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D

espite the introduction of “short-course chemotherapy” of
tuberculosis (TB) 40 years ago, TB remains one of the leading
causes of death in the world. According to the World Health Organization (WHO), tuberculosis was still responsible for 1.7% of
all human deaths in 2012 (1).
First-line anti-TB agents include rifampin, isoniazid (INH),
pyrazinamide, and ethambutol. As no new first-line anti-TB drug
has been developed for 50 years, there is a need for anti-TB treatment optimization. In addition to poor patient compliance and
drug resistance, low concentrations of anti-TB drugs may negatively affect treatment outcomes (2). Low plasma levels have been
associated with longer times to respond to treatment, treatment
failure, and the emergence of drug resistance (3–5).
Among the first-line anti-TB treatments, INH kills the largest
proportion of fast-growing Mycobacterium tuberculosis in lungs
over the first 2 to 5 days of therapy (6, 7). As a result, INH displays
the greatest early bactericidal activity (EBA) among all anti-TB
drugs, with EBA being the average decline in M. tuberculosis
counts in sputum during the first 2 days of therapy (8). Due to its
great initial bactericidal activity, INH is key to reducing contagiousness among treated patients. INH microbial kill rates decrease greatly after 2 to 5 days of therapy. It has been hypothesized
that this decline in INH activity is due to depletion of bacilli in the
exponential phase of growth (9). Another hypothesis explaining
the biphasic kill curve for INH is the emergence of INH-resistant
bacilli (10).
In humans, INH is metabolized mainly by N-acetyltransferase
2 (NAT-2). This enzyme displays a genetic polymorphism, with
fast (F) and slow (S) alleles. Although three genotypes are possible
(FF, FS, and SS), it is often difficult to distinguish homozygotic FF
and heterozygotic FS fast acetylators (FAs) without genetic data
(11). Most pharmacokinetic (PK) studies consider only two acet-
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ylator phenotypes, i.e., fast acetylators, for whom elimination
half-lives range from 0.9 to 1.8 h, and slow acetylators (SAs), for
whom elimination half-lives range from 2.2 to 4.4 h (12). As a
consequence, when they are treated with the same INH dose, fast
acetylators display lower INH concentrations, area under the concentration-time curve (AUC) values, and EBAs than do slow
acetylators.
The pharmacokinetic (PK)-pharmacodynamic (PD) index
that best explains microbial killing by INH is the AUC/MIC ratio
(13, 14). This PK-PD relationship was specifically studied in a
mouse model of tuberculosis, in which INH plasma AUC values
were correlated with the decline in the total bacterial load in lungs
(13), and in a hollow-fiber in vitro model, in which the AUC values
were correlated with the decline in log counts, which probably
reflects the in vivo effect of INH on extracellular bacteria (14). In
humans, INH AUC values have also been shown to correlate with
EBA values (15).
INH pharmacokinetics have been extensively studied in
plasma but not in lungs, and no model describing the time course
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Among first-line antituberculosis drugs, isoniazid (INH) displays the greatest early bactericidal activity (EBA) and is key to reducing contagiousness in treated patients. The pulmonary pharmacokinetics and pharmacodynamics of INH have not been fully
characterized with modeling and simulation approaches. INH concentrations measured in plasma, epithelial lining fluid, and
alveolar cells for 89 patients, including fast acetylators (FAs) and slow acetylators (SAs), were modeled by use of population
pharmacokinetic modeling. Then the model was used to simulate the EBA of INH in lungs and to investigate the influences of
INH dose, acetylator status, and M. tuberculosis MIC on this effect. A three-compartment model adequately described INH concentrations in plasma and lungs. With an MIC of 0.0625 mg/liter, simulations showed that the mean bactericidal effect of a standard 300-mg daily dose of INH was only 11% lower for FA subjects than for SA subjects and that dose increases had little influence on the effects in either FA or SA subjects. With an MIC value of 1 mg/liter, the mean bactericidal effect associated with a
300-mg daily dose of INH in SA subjects was 41% greater than that in FA subjects. With the same MIC, increasing the daily INH
dose from 300 mg to 450 mg resulted in a 22% increase in FA subjects. These results suggest that patients infected with M. tuberculosis with low-level resistance, especially FA patients, may benefit from higher INH doses, while dose adjustment for acetylator
status has no significant impact on the EBA in patients with low-MIC strains.
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of INH exposure in lungs is available. As the concentrations in
lungs are thought to drive the effects of anti-infective agents in
pulmonary infections (16), it is desirable to quantify the relationships between INH doses, concentrations, and effects in the lungs.
The aims of this study were to develop a pulmonary INH pharmacokinetic model and to explore the relationships between INH
pharmacokinetics and antimicrobial effects against M. tuberculosis in lungs by use of simulations.
MATERIALS AND METHODS
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dXa ⁄ dt ⫽ ⫺ka · Xa

