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There are currently renewed efforts to develop drugs that could shorten the duration of antituberculosis
therapy. This is best achieved by optimizing the sterilizing effect. However, the current pathway for the
development of new molecules with the potential to have a sterilizing effect is inefficient. We designed an in vitro
pharmacokinetic-pharmacodynamic model in which Mycobacterium tuberculosis replicating slowly at pH 5.8 was
exposed to pyrazinamide by use of the concentration-time profiles encountered in patients. The sterilizing effect
rates and the time to the emergence of drug resistance were examined. Daily pyrazinamide dosing for 28 days
accurately achieved (i) the pyrazinamide pharmacokinetic parameters, (ii) the lack of early bactericidal
activity, (iii) a sterilizing effect rate of 0.10 log10 CFU/ml per day starting on day 6 of therapy, and (iv) a time
to the emergence of resistance of the from 2 to 3 weeks of monotherapy encountered in patients with
tuberculosis. Next, dose-scheduling studies were performed. The sterilizing effect was linked to the pyrazin-
amide ratio of the area under the concentration-time curve from 0 to 24 h (AUC0–24) to the MIC (r2 � 0.80 to
0.90), with 90% of the maximal effect being achieved by an AUC0–24/MIC of 209.08. Resistance suppression was
associated with the percentage of time that the concentration persisted above the MIC (r2 � 0.73 to 0.91).
Monte Carlo simulations of 10,000 patients demonstrated that the currently recommended pyrazinamide doses
(15 to 30 mg/kg of body weight/day) achieved the AUC0–24/MIC of 209.08 in the epithelial lining fluid of only
15.1 to 53.3% of patients. Doses of >60 mg/kg per day performed better. Our vitro model for the sterilizing
effect, together with Monte Carlo simulations, can be used for the faster identification of the clinical doses that
are needed to achieve a sterilizing effect and that can then be studied in clinical trials.

Current therapy for tuberculosis (TB) consists of rifampin
(rifampicin), isoniazid, and pyrazinamide (5). In order to
improve therapy, several studies have examined the phar-
macokinetic (PK)-pharmacodynamic (PD) relationship be-
tween isoniazid and rifampin treatment and the response of
Mycobacterium tuberculosis (22, 25, 29, 30). However, those
studies were of short duration and mainly reflected the bacte-
ricidal activities of these agents, defined as the killing of bacilli
in log-phase growth. No similar studies have examined the
sterilizing activities of anti-TB drugs. An anti-TB drug is con-
sidered to have a sterilizing effect when it is able to kill one of
two subpopulations of M. tuberculosis: slowly growing bacilli in
an acidic environment (slowly replicating bacilli [SRB]) and
nonreplicating persistent bacilli (5, 26). The sterilizing activity
of a drug also reflects its ability to shorten anti-TB therapy
duration (41). Pyrazinamide has unique sterilizing activity
against SRB, which are estimated to constitute the majority of
bacilli in the pulmonary cavities of patients with TB (31, 35). A
measure of the size of the SRB population is that the addition
of pyrazinamide to isoniazid- and rifampin-containing regi-
mens led to a one-third reduction in the duration of therapy
and a two-thirds reduction in the rate of TB relapse (2, 48).
Given the size of this population and the central role of pyrazi-

namide in eradicating it, pyrazinamide PK-PD studies could
help with the further optimization of therapy.

