM) algorithm (24). Various structural models, including one- and two-compartment open
models with linear or nonlinear elimination, were tested. For the absorption process, first- and zero-order,
gastrointestinal transit compartment and simultaneous first- and zero-absorption models with or without
lag time were tested. PK parameters were assumed to be log normally distributed, as follows: pi � p ·
exp(�i), where pi is the PK parameter for the ith individual, p is the typical value of the PK parameter in
the population, and �i is the random effect for the ith individual with a mean of zero and a variance of
�2. The following statistical models were tested to describe the unexplained residual variability: constant
error, proportional error, combined error, and exponential error models.

The covariates included in the data set were sex, body weight, age, serum creatinine concentration,
and study site location (classified as Africa versus non-Africa). The initial step was to plot the post hoc
individual PK parameters versus covariates for data visualization and to identify potential covariates for
inclusion in the model. Later, we performed a stepwise regression analysis to test the significance of
covariates using the �2 log-likelihood ratio test (a P value of 0.1 was used for initial inclusion in the
model, and a P value of 0.05 was used for retention in the final model). The reduction of the
between-subject variability for PK parameters and the improvement in diagnostic plots were taken into
consideration when adding covariates. Throughout the analysis process, model selection was guided by
goodness-of-fit plots, log-likelihood ratio testing, the Bayesian information criterion (BIC), physiologic
plausibility, and the standard errors of the parameter estimates.

External validation. The final model was externally validated using an independent data set.
Observations on PZA concentrations from an additional 498 samples collected from 297 patients with TB
(average, 1.7 observations per subject) collected at the University of Florida Infectious Disease Pharma-
cokinetic Laboratory comprised the external data set. These were patients who underwent routine
therapeutic drug monitoring (TDM) for PZA. Most were sampled at 2 and 6 h postdosing. The same assay
was used to measure the PZA concentration in both the model-building data and the external data. Age
and sex were the only covariates included in the external data set. Therefore, we imputed the values for
body weight for these patients to be 66 kg for males and 53 kg for females; these are the average weights
by sex that we observed in the TBTC data sets for North American patients.

The final population parameter estimates were fixed for all parameters, and population and individ-
ual predictions were made for each patient. The individual predictions were estimated using the
maximum a posteriori (MAP) Bayesian estimator (25). To assess the predictive ability of the model, we
estimated the correlation between predicted and observed concentrations. We calculated percent bias
(mean prediction error) and percent precision (root mean squared error) as follows (26):

percent bias �
� (ypredicted � yobserved)

N
· � 100

ymean
� (1)

percent precision � �� (ypredicted � yobserved)2

N
· � 100

ymean
� (2)

where ypredicted, yobserved, and ymean are concentrations, and N is the number of concentrations.

FIG 5 Target attainment analysis for PZA (AUC/MIC � 11.3) for all four dosing groups.
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Simulation and target attainment. We performed target attainment analyses to evaluate the
dosing of PZA. To assess the influence of body weight on dosing and the probability of target attainment,
simulations were performed for three different weight groups as follows: group 1 consisted of weights
of 40 to 55 kg, group 2 consisted of weights of 56 to 75 kg, and group 3 consisted of weights of 76 to
90 kg. Since there is no clear target for PZA, we evaluated target attainment at three different targets:
an AUC/MIC of �11.3, an AUC of �363 �g · h/ml, and a Cmax of �35 �g/ml (10, 12, 14).

For the AUC/MIC simulation, we simulated 10,000 random values for CL/F and MIC values per weight
group. The simulations were performed so that the body weights for all 10,000 virtual patients were
within the limits of the weight group. A log-normal distribution was used for CL/F, using the mean and
variance values obtained in the final model. We used a discrete distribution for MIC on the basis of the
findings of the study by Chigutsa et al. (14). In that study, the MIC distribution ranged from 12.5 to 100
�g/ml, and the probability associated with each MIC value was 11.5% for 12.5 �g/ml, 44.2% for 25 �g/ml,
28.8% for 50 �g/ml, and 15.3% for 100 �g/ml. We calculated target attainment to be the fraction of
patients that achieved an AUC/MIC of �11.3 �g/ml. AUC/MIC was calculated as follows: (D/CL)/MIC,
where D is dose (in milligrams).

Simulations for an AUC of �363 �g · h/ml were performed as described above but did not include
an MIC distribution. We calculated target attainment as the fraction of patients that achieved an AUC of
�363 �g · h/ml. AUC was calculated as follows: D/CL.

For target attainment on the basis of Cmax, we simulated the concentration-versus-time profiles for
10,000 patients in each weight group using Monolix software. Then, Cmax was estimated for each virtual
patient. We calculated target attainment as the fraction of patients that achieved a Cmax of �35 �g/ml.
All simulations were performed using R software (23). All the targets that we evaluated came from clinical
studies that measured total and free PZA concentrations; we used the total concentration for the
simulations, because PZA is minimally bound to plasma proteins and the total drug concentration is a
reasonable approximation (27).
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