(1)

dX1 ⁄ dt ⫽ ka · Xa ⫺ ke · X1 ⫺ k12 · X1 ⫹ k21 · X2

(2)

dX2 ⁄ dt ⫽ k12 · X1 ⫺ k21 · X2 ⫺ k23 · X2 ⫹ k32 · X3

(3)

dX3 ⁄ dt ⫽ k23 · X2 ⫺ k32 · X3

(4)

ke ⫽ ki ⫹ AS · ks

(5)

where Xa, X1, X2, and X3 (all in milligrams) are the amounts of drug in the
absorption compartment, the central compartment (plasma concentrations), the ELF compartment, and the AC compartment, respectively, ka
(in hours⫺1) is the absorption rate constant, ke (in hours⫺1) is the elimination rate constant from the central compartment and is a function of
the acetylator status (AS), AS is a binary variable whose value is equal to 0
for slow acetylators and 1 for fast acetylators, and k12, k21, k23, and k32 (in
hours⫺1) are the between-compartment transfer rate constants. The other
pharmacokinetic parameters are the three volumes of distribution from
the following output equations:
Y1 ⫽ X1 ⁄ Vplasma

(6)

Y2 ⫽ X2 ⁄ VELF

(7)

Y3 ⫽ X3 ⁄ VAC

(8)

where Y1, Y2, and Y3 (in milligrams per liter) are the INH concentrations
in the central compartment, the ELF compartment, and the AC compartment, respectively; Vplasma represents the volume of distribution in the
central compartment, VELF that in the ELF compartment, and VAC that in
the AC compartment (all in liters).
In the NPAG modeling procedure, each drug concentration was
weighted by the reciprocal of the assay variance at that concentration. The
overall assay pattern was determined from the assay validation published
by Delahunty et al. (21), by fitting a second-order polynomial to the plot
of the assay standard deviation (SD) versus the mean concentration (x).
The resulting equations for the plasma, ELF, and AC INH concentrations
were as follows:
SDplasma ⫽ 0.0075 ⫹ 0.0391x ⫹ 0.0017x2

(9)

2

SDELF ⫽ 0.0175 ⫹ 0.1423x ⫹ 0.0006x

(10)

2

SDAC ⫽ 0.0175 ⫹ 0.0733x ⫹ 0.0006x

(11)

In the NPAG algorithm, the equation of the assay error is multiplied by
a coefficient denoted gamma, which is estimated by the NPAG algorithm
and accounts for other clinical sources of error.
Individual predicted concentrations were computed by using the median of each patient’s individual Bayesian posterior parameter joint density. Goodness of fit was assessed by the objective function value and by
regression analysis of predicted versus observed concentrations. Bias (de-
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Patient population and data collection. This was a retrospective analysis
of primary pharmacokinetic data from three original studies published by
Conte et al., O’Brien et al., and Katiyar et al. (17–19). Details about subjects’ characteristics, informed consent, and study design are fully available in those publications (17–19). Briefly, the study by Conte et al. (17)
included 80 adult volunteers without TB, i.e., 20 men with AIDS, 20 men
without AIDS, 20 women with AIDS, and 20 women without AIDS. In
each subgroup, one-half of the subjects had a fast acetylator phenotype for
INH metabolism, and the other one-half had slow acetylator status. Caffeine was used to determine acetylator status (20). All subjects received
300 mg of INH, administered orally, once a day for 5 days. INH concentrations were measured in plasma prior to administration of the first dose
and then 1 h and 4 h after administration of the last directly observed dose.
INH concentrations in epithelial lining fluid (ELF) and alveolar cells (AC)
recovered by bronchoalveolar lavage (BAL) were measured approximately 4 h after administration of the last dose. All sampling times were
recorded precisely for each individual. INH concentrations were measured by high-performance liquid chromatography, as described elsewhere (21). For the determination of INH concentrations in ELF and AC,
the volume of ELF recovered by BAL was calculated by using the urea
dilution method (22), while the volume of AC was estimated from the cell
count performed on the BAL fluid. The study by O’Brien et al. (18) included 6 patients with active pulmonary TB, i.e., 1 woman with AIDS, 2
men without AIDS, and 3 men with unknown AIDS status. These subjects
received 300 mg of INH, administered orally, once a day as part of a
four-drug therapeutic regimen, for a minimum of 5 days. Approximately
2 h after the dose, INH concentrations were measured in plasma and in
ELF recovered by BAL. INH concentrations were measured by high-performance liquid chromatography (23), and the volume of ELF recovered
by BAL was calculated by using the urea dilution method. The study by
Katiyar et al. (19) included 6 healthy volunteers who received a single oral
dose of 250 mg of INH in association with rifampin and pyrazinamide.
INH concentrations were measured in plasma prior to administration and
then 1 h, 2 h, 4 h, and 24 h after INH administration. INH concentrations
in the BAL fluid were also determined in the original study; they were not
included in our analysis, however, because the volume of BAL fluid recovered was not known and so the concentrations in ELF and AC could not be
determined. Available covariates included TB status for all subjects, age
and sex for 83 of 92 subjects, HIV status for 80 subjects, and weight,
height, creatinine clearance, and INH acetylator status for 80 subjects. For
quantitative covariates (e.g., body weight and age), missing values were
fixed to the median. The HIV status was assumed to be negative when not
known. For the acetylator status, preliminary runs were performed with
Monolix software and a mixture model was used to allocate status for
subjects for whom it was not known, based on their measured concentrations.
Population pharmacokinetic modeling. Population pharmacokinetic analyses were carried out with two different algorithms. The initial
analysis was performed with a parametric method, namely, the stochastic
approximation expectation maximization (SAEM) method implemented
in Monolix software (version 4.3.2; Lixoft, Orsay, France). It was used to
identify the best structural model and to perform the covariate analysis.
The nonparametric adaptive grid (NPAG) algorithm implemented in
Pmetrics software was used for the final analysis and simulation studies,
because this program has shown its ability to identify outliers (24, 25). The