After oral administration, pyrazinamide is almost completely
systematically absorbed and eventually enters the pulmonary cav-
ities containing M. tuberculosis. Pyrazinamide works in these cav-
ities under acidic conditions (38). There is conflicting evidence
as to whether pyrazinamide enters the bacilli by simple diffu-
sion or by active uptake (44, 56). However, once the bacilli are
in the cell, bacillary nicotinamidase deaminates the pyrazin-
amide to pyrazinoic acid (POA), which is transported to the
extracellular milieu by an efflux pump and is then protonated
to HPOA (34, 47, 56). It is believed that the HPOA reenters
the bacillus and accumulates. Microbial killing may occur via
the reduction of the intracellular pH, the disruption of mem-
brane transport, or the inhibition of fatty acid synthase type I
(7, 57, 59, 60). An unresolved issue is whether the acidic con-
ditions under which pyrazinamide works are intracellular or
extracellular. A long-held and popular belief is that pyrazin-
amide works in the acidic pH environment within macrophages
(37). However, it has also been proposed that the bacilli which
pyrazinamide kills are extracellular and at the edges of necrotic
cavities (5). Arguments for and against each of these view-
points have recently been summarized (28). PK-PD ap-
proaches could help resolve this question. If the bacilli are
within macrophages, a desirable property of new drugs would
be a high level of intracellular penetration. If, however, they
are extracellular, the crucial and desirable chemical property
of sterilizing agents would be achievement of a high concen-
tration in the epithelial lining fluid (ELF).
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Currently, it is difficult to identify the sterilizing effects of old
and new anti-TB drugs in short-term clinical trials because of
the difficulty of separating the sterilizing activity of a single
drug from that of multiple drugs used for therapy (8). One
solution is a preclinical TB model in which the sterilizing effect
can be studied and the results can be translated to the treat-
ment of patients. Unfortunately, there are several problems in
that regard. To begin with, the exact pH under which SRB
survive in patients with TB is unknown. A pH range of 5.0 to
7.4 either has been measured in cavities containing M. tuber-
culosis or has been utilized for in vitro studies (9, 38). In terms
of animal models, pyrazinamide is not active against TB in
guinea pigs, while the relevant bacillary metabolic status in
mice with TB may be different from that in humans (1, 49).
Furthermore, the half-life of pyrazinamide is 10-fold higher in
humans than in mice (20, 43, 52, 58). When the difference in
interspecies drug half-life is large and the half-life in the ani-
mal is very short, the PK-PD index associated with microbial
killing often defaults to the percentage of the time that the
concentration exceeds the MIC (TMIC), which can lead to
erroneous therapeutic conclusions when the findings are trans-
lated to humans (15, 17, 18). In the current study, we estab-
lished an in vitro PK-PD model of TB that mimics the phar-
macokinetics of pyrazinamide in humans and that results in
pyrazinamide sterilizing activity in patients with TB. We used
the model to perform dose-effect and dose-scheduling studies.
The results were then utilized to translate the PK-PD findings
to humans in order to optimize pyrazinamide therapy.

(The data presented here were presented, in part, as an oral
presentation at the 48th Interscience Conference on Antimi-
crobial Agents and Chemotherapy-46th Infectious Diseases
Society of America Annual Meeting, Washington, DC, Octo-
ber 2008, abstr. A-1823.)

MATERIALS AND METHODS

Bacterial isolates. Mycobacterium tuberculosis H37Rv (ATCC 27294) was used
in all studies. For each experiment, the cultures were first incubated under 5%
CO2 at 37°C in Middlebrook 7H9 broth (herein termed “medium”) enriched
with 10% oleic acid, albumin, dextrose, and catalase (OADC) for 4 days to
achieve log-phase growth. The pyrazinamide MIC was determined by the meth-
ods recommended by the Clinical and Laboratory Standards Institute (12).

Drugs and supplies. Pyrazinamide (Sigma-Aldrich) was first dissolved in di-
methyl sulfoxide (DMSO) and was then subsequently diluted in acidified me-
dium to the desired drug concentrations. The final DMSO concentration in all
experiments was less than 0.1%. Hollow-fiber-system components were pur-
chased from FiberCell Systems.

Development of an in vitro PD model of TB for sterilizing activity. Citric acid
was chosen to acidify the medium because it is an excellent buffer at pHs of
between 5 and 7 required for use in our studies. The medium was acidified to a
pH of 5.0 to 6.8 with no OADC supplementation. Cultures of 5.5 log10 CFU/ml
M. tuberculosis were inoculated into triplicate T flasks with medium at pHs of 6.8,
5.8, 5.5, and 5.0; and the flasks were incubated under 5% CO2 at 37°C and 90 rpm
shaking. No extra pH points between pH 6.0 and 6.8 were investigated, on the
basis of preliminary results which demonstrated no major differences in growth
between these two pHs. The flasks were sampled on days 10, 20, and 28 for
quantitative cultures. Since SRB in the pulmonary cavities of patients with TB
are characterized by a lower rate of replication than bacilli in log-phase growth
(5, 31, 40), we were interested in choosing an in vitro pH that was associated with
rates of growth consistently lower than those of cultures in log-phase growth but
that resulted in a growth rate of �0.