initial steps were performed with Monolix software to reduce the computation time.
In the initial analysis performed with the SAEM method, INH concentrations in plasma, ELF, and AC were modeled simultaneously. A diagonal
covariance model and a combined error model (additive and proportional) were set. We assumed log-normal distribution for all parameters.
The best structural pharmacokinetic model was a three-compartment
model consisting of plasma, ELF, and AC plus an oral depot compartment, with first-order elimination and first-order processes for all transfer
constants. Because INH oral bioavailability could not be estimated, it was
fixed to 1. The absorption rate constant was also fixed, based on literature
data (12). A covariate analysis was performed using a forward stepwisebackward deletion method. The criterion for model selection was based
on the objective function value (OFV) (OFV ⫽ ⫺2 ⫻ log likelihood).
The final structural model obtained with the SAEM method was implemented in the NPAG algorithm. The influence of acetylator status on
INH elimination was introduced into the model as a linear relationship.
The model was described by the following system of ordinary differential
equations:

Isoniazid Pulmonary Pharmacokinetics and Simulations

TABLE 1 Population characteristics
Characteristic

Value

Age (mean ⫾ SD) (yr)
Weight (mean ⫾ SD) (kg)
Height (mean ⫾ SD) (cm)
No. male/no. female/no. of unknown sex
Creatinine clearance (mean ⫾ SD) (ml/min)
No. of slow acetylators/no. of fast acetylators/no. with
unknown acetylator status
No. HIV positive/no. HIV negative/no. with
unknown HIV status
No. with TB/no. without TB

36.7 ⫾ 8.5
70 ⫾ 13
169 ⫾ 10
43/40/6
105 ⫾ 26
39/38/12
41/39/9
6/83

Effect ⫽ 共[2.89 ⫻ (AUC0⫺24 ⁄ MIC)0.9]
⁄ [(AUC0⫺24 ⁄ MIC)0.9 ⫹ 61.550.9]) ⁄ 3

(12)

This equation is a Hill equation, also known as a sigmoidal Emax
model, where 2.89 log10 CFU/ml is the maximal decline (i.e., the maximal
effect [Emax]), 61.55 is the AUC0 –24/MIC ratio associated with 50% of
maximal killing (median effect exposure), and the exponent 0.9 is the
coefficient of sigmoidicity. Because the original equation from Gumbo et
al. (14) described the total microbial killing by INH over 3 days, the predicted effect was divided by 3 to estimate an average daily effect. These
simulations were performed for the four INH dosage regimens and the 8
MIC values described above, for 1,000 slow and 1,000 fast acetylators, in
order to assess the influences of INH dose size, M. tuberculosis MIC, and
acetylator status on the initial bactericidal effects of INH in the lungs.

RESULTS

Pharmacokinetic modeling. Data from 89 of 92 subjects were
used in the analysis. Three subjects from the study by Conte et al.
(17) were excluded because they had undetectable INH plasma
concentrations at all sampling times. Two of them were male, and
the third was female; all three were HIV negative. The characteristics of the 89 subjects are presented in Table 1.
The three-compartment model estimated with the SAEM
method provided acceptable fit (results not shown). The only covariate that significantly improved the model fit was the acetylator
status, which was found to influence the INH plasma elimination
rate constant, as expected. This parameter-covariate relationship
was associated with a 46.3-point decrease in the objective function.
The NPAG analysis yielded a joint parameter distribution of 72
discrete support points. The population parameter values estimated with the use of the NPAG algorithm are summarized in
Table 2. The gamma coefficient of the residual error model (see
equation 3) was estimated as 2.96. The absorption rate constant
value was fixed according to literature findings (12) because data
in the absorption phase were too sparse to yield reliable estimates
for this population.
Predicted concentrations based on the median Bayesian posterior parameter estimates correlated well with the observed concentrations (Fig. 1), although some outliers (high concentrations
in the ELF and AC) could not be captured by the model. The bias
and precision of the Bayesian posterior predictions from the
NPAG analysis were acceptable (Table 3).
The individual estimates of INH AUC0 –24 in plasma, ELF, and
AC after the first dose, as provided by the NPAG analysis, are
summarized in Table 4. The mean AUC0 –24 values were greater for
SA subjects than for FA subjects for plasma and ELF but surpris-

TABLE 2 Summary statistics for population PK parameters estimated with NPAG algorithma
Parameter

ka (h⫺1)

ki (h⫺1)

ks (h⫺1)

k12 (h⫺1)

k21 (h⫺1)

k23 (h⫺1)

k32 (h⫺1)

Vplasma
(liters)

VELF
(liters)

VAC
(liters)

Mean
SD
Median
25th percentile
75th percentile

2.57

1.372
1.364
0.761
0.353
1.808

0.800
0.693
0.712
0.136
1.380

9.584
6.468
9.250
3.593
14.160

9.899
6.869
9.860
3.731
16.466

9.266
7.772
7.435
0.572
17.852

11.276
7.820
11.334
2.738
19.718

51.3
44.5
22.7
12.7
102.6

49.9
46.0
30.3
10.7
117.2

53.7
42.0
39.7
14.2
95.4

The ka value was fixed from literature data. The elimination rate constant (ke) for slow acetylators is equal to ki. The elimination rate constant for fast acetylators is equal to ki ⫹ ks
(mean, 2.172 h⫺1).
a
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fined as the mean error of prediction), precision (defined as the root mean
square error of prediction), and visual examination of residuals were used
to assess predictive performance.
Monte Carlo simulations. The Pmetrics simulator was used to perform several 1,000-subject Monte Carlo simulations. The simulation
from the nonparametric prior distribution was performed in a semiparametric way. In this method, each population support point (i.e., each
parameter set in the discrete collection) is used as the mean of a normal
distribution within a larger multimodal multivariate distribution (26). In
order to avoid extreme and unrealistic pharmacokinetic parameters, parameter limits that were specified in the model file were also used for the
simulations. Each simulated parameter set that contained a parameter
value outside the defined range was ignored, and another set was generated. Each 1,000-subject simulation was performed for both fast and slow
acetylators. The mean, median, and standard deviation (SD) of the simulated PK parameters were similar to those estimated by the NPAG algorithm in the population analysis (data not shown).
The 24-h concentration-time profiles for INH in plasma, ELF, and AC
were calculated for each subject, after the administration of two oral doses
of INH. Simulations of longer INH therapy were not performed because
the effects of INH need to be maximized over the very first days of therapy.
Four dosing regimens of INH were evaluated, i.e., the standard daily dose
of 300 mg and higher daily doses of 450 mg, 600 mg, and 900 mg. In order
to assess the pharmacodynamic effects of INH against M. tuberculosis in
this simulated population, the ratios of the AUC from time zero to 24 h
(AUC0 –24) (in mg · h/liter) to the MIC were computed for plasma, ELF,
and AC concentrations for all subjects. Eight INH MICs for M. tuberculosis (0.015625, 0.03125, 0.0625, 0.125, 0.25, 0.5, 1, and 2 mg/liter) were
considered in the calculations of the AUC0 –24/MIC ratios (27, 28). Matlab
software (version 8.2; The MathWorks, Natick, MA) was used for AUC
calculations and postprocessing of results.
We then calculated the predicted microbial killing of M. tuberculosis in
lungs corresponding to each ELF AUC0 –24/MIC ratio, using the equation
determined in the in vitro hollow-fiber model from Gumbo et al. (14), at
day 3 of treatment. We assumed that this model best reflected the initial
bactericidal effects of INH against extracellular bacilli in the ELF. The log

decline in M. tuberculosis density (effect) (in log10 CFU per milliliter per
day) was calculated as follows:

Lalande et al.