For all studies, pyrazinamide was initially dissolved in DMSO and was then
diluted to the desired concentration in Middlebrook 7H9 broth to make a final
DMSO concentration of �0.1%. The DMSO with citric acid (pH 5.8) had no
effect on bacillary killing when DMSO was present at a concentration of up to
1%. After the incubation of identical inocula at 37°C for 21 days, medium with

1% DMSO plus citric acid at pH 5.8 had an M. tuberculosis burden of 5.37 � 0.07
log10 CFU/ml, whereas medium with citric acid alone (pH 5.8) had an M.
tuberculosis burden of 5.24 � 0.04 log10 CFU/ml. The level of microbial killing by
12.5 mg/liter pyrazinamide initially dissolved in water was no different from that
of pyrazinamide initially dissolved in DMSO (final DMSO concentration, 0.1%)
at pH 5.8. Therefore, the interaction of pyrazinamide, citric acid, and DMSO
with regard to the killing of M. tuberculosis was considered minimal.

Next, hollow-fiber systems were utilized to construct an in vitro PK-PD model
of TB for sterilizing activity. The basic construction of this system has been
described in detail in our studies of bactericidal activity (21–25). The system
allows M. tuberculosis growing in the peripheral compartment to be exposed to
concentration-time profiles of drug similar to those achieved in patients with TB.
We modified the system by using media that had been acidified to a pH of 5.8,
on the basis of the findings of the growth rate studies described above. M.
tuberculosis was incubated in medium at pH 5.8 for 4 days and then inoculated
into the peripheral compartment of each hollow-fiber system, which used me-
dium acidified to pH 5.8. Given the continuous inflow of fresh acidified medium
and the continuous outflow of used medium, as well as citric acid’s buffering
ability at pH 5.8, the large populations of bacilli in the peripheral compartment
were not able to change the pH in their microenvironment. Measurement of the
pH at the start of each experiment, as well as every 7 days for up to 28 days,
demonstrated no pH change in either the external or the peripheral com-
partment.

Dose-effect studies. Starting 24 h after inoculation, pyrazinamide was admin-
istered into the central compartment of each hollow-fiber system by computer-
controlled syringe pumps. Pyrazinamide was administered daily for 28 days to
achieve a half-life of 10 h and mimic human doses of 0, 7.5, 15, 30, 60, 90, and
120 mg/kg of body weight. During the first 48 h, the central compartment of each
system was sampled 12 times to validate that the intended drug concentration-
time profiles had been achieved. The peripheral compartment was sampled for
bacteria for culture on days 0, 1, 2, 4, 6, 10, 14, 21, and 28. The samples were
washed twice to prevent drug carryover, as described before (22, 23). The cul-
tures were then serially diluted and plated onto Middlebrook 7H10 agar (herein
termed “agar”) with 10% OADC for enumeration of the total microbial popu-
lation. In order to quantify the pyrazinamide-resistant subpopulation, samples
were plated on agar acidified to a pH of 5.8, enriched with 10% fetal bovine
serum, and supplemented with 900 mg/liter pyrazinamide, on the basis of pre-
viously published methods (27, 55). All cultures were incubated under 5% CO2

at 37°C for 21 days, after which the colonies were counted. In order to validate
the clinical relevance of the in vitro PK-PD model of TB, the sterilizing effect
patterns and the rates of microbial killing achieved in our hollow-fiber systems
were compared to those achieved in patients with TB treated with pyrazinamide
monotherapy, as published in the literature (31, 32, 46, 54).

Dose-scheduling studies. An inoculum of 7.5 log10 CFU/ml M. tuberculosis was
used for the dose-scheduling studies. We utilized the results of the dose-effect
study to calculate the exposures associated with 20%, 40%, and 60% of maximal
killing (20% effective concentration [EC20], EC40, and EC60, respectively). The
exposures were chosen partially based on optimal design parameters for Fisher
information, and partially as a compromise to include exposures achieved by
standard clinical doses.