TABLE 3 Predictive performance of Bayesian posterior concentration
estimates obtained with NPAG algorithm
Compartment

Biasa (mg/liter)

Precisionb (mg/liter)

Plasma
ELF
AC

⫺0.14
0.76
⫺1.18

1.17
3.77
5.24

a
b

Calculated as the mean error of prediction.
Calculated as the root mean square error of prediction.

TABLE 4 Individual plasma, ELF, and AC AUC0 –24 estimates after first
INH dose for 89 subjects
AUC0–24 (mean ⫾ SD) (mg · h/liter)

FIG 1 Plots of observed INH concentrations versus individual median Bayesian posterior predictions (IPRED) for plasma (A), ELF (B), and AC (C). Solid
lines, best regression lines; dashed lines, identity lines. Concentrations are
expressed in milligrams per liter.
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Compartment

All subjects
(n ⫽ 89)

SA subjects
(n ⫽ 39)

FA subjects
(n ⫽ 38)

Plasma
ELF
AC

11.3 ⫾ 8.6
24.5 ⫾ 25.2
23.8 ⫾ 38.3

11.7 ⫾ 7.7
27.6 ⫾ 22.3
15.7 ⫾ 27.8

7.3 ⫾ 6.3
18.8 ⫾ 26.0
29.8 ⫾ 41.0
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ingly not AC. It is noteworthy that the variability in the AUC0 –24
values for the two lung compartments was very large, with some
subjects having very low or undetectable INH concentrations.
Monte Carlo simulations. Twenty-four-hour simulated profiles of median INH concentrations in plasma, ELF, and AC after
the second oral administration of the 300-mg INH dose, for slow
and fast acetylators, are depicted in Fig. 2. INH exposure in lungs
(ELF and AC) was systematically greater than that in plasma. Also,
INH exposure in the three compartments was greater for slow
acetylators than for fast acetylators, as expected.
Plots of the predicted daily decline in M. tuberculosis density as
a function of the MIC with various INH doses for fast and slow
acetylators are displayed in Fig. 3 and Fig. 4, respectively. First, we
observed that the predicted effects declined markedly with increasing MICs. Actually, the results showed that the influences of
INH dose and acetylator status on INH effects were strongly dependent on M. tuberculosis susceptibility. Also, for each MIC,
there was large overlap in the effects associated with the four simulated doses. With a low MIC of 0.0625 mg/liter, which has been
the value observed most frequently for clinical isolates (27), increases in the daily dose from 300 mg to 450 mg and 600 mg were
associated with increases in the mean daily killing in FA subjects of
only 7 and 11%, respectively. Indeed, the daily M. tuberculosis kill
values were 0.71 ⫾ 0.19 log10 CFU/ml/day with 300 mg INH,
0.76 ⫾ 0.18 log10 CFU/ml/day with 450 mg INH, and 0.79 ⫾ 0.17
log10 CFU/ml/day with 600 mg INH. The mean bactericidal effects
of the 300-mg dose of INH were increased by only 11% in SA
subjects, compared with FA subjects (decline of 0.71 ⫾ 0.19 log10
CFU/ml/day in FA subjects versus 0.79 ⫾ 0.18 log10 CFU/ml/day
in SA subjects).
With a higher M. tuberculosis MIC value of 1 mg/liter (defined
as the concentration for high-level clinical resistance [29]), however, increases in the daily dose of INH from 300 mg to 450 mg and
600 mg for FA subjects resulted in larger increases in the mean
bactericidal effect, i.e., 22% and 41%, respectively. Indeed, the
daily M. tuberculosis kill values were 0.27 ⫾ 0.18 log10 CFU/ml/day
with 300 mg INH, 0.33 ⫾ 0.20 log10 CFU/ml/day with 450 mg
INH, and 0.38 ⫾ 0.21 log10 CFU/ml/day with 600 mg INH. With
the 300-mg dose of INH and the same MIC of 1 mg/liter, SA

Isoniazid Pulmonary Pharmacokinetics and Simulations

FIG 2 Time profiles of median INH concentrations in plasma, ELF, and AC

individuals had 41% greater mean bactericidal effects than FA
subjects (decline of 0.27 ⫾ 0.18 log10 CFU/ml/day in FA subjects
versus 0.38 ⫾ 0.22 log10 CFU/ml/day in SA subjects). Indeed, doubling the INH dose from 300 mg to 600 mg in FA subjects yielded
bactericidal effects similar to those observed in SA subjects with
the standard 300-mg dose (mean of 0.38 log10 CFU/ml/day). With
a M. tuberculosis MIC of 1 mg/liter, however, even if the dose was
increased to 900 mg per day, the mean bactericidal effect was
much lower than that associated with the standard 300-mg dose
against M. tuberculosis with an MIC of 0.0625 mg/liter or lower.
DISCUSSION

We used population pharmacokinetic modeling to describe the
pulmonary exposure to INH in a group of 89 subjects who were
originally included in three different studies. A three-compartment linear model with an oral depot compartment, including
INH acetylator status as a covariate influencing INH elimination,
adequately described the data. This three-compartment, 10-parameter model was the simplest structure for describing the threeoutput system.

FIG 3 Simulated decline in M. tuberculosis density in the ELF in fast acetylator subjects as a function of M. tuberculosis MIC and INH dose. Each curve represents
the daily decline (mean ⫾ standard deviation) for each INH dose. Vertical bars, standard deviations. For ease of graphical display, the standard deviations are
shown only for the INH doses of 450 and 900 mg.
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after the second oral 300-mg dose of INH. AC, alveolar cells; ELF, epithelial
lining fluid; FA, fast acetylator; SA, slow acetylator.

The influence of acetylator status on INH pharmacokinetics
was expected and is in accordance with previous pharmacokinetic
studies that described a major effect of NAT-2 genotype or acetylator phenotype on INH clearance (30–32). The population pharmacokinetic parameter estimates in our study were broadly consistent with previously published results except for the INH
elimination rate constant (ke), which appeared large for both fast
and slow acetylators, compared with estimates by Peloquin et al.
(12, 33). Initially our results might appear unrealistic, because
half-lives, which are usually calculated as log(2) divided by ke,
would be much lower than the usual ranges, which are about 1 to
2 h and 2 to 4.5 h for FA and SA subjects, respectively (12). In the
two studies by Peloquin et al. (12, 33), the INH elimination rate
constant was estimated from a one-compartment model, in which
the basic calculation applies. The concept of half-life is different
when a multicompartment model is used, however, as in our analysis, and various calculation methods have been proposed (34,
35). A universal way to calculate half-life is to consider a continuous intravenous infusion of the drug and to calculate the time to
reach the steady-state plateau concentration. About 97% and 99%
of the plateau concentration is reached after 5 and 7 half-lives,
respectively. When we simulated a continuous intravenous infusion of INH using our three-compartment model and the median
parameter values shown in Table 2, the INH half-life, calculated as
one-fifth of the time to reach 97% of the plateau concentration,
was 2.44 h for SA subjects and 1.30 h for FA subjects. These values
are in agreement with the usual values calculated from one-compartment models.
The mean AUC0 –24 values estimated for the 89 individuals
were also consistent with published results (12, 33, 36, 37), but
very large variabilities in INH exposure were observed in both
plasma and lungs. Among the 89 subjects included in the analysis,
77 of 89 subjects were included in the study by Conte et al. (17). In
that study, a significant number of concentrations were not detectable in plasma and ELF. In our analysis, 15 of 166 INH plasma
concentrations were below the limit of quantification, as were 22

Lalande et al.

the daily decline (mean ⫾ standard deviation) for each INH dose. Vertical bars, standard deviations. For ease of graphical display, the standard deviations are
shown only for the INH doses of 450 and 900 mg.