Each of the three exposures was administered to our in vitro system for 28 days
as one of three dose schedules: a single dose administered each week (every
168 h), two equally divided doses administered every 3.5 days, and seven equally
divided doses administered every 24 h. On the basis of the results of the dose-
effect study described above, the peripheral compartment was sampled for bac-
teria for culture on days 0, 14, 21, and 28. The samples were washed twice to
remove drug carryover, serially diluted, and plated on agar to determine the total
M. tuberculosis population as well as the pyrazinamide-resistant subpopulation.
The cultures were incubated at 37°C for 21 days.

Measurement of pyrazinamide concentration. The pyrazinamide concentra-
tion in samples from each hollow-fiber system were measured by the liquid
chromatography-tandem mass spectrometry method. Acetazolamide was used as
an internal standard (14). Samples in Middlebrook 7H9 broth were diluted 1:100
in methanol and injected directly, without further processing, and analyzed on a
Shimadzu high-pressure liquid chromatograph with a Supelcosil ABZ�Plus col-
umn. The isocratic mobile phase consisted of 80% of 0.1% formic acid and 20%
(vol/vol) acetonitrile. Detection was accomplished with an API 3000 mass spec-
trometer, which was programmed in the multiple-reaction-monitoring mode and
monitored the transition of the m/z 124.1 and 223.0 precursor ions to the m/z
80.95 and 180.8 product ions for pyrazinamide and acetazolamide, respectively.
The method was linear over the concentration range of 0.1 to 100 mg/liter, the
correlation coefficient was 0.998, and the accuracy was within �5%. The assay
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bias was �2.7%. The between-day coefficient of variation for the assay was 1.65
to 2.99%. The lower limit of quantification was 0.1 mg/liter.

PK-PD modeling. PK analysis of the pyrazinamide concentrations measured
was performed by using the ADAPT II software of D’Argenio and Schumitzky
(16). A one-compartment open model with first-order input and elimination was
chosen (52). The PK parameter estimates were then used to calculate the ratio
of the pyrazinamide area under the concentration-time curve from 0 to 24 h
(AUC0–24) to MIC, the ratio of the maximum concentration in plasma (Cmax) to
the MIC, and the percent TMIC. The relationship between the pyrazinamide
exposure (AUC0–24/MIC, Cmax/MIC, or TMIC) and the killing of M. tuberculosis
in the dose-effect and the dose-scheduling studies was analyzed by using the
Hill-type inhibitory sigmoid maximum-effect model, as described in the past (22,
23, 25, 29, 30). The relationship between the level of pyrazinamide exposure and
the resistant subpopulation was analyzed by inspection of graphs of the size of
the resistant subpopulation versus the level of exposure. Tam et al. have de-
scribed the relationship between the level of drug exposure and the population
of resistant bacteria as an inverted U (50). We have observed that the relation-
ship between the level of drug exposure and the size of the drug-resistant
subpopulation of M. tuberculosis is characterized by a system of U-shaped curves
which change with an increase in the duration of therapy (25). In the current
study, we expressed this relationship as a quadratic function: Y � aX2 � bX � k,
where Y is the size of the resistant subpopulation (log10 CFU/ml); X is the
anti-TB drug exposure value for Cmax/MIC, AUC0–24/MIC, or TMIC; and k is the
drug-resistant subpopulation in the nontreated controls. The level of drug expo-
sure associated with the highest drug-resistant subpopulation in the inverted U
or the lowest resistant subpopulation with an upright U-shaped curve was equal
to �b/2a, where a and b are coefficients. The leading coefficient, a, starts as a
positive value in the upright U-shaped curve but changes to a negative value with
an increased duration of therapy, indicating an inverted U-shaped curve. This
formula was utilized to examine the relationship between the level of pyrazin-
amide exposure (independent variable) and the size of the resistant subpopula-
tion (log10 CFU/ml). Weighting was done by least-squares estimation. However,
when 1/Y2 weighting or automatic outlier elimination by the program was em-
ployed, the results were similar. All PK-PD analyses were performed with Prism
(version 5) software (GraphPad Software).

Monte Carlo simulations. We were interested in using the results of our
PK-PD study to help determine if pyrazinamide works in the acidic pH within
macrophages. If this is true, then the pyrazinamide concentrations associated
with a sterilizing effect must be achieved in infected alveolar macrophages in the
majority of patients with TB treated with the standard dose of 2 g a day. On the
other hand, the bacilli may be extracellular. If this is true, then the pyrazinamide
concentrations associated with a sterilizing effect must be achieved within ELF in
the majority of treated patients with TB. Conte et al. have measured the pyrazin-
amide concentrations in the plasma, alveolar macrophages, and ELF of patients
treated with oral pyrazinamide (13). They identified a mean macrophage/plasma
ratio of 0.83 (95% confidence interval [CI], 0.52 to 1.14) and a mean ELF
concentration/plasma concentration ratio of 17.8 (95% CI, 13.9 to 21.7), on the
basis of our calculation of their data. The reasons for these differences are
unknown (13). Oral pyrazinamide at 2 g a day is associated with a sterilization
rate of 0.11 log10 CFU/ml per day in adult patients (31, 32). On the basis of the
inhibitory sigmoid maximum-effect relationship derived in our in vitro dose-
effect studies, the level of pyrazinamide exposure (target exposure) associated
with this sterilization rate of 0.11 log10 CFU/ml per day was calculated. We then
performed Monte Carlo simulations for 10,000 subjects to determine how likely
the standard dose of 2 g a day would achieve the AUC0–24/MIC target exposure
in patient alveolar macrophages on the basis of the upper 95% confidence bound
of the macrophage penetration ratio of 1.14. We next performed similar Monte
Carlo simulations based on the ELF concentration/plasma concentration ratios.
While pyrazinamide is 15 to 40% protein bound, the concentration of proteins in
ELF is low; thus, the effect of ELF protein binding on pyrazinamide is considered
negligible (33, 53). Therefore, the total drug concentration in ELF was consid-
ered equivalent to the free drug concentration. The pyrazinamide population PK
parameter estimates and their covariances, based on the findings of the study of
Wilkins et al. (52), were embedded in the subroutine PRIOR of the ADAPT II
and ADAPT5 (beta version) programs (16). The PK parameters utilized were
an absorption rate constant (Ka) of 3.56 � 1.84/h, a clearance of 3.42 � 0.79
liters/h, and a volume of distribution of 29.20 � 7.69 liters, on the basis of
both published and unpublished data (16). Normal and log-normal distribu-
tions were evaluated, and the distribution that was best able to recreate the
mean parameter estimates and standard deviations in the original population
PK model was chosen. The variability in the pyrazinamide MICs among
clinical isolates of M. tuberculosis was also incorporated (45).

We also performed a Monte Carlo simulation for 10,000 pediatric patients to

determine how likely daily pyrazinamide doses of 15, 25, 30, 50, 60, and 100
mg/kg would achieve the AUC0–24/MIC associated with 90% maximal killing
(EC90). The PK parameters for the pediatric population utilized as prior data
were a Ka of 1.47 � 1.65/h, a clearance of 0.13 � 0.11 liter/h/kg, and a volume of
distribution of 0.80 � 0.43 liter/kg, on the basis of both published and unpub-
lished data from Zhu et al. (58). The MIC distributions were as described above.
Similar simulations were performed for 10,000 adult patients treated with 1.5 g,
2 g, 3 g, 4 g, or 5 g pyrazinamide per day. Since Wilkins et al. have demonstrated
that patient weight is an important covariate on pyrazinamide clearance and
volume of distribution, the clearance was adjusted by 0.545 liter h�1 and the
volume of distribution was adjusted by 0.433 liter for every 10-kg increase in
weight above 50 kg, on the basis of weight distributions in the United States (39,
52). We also took into account the effect of gender on the volume of distribution,
and utilized a male/female ratio of 62/38 to reflect the gender proportions of
patients with TB in the United States (10).

RESULTS

Growth rates. The rates of growth of M. tuberculosis at
different pHs are shown in Fig. 1, which demonstrates that
there was no net growth at pHs below 5.8. However, at a pH of
5.8, the bacilli grew but at rates lower than those of bacilli in
log-phase growth at pH 6.8. Thus, a pH of 5.8 was chosen for
use in all subsequent studies. At pH 5.8, the pyrazinamide MIC
was 12.5 mg/liter.