of 89 ELF concentrations. All such concentrations originated from
the study by Conte et al. (17). Because the last dose before measurement was taken under direct supervision, patient compliance
cannot be questioned in that study. The reason for such low INH
exposure levels in that specific study remains unclear.
INH is a cornerstone of the current standard chemotherapy for
TB. It is a potent bactericidal drug against fast-growing susceptible
TB bacilli and is thought to provide most of the antibacterial effect
over the first 2 to 5 days for multidrug therapy. The acetylator
status is a major determinant of INH exposure. However, the need
for INH dose optimization and adjustment for acetylator status is
controversial. Clinical studies that assessed the EBA values with
various doses of INH found that the EBA seems to plateau at 300
mg daily, as no significant increase in the EBA was observed with
larger INH doses (6, 15, 38). However, it was shown that the EBA
of INH in fast acetylators was significantly lower than that in slow
acetylators (15). A simulation study by Gumbo et al. suggested
that a 300-mg daily dose of INH may be suboptimal, especially in
ethnic populations with large proportions of FA individuals (14).
However, that article did not report the simulated effects of higher
INH doses. Also, a recent meta-analysis of clinical studies reported
that microbiological failure, relapse, and acquired drug resistance
were observed more frequently for fast acetylator subjects than for
slow acetylator subjects (39). However, it is noteworthy that most
studies included in this meta-analysis evaluated isoniazid-containing regimens that are no longer in use today. Indeed, there was
no study on the first-line short-course chemotherapy currently
recommended by the World Health Organization.
The aim of our simulations was to evaluate the early decline of
M. tuberculosis in the ELF, in SA and FA subjects, with various
INH doses. With the standard 300-mg daily dose of INH, the
mean daily declines in M. tuberculosis density in the ELF were 0.79
and 0.71 log10 CFU/ml/day for SA and FA individuals, respectively, with an MIC of 0.0625 mg/liter, which is the most common
MIC for M. tuberculosis clinical isolates (27). These values for declines in M. tuberculosis density, although at the upper end of the
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range, are consistent with average EBA values reported in clinical
studies, which ranged from 0.37 to 1.0 log10 CFU/ml/day (40, 41).
Therefore, the antibacterial effects of INH in the ELF predicted by
the model appear consistent with the early clinical effects of the
drug.
Our simulations indicated that, with the standard daily dose of
300 mg, even though SA subjects always exhibit greater bactericidal effects in the ELF than FA subjects, the difference is small as
long as the MIC of M. tuberculosis remains low (0.125 mg/liter or
less). In accordance with this finding, increasing the daily INH
dose up to 600 mg gave little increase in bactericidal effects, even
in FA subjects, when the MIC was at the lower end of the MIC
range. Those results are in accordance with clinical studies that
found no increase in the EBA when the INH dose was increased
beyond 150 to 300 mg per day (6, 15, 38). While those studies did
not report the MICs of isolated strains of M. tuberculosis, we may
hypothesize that those MICs were relatively low.
Gumbo et al. previously performed a PK-PD simulation of the
EBA as a function of INH doses and acetylator proportions (14).
The results of their simulations in a population with 88% fast
acetylators may be compared to our results for a group with 100%
FA individuals. The mean EBA values predicted by Gumbo et al.
(14) (numbers obtained by digitalization of the plot) were about
0.81, 0.61, and 0.32 log10 CFU/ml/day for MIC values of 0.016,
0.064, and 0.256 mg/liter, respectively. We predicted mean EBA
values of 0.85, 0.71, and 0.50 log10 CFU/ml/day for FA subjects
with similar MIC values (0.015625, 0.0625, and 0.25 mg/liter, respectively). Therefore, our results appear consistent with those
reported by Gumbo et al. (14) for low MICs, but the decline in the
effects with increasing MIC values was less in our study. This may
be due to the difference in the concentrations used to drive the
effects in the models. Gumbo et al. (14) assumed that the effect
was driven by INH plasma concentrations, while the effect was
linked to ELF concentrations in our simulations. Because ELF
concentrations were greater, on average, than plasma concentrations in our study, so were the associated effects.
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FIG 4 Simulated decline in M. tuberculosis density in the ELF in slow acetylator subjects as a function of M. tuberculosis MIC and INH dose. Each curve represents
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the experiments by Gumbo et al. (14) were carried out with an
avirulent M. tuberculosis strain. The effects of INH on virulent
strains might well be different.
It is also acknowledged that study data were sparse, especially
drug concentrations measured in lungs, as only a single sample
obtained 2 h or 4 h after the dose was available for each subject (17,
18). Our model-based estimates of drug AUC and PK profiles in
lungs are based on this limited information; therefore, delayed
diffusion and accumulation of INH in the ELF cannot be ruled
out. However, because INH is a small molecule, with 0% protein
binding in plasma, rapid passive transfer from plasma to lungs is
expected to occur. To our knowledge, our analysis pooled all pulmonary concentration data for INH that have been published to
date.
Data sparseness might raise concerns about the estimableness
of population and individual parameter values. Regarding the
structural model, the parsimony principle was respected, as the
simplest three-compartment structural model was used to describe the three-output system. This model was structurally identifiable, as all inputs and outputs were reachable (48). The shrinkage issue in the Bayesian posterior estimation of individual