Dose-effect studies. The PK parameters (means � standard
deviations) for pyrazinamide achieved in our in vitro PK-PD
model of TB were a Ka of 3.45 � 0.99 h�1, an elimination rate
constant of 0.06 � 0.02 h�1, a volume of distribution of 1.68 �
0.40 liters/kg, and a clearance of 0.10 � 0.02 liters/h/kg. The
bacillary responses to pyrazinamide in each of the systems are
shown in Fig. 2. During the first 4 days, the bacillary growth in
the pyrazinamide-treated systems was �0.10 log10 CFU/ml per
day, which was similar to that detected for the nontreated
control arm. Thus, pyrazinamide had no early bactericidal ac-
tivity. In the systems treated with doses of �15 mg/kg, micro-
bial killing commenced after 4 days. In the arms treated with
doses that mimicked the standard daily doses administered to
patients (15 to 30 mg/kg/day), the sterilizing activity rate was
0.09 to 0.10 log10 CFU/ml per day. However, the doses failed
between days 14 and 21, despite the continuation of therapy
(Fig. 2). On day 28, the relationship between the microbial
burden and the level of pyrazinamide exposure was as follows:

FIG. 1. Growth of Mycobacterium tuberculosis at different pHs.
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Effect (log10CFU/ml) � 6.52 � �2.89 � [AUC/MIC]1.21

/�34.221.21 � [AUC/MIC]1.21� (1)

The r2 value for this regression was 0.93, and the P value
was �0.01. From this relationship, the pyrazinamide EC90 was
calculated to be an AUC0–24/MIC ratio of 209.08. In addition,
the AUC0–24/MIC ratios associated with effects of 0.5, 1.0, and
2.0 log10 CFU/ml were 9.43, 20.26, and 66.67, respectively.

Dose-scheduling studies. The relationship between the dose
schedule and microbial killing is shown in Table 1, which dem-
onstrates that the AUC0–24/MIC ratio best explains the steril-
izing effect, on the basis of the r2 values. With regard to resis-
tance suppression, inspection of Fig. 3A to C shows that for
each cumulative weekly AUC0–24/MIC (EC20, EC40, or EC60),
the schedule of pyrazinamide administration once a week had
the worst outcome, while daily therapy had the best result,
consistent with an effect linked to TMIC. This was confirmed by
modeling the relationship between the size of the resistant
subpopulation and the level of drug exposure with the results
shown in Table 1. The steepest decline in the size of the
drug-resistant subpopulation occurred when TMIC exceeded
66.7%.

Monte Carlo simulations. On the basis of equation 1, the
level of pyrazinamide exposure associated with a sterilization
rate of 0.11 log10 CFU/ml per day was an AUC0–24/MIC ratio
of 120. If an alveolar macrophage penetration ratio of 1.14 in
Monte Carlo simulations is assumed, pyrazinamide at 2 g a day
achieved or exceeded the AUC0–24/MIC of 120 in patient al-
veolar macrophages in only 0.07% of 10,000 virtual patients. A
normal distribution was better able to achieve the original
mean PK parameter values and standard deviations. However,
the performance of similar simulations with ELF penetration
ratios of 13.9 to 21.7 revealed that 2 g a day would achieve an

AUC0–24/MIC of 120 in 80 to 90% of all patients. Since clinical
studies have repeatedly demonstrated the effectiveness of 2 g a
day of pyrazinamide in patients with TB, the extracellular
location of SRB is more consistent with the known clinical
effects of this dose.

Next, Monte Carlo simulations for dose selection were per-
formed on the basis of the ability of each dose to achieve the
EC90 in the ELF of adult patients. The results are shown in
Fig. 4. Figure 4A demonstrates that standard doses of 1.5 to 2 g
a day are suboptimal and that higher daily doses would opti-
mize the sterilizing effect. After gender as well as the weight
distribution was taken into account, the standard doses per-
formed even worse, as shown in Fig. 4B. The probabilities of
target attainment for a TMIC of �66.7% and, therefore, the
suppression of drug resistance were 0.76 to 0.87 for a dose of
1.5 g a day, 0.84 to 0.92 for 2 g a day, and �0.91 for 3 g a day.
Simulations for the optimal dose required to achieve the EC90

in children are shown in Fig. 4C, which demonstrates that
standard doses of 15 to 30 mg/kg were suboptimal.

DISCUSSION

The current pathway for the development of a molecule with
the potential to have a sterilizing effect, from the bench to
patients with TB, is dated, cumbersome, and inefficient. We
would like to propose a more efficient pathway. First, our
preclinical PK-PD model can be used to generate data on the
relationship between level of drug exposure, time, and steril-
izing effect. Second, standard mathematical (PK-PD) models
are used to describe the deterministic relationship between the
level of drug exposure, the level of microbial killing, and the
suppression of resistance. The levels of exposure associated
with the maximal effect are then incorporated as the drug
exposures that need to be achieved in the ELF of patients in
stochastic clinical trial simulations that take into account ran-
domness as well as the MIC and the variability in human PKs.
Such Monte Carlo simulations have been extensively utilized
for the development of other pharmaceuticals as well as anti-
biotics (6, 19). In the current studies, we took into account
demographic factors, such as gender and weight. In the past we
have also incorporated the pharmacogenetics of isoniazid (25).
The output is the proportion of patients in whom exposures
associated with a sterilizing effect are expected to be achieved
with a particular dose. If the PK parameter associated with
pyrazinamide toxicity were known, Monte Carlo simulations
would also be performed and the maximum dose that results in
the least acceptable toxicity would be identified. The dose
associated with the optimal sterilizing effect in as large a pro-
portion of patients with TB as desired, without appreciably

TABLE 1. Relationship between sterilizing effect, resistance
suppression, and pyrazinamide exposure

Wk of
treatment

r2

Sterilizing effect Resistance suppression

Cmax/MIC AUC/MIC TMIC Cmax/MIC AUC/MIC TMIC

2 0.56 0.9 0.76 0.16 0.27 0.73
3 0.63 0.89 0.78 0.17 0.66 0.91
4 0.61 0.8 0.75 0.09 0.56 0.86

FIG. 2. Change in the total Mycobacterium tuberculosis density with
28 days of pyrazinamide therapy. Doses of 15 and 30 mg/kg failed
between weeks 2 and 3, but higher doses continued to kill the bacilli
until the end of the study.
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increased toxicity, is then recommended for use in multiple-
drug therapy in randomized controlled clinical trials of the
sterilizing effect.

Our in vitro PK-PD model of TB for sterilizing effect is
based on the hollow-fiber system, which has been used as a PK
model of humans, starting with previous work (3, 4, 36, 50). In
the current study, we adapted the model to address the vexing
problem of the sterilizing effect in patients with TB. We were
interested in determining if the model adequately represented
pharmacological events in patients. First, as was our intention,
the PK parameters such as Ka, the volume of distribution, and
the systemic clearance achieved in the system were similar to
those encountered in patients (43, 52, 58). In order to more
closely mimic cavitary TB and to take into account the inocu-
lum effect on microbial killing and the emergence of resistance,
we established bacillary burdens similar to those measured in
the sputum of patients with cavitary TB during studies of
pyrazinamide therapy (31). These bacillary burdens did not
change the pH in our systems, likely because of the continuous
inflow of fresh acidified medium and the outflow of used me-
dium. We then compared the PD results to those achieved with
pyrazinamide monotherapy in clinical studies (8, 31, 32, 46,
54). Pyrazinamide monotherapy in patients has an early bac-
tericidal effect of 0.05 � 0.18 log10 CFU/ml per day, a time to
the start of a sterilizing effect of �4 days, a sterilizing effect
rate of 0.11 log10 CFU/ml per day, and a time to the emergence
of resistance of 2.5 to 3 weeks. Thus, our in vitro model
achieved (i) the PK parameters of pyrazinamide, (ii) the lack of
early bactericidal activity, (iii) the daily rate of sterilization,
and (iv) the time to the emergence of resistance in patients
with TB. Therefore, our model has adequate clinical relevance,
especially with pyrazinamide, and could be of use for the study
of the sterilizing effects of old and new anti-TB drugs. In
addition, our studies indicate that the model is robust enough
that it can be used to perform studies for which the duration of
therapy is at least 1 month, which is important when one is
studying very slowly replicating bacilli.