parameter values was addressed by using a nonparametric population approach in the final parameter estimation. Leary and Chittenden showed that true nonparametric approaches are relatively
resilient to the shrinkage effect (49), and such approaches provide
richer and less distorted Bayesian posterior distributions than
parametric methods (50).
Although we were able to estimate INH concentrations in alveolar cells, the intracellular effects of INH were not investigated
in the simulations, because no data on the relationship between
intracellular M. tuberculosis and intracellular INH exposure has
been published to date. Jayaram et al. studied the intracellular
killing effect as a function of INH concentrations, although the
concentrations were measured in the culture medium and not
inside the cells; their results suggested that the intracellular killing
effect of INH is almost negligible and has virtually no influence on
the EBA (13).
The emergence of INH resistance was not included in our
simulations. Gumbo et al. showed that, unlike the bactericidal
effect, the relationship between the emergence of resistance
and INH exposure could not be described by a simple equation,
such as a sigmoidal Emax model (14). Emergence appears to be
a time-dependent process, which cannot be suppressed after a
few days in vitro, even with very high levels of INH exposure.
Therefore, the best way to prevent the emergence of INH resistance is the optimal use of companion drugs, especially rifampin (51, 52).
To conclude, we have presented the first population model of
the pulmonary pharmacokinetics of INH. The results showed that
the mean INH exposure in ELF was a little greater than that
achieved in plasma, but very large variability was observed. Simulations based on this model and published pharmacodynamic
models of INH bactericidal effects against M. tuberculosis suggested that patients infected with poorly susceptible M. tuberculosis strains, especially FA individuals, may well benefit from higher
INH doses, while dose adjustment for acetylator status probably
would have little effect on EBA in patients infected with low-MIC
organisms.
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Gumbo et al. also showed that the average EBA may fall to a
suboptimal level (about 0.3 log10 CFU/ml/day) at the upper end of
the MIC range, especially for FA subjects (14). However, those
authors did not assess the effects of higher INH doses. Our results
suggest that the benefits of increasing the INH dose may be significant only if patients are infected with M. tuberculosis strains with
relatively high MICs. For example, a 20% increase in the mean
EBA in FA subjects can be achieved with a dose increase from 300
mg to 600 mg only if the MIC is greater than 0.125 mg/liter. In
other words, with MICs greater than 0.125 mg/liter, the EBA values for FA and SA subjects become substantially different. It is
interesting to note that this MIC value has been suggested by
Gumbo et al. as a new susceptibility breakpoint, based on patients’
clinical responses (42).
For patients with sensitive strains with low MICs, our simulations showed that any dose increase would have little influence on
the EBA, even for FA subjects. The reason for this lies in the exposure-effect curves for INH identified by Jayaram et al. and Gumbo
et al. (13, 14). The bactericidal effects of INH appeared to plateau
for AUC0 –24/MIC ratios of about 250 to 500. Such ratios are well
achieved in most patients with standard INH doses, provided that
the MIC is low.
Currently, the WHO recommends an INH dose of 5 mg/kg
(range, 4 to 6 mg/kg) for all patients, irrespective of acetylator
status. Some published studies have suggested individualizing
INH dosages according to the acetylator genotype, to yield similar
drug exposures and EBA values; homozygous fast acetylators
would require higher doses (6 to 7.5 mg/kg), whereas lower doses
of 2.5 to 3 mg/kg would be sufficient for homozygous SA subjects
(30, 32). As low and high INH resistance levels have been defined
on the basis of MICs of ⱖ0.2 mg/liter and ⱖ1 mg/liter, respectively (29), our results suggest that high doses of INH may be most
useful for patients infected with low-level drug-resistant M. tuberculosis, especially FA subjects. Little clinical information on such
use of higher doses of INH exists. The WHO considers high-dose
INH therapy (16 to 20 mg/kg) a treatment option for multidrugresistant tuberculosis (43). Although the role of such treatment is
denoted as “unclear” by the WHO, it has been shown to achieve
earlier and persistent sputum clearance and the best radiological
improvement (44). There may be concerns about the tolerability
of such higher doses, as some data indicate that INH neurotoxicity
and hepatotoxicity may increase with increasing drug exposure
(45, 46). Further research is required to clarify the potential benefits and risks of high-dose INH treatment.
This study has several limitations that should be considered.
First, only 6 of 89 subjects were infected with M. tuberculosis. The
pulmonary PK of INH may be altered in TB patients because of
lung lesions (47). A study with a large number of TB patients
would be necessary to address potential differences from healthy
subjects. Also, while HIV infection was not found to influence
INH PK in this study, the number of subjects with HIV (n ⫽ 41)
and PK data, especially for the absorption phase, were insufficient
for thorough investigation of this issue.
Second, the simulation part of the study required several underlying assumptions. We used the relationship between AUC/
MIC and microbial killing in lungs established by Gumbo et al.
(14). Those authors used a hollow-fiber system in which M. tuberculosis cultures were placed in contact with changing INH concentrations. In our simulations, we assumed that the same events
occurred between INH and M. tuberculosis bacilli in the ELF. Also,
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