The central problem with the development of shorter-dura-
tion anti-TB regimens is the eradication of SRB and nonrep-
licating persistent bacilli. In the development of new drugs that
target SRB, it will be crucial to know the histological location
where the drug will act. If the bacilli are within macrophages,
then a desirable property of the candidate drug would be a
high level of intracellular penetration. If the bacilli are extra-
cellular, then the crucial and desirable chemical property of
sterilizing agents would be achievement of a high ELF concen-
tration. Our data demonstrate that pyrazinamide exposures
high enough to kill SRB are unlikely to be achieved in the
pulmonary macrophages of most patients treated with stan-
dard doses of pyrazinamide. On the other hand, effective ex-
posures were achieved in the ELF of 80 to 90% simulated
patients treated with 2 g pyrazinamide. Even the remaining 10
to 20% patients still attained AUC0–24/MIC ratios of 80, which
is associated with some sterilizing effect, although it is subop-
timal. Thus, the assumption that SRB are extracellular led to
findings more consistent with the known clinical effectiveness
of pyrazinamide. This suggests that SRB are extracellular. Our
conclusions are tempered somewhat by the fact that the ELF
and alveolar macrophage pyrazinamide concentrations in the
original study by Conte et al. (13) were determined at a single

FIG. 3. Changes in pyrazinamide-resistant Mycobacterium tubercu-
losis burden with different dosing schedules. Doses that achieved the
EC20 (A), EC40 (B), and EC60 (C) were administered by using different
dosing schedules for each cumulative weekly dose.
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time point (4 h postdosing) and did not address possible system
hysteresis. However, analyses by others have determined that
this high ELF pyrazinamide concentration is unlikely due to
technical or measurement problems or late sampling times
(33).

Even though pyrazinamide is administered as part of com-
bination therapy, it is crucial to study pyrazinamide mono-
therapy since it is likely that the drugs used in combination
with pyrazinamide will change as new treatment regimens be-
come available. Monotherapy studies avoid, in part, the logical
problem of inductive generalization of the results achieved
with one particular combination. This occurs when observa-
tions from one specific pyrazinamide-drug combination regi-
men are generalized to different drug combination regimens.
In addition, exposure-effect relationships can be more easily
established in monotherapy studies. We utilized the relation-
ship between the pyrazinamide AUC/MIC as well as TMIC and
both sterilizing activity and resistance suppression in Monte
Carlo simulations to examine the likely successes of different
pyrazinamide doses. The currently recommended doses of 1.0
to 2 g (15 to 30 mg/kg) a day for adults and 15 to 30 mg/kg for
children achieved optimal exposures in only a minority of pa-
tients. Daily doses higher than 60 mg/kg in children and 4 g in
adults were more successful in achieving the exposures associ-
ated with optimal sterilization in larger proportions of patients.
The higher doses have the extra advantage in that with a daily
dose schedule, they are also optimized to minimize the emer-
gence of drug resistance, given that pyrazinamide monoresis-
tance is being reported in diverse parts of the world (11, 42,
51). Unfortunately, pyrazinamide doses of �40 mg/kg have
been associated with higher rates of toxicity when they were
used in the past. However, the toxicity data are based on old
studies that did not account for the duration of pyrazinamide
therapy and patient weight and that did not identify the par-
ticular PK parameters most closely associated with toxicity.
Our results are a call to consider the performance of a clinical
study that will examine the relationship between higher doses
of pyrazinamide, the sterilizing effect, and the rate of adverse
events.

In summary, we established an in vitro PK-PD model that
can be used to examine the sterilizing effects of anti-TB drugs.
We used the model to examine the PK-PD properties of the
pyrazinamide sterilizing effect and established that microbial
killing was linked to the AUC/MIC, while resistance suppres-
sion was linked to TMIC. Monte Carlo simulations with these
data strongly suggest that the use of doses of pyrazinamide
higher than those currently used could result in better out-
comes. Clinical studies that would examine the efficacy of these
higher doses versus potential toxicity are warranted.
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