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ABSTRACT Prothionamide, a second-line drug for multidrug-resistant tuberculosis (MDR-TB),
has been in use for a few decades. However, its pharmacokinetic (PK) profile remains
unclear. This study aimed to develop a population PK model for prothionamide and then
apply the model to determine the optimal dosing regimen for MDR-TB patients. Multiple
plasma samples were collected from 27 MDR-TB patients who had been treated with pro-
thionamide at 2 different study hospitals. Prothionamide was administered according to
the weight-band dose regimen (500 mg/day for weight <50 kg and 750 mg/day for weight
>50 kg) recommended by the World Health Organization. The population PK model was
developed using nonlinear mixed-effects modeling. The probability of target attainment,
based on systemic exposure and MIC, was used as a response target. Fixed-dose regimens
(500 or 750 mg/day) were simulated to compare the efficacies of various dosing regimens.
PK profiles adequately described the two-compartment model with first-order elimination
and the transit absorption compartment model with allometric scaling on clearance. All
dosing regimens had effectiveness >90% for MIC values <0.4 ug/mL in 1.0-log kill target.
However, a fixed dose of 750 mg/day was the only regimen that achieved the target
resistance suppression of =90% for MIC values of <0.2 ug/mL. In conclusion, fixed-dose
prothionamide (750 mg/day), regardless of weight-band, was appropriate for adult MDR-TB
patients with weights of 40 to 67 kg.

KEYWORDS prothionamide, multidrug-resistant tuberculosis, population
pharmacokinetics

uberculosis (TB), caused by Mycobacterium tuberculosis, is one of the most common

infectious causes of mortality worldwide. In particular, drug-resistant TB (DR-TB) is a global
public health threat. Despite improvements in the diagnosis and treatment of DR-TB, treat-
ment is successful in only 57% of affected patients. Multidrug-resistant TB (MDR-TB), a subtype
of DR-TB, is resistant to both isoniazid and rifampin (1). The goal of treatment for TB, including
MDR-TB, is to cure infection and minimize transmission. However, treatment for MDR-TB is
complicated because the available drugs are toxic; moreover, few drugs are effective against
MDR-TB. According to recent guidelines by the World Health Organization (WHO), American
Thoracic Society, Centers for Disease Control and Prevention, European Respiratory Society,
and Infectious Disease Society of America, a combination of at least five susceptible drugs
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TABLE 1 Baseline characteristics of study participants

Characteristic Value

Total no. of patients 27

No. of male patients/no. of female patients 22/5

Age (mean [range] [yrs]) 45 (23-89)

Wt (mean [range] [kg]) 58 (40-67)

BMI (mean [range] [kg/m?]) 20 (14-23)

Sampling time after dose administration (h) Group A, 0,0.5,1,2,4,6,and 12; group B, 0,

0.5,1,1.5,2,25,3,4,6,8,10,12,and 24

Coadministration of anti-TB drug (no. of patients)?

cs 27
PAS 25
KAN 25
STR 19
OFX 17
MXF 7
PZA 6
EMB 2
LVX 1
LZD 1

aCs, cycloserine; PAS, p-aminosalicylic acid; KAN, kanamycin; STR, streptomycin; OFX, ofloxacin; MXF,
moxifloxacin; PZA, pyrazinamide; EMB, ethambutol; LVX, levofloxacin; LZD, linezolid.

from groups A, B, or C of MDR-TB regimens is recommended during the intensive phase of
treatment (5 to 7 months after sputum culture conversion); a combination of four drugs is
recommended during the continuation phase of treatment (15 to 21 months after culture
conversion) (2, 3).

Prothionamide (PTO), developed in the late 1950s (4), was commonly used as a sec-
ond-line drug to treat MDR-TB patients in previous decades. PTO is currently classified
in group C of MDR-TB regimens, which consists of drugs that are recommended for
use when five more effective drugs cannot be used (2, 3). The WHO guidelines recom-
mend daily PTO doses at 15 to 20 mg/kg or using a weight-band dose regimen for
MDR-TB patients (3). Despite long-term experience with PTO, its pharmacokinetics (PK)
with weight-based or weight-band doses in MDR-TB patients are unclear (5, 6). In addi-
tion, no previous studies have analyzed the PK characteristics of PTO using a popula-
tion-based approach.

In this study, we aimed to develop a population PK model, using PTO plasma concentra-
tions collected in MDR-TB patients, and then evaluate the weight-based dosing regimen, using
a simulation based on MICs effective against drug-resistant M. tuberculosis.

RESULTS

We included 27 patients in this study, including 10 (group A) and 17 (group B) from
Chang et al. (7) and Lee et al. studies (6), respectively. The demographics of MDR-TB patients
are summarized in Table 1. We included 247 PTO samples in this study. Figure 1 depicts the
plasma concentration-time profiles according to PTO doses. We excluded 44 samples with
concentrations below the limit of quantitation from a total of 291 samples during model
development.

PTO profiles explained the two-compartment model with first-order elimination and the
transit absorption compartment model (see Fig. S1 in the supplemental material). The one-
and three-compartment model with an additional flip-flop kinetics model for the absorp-
tion-elimination phase and a lag time model for the absorption phase was conducted as
well, and yet there was no significant improvement of the model on the diagnostic criteria.
Allometric scaling was applied to scale weight-related changes in systemic clearance (CL),
using a fixed coefficient (0.75). However, no other covariates were found significant by step-
wise covariate modeling (SCM). Table 2 summarizes the estimates and bootstrap results for
the included parameters. Figure 2 and Fig. S2 display the goodness-of-fit and visual predictive
check plots for the final model.
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FIG 1 Plasma concentration-time profile of prothionamide (PTO) after dose administration. Gray and red lines represent individual
profile and median, respectively. One patient who was administered 500 mg of PTO was excluded.

The efficacies of weight-band (50-kg bands) and fixed-dose (strength, 500 or 750 mg/day;
frequency, once [QD] or twice [BID] per day) PTO regimens were compared using eight
simulated scenarios. Figure 3 displays the simulated PK profiles for each regime except
for fixed 250-mg BID or 500-mg QD doses. There were no significant differences between
the simulated PK profiles of weight-band and fixed-dose (750-mg QD or 375-mg BID) PTO reg-

TABLE 2 Estimates of parameters for prothionamide population pharmacokinetic model®

Population estimate Bootstrap estimate

Parameter Value RSE (%) Median 5th-95th percentile
K, (hr™") 0.884 5.9 0.868 0.620-1.46
V(L) 26.7 6.3 23.1 9.90-37.6
CL (L/h) 11.4 19.3 9.09 4.11-14.0
Q(L/h) 6.58 274 5.59 2.81-11.2
v, (L) 354 28.5 327 163-705
F (%) 43.6 184 36.9 20.3-56.1
NN 0.237 5.6 0.245 0.219-0.275
MTT 3.12 52 3.06 2.38-3.25
Power coefficient of CL-wt? 0.75
1V %CV

% 91.6 17.0 86.9 47.9-207

CcL 779 18.8 81.9 53.4-130

K, 75.9 36.0 71.6 22.4-293

Q 114.8 17.8 98.4 51.1-157
RV

Proportional error (%) 21.0 5.9 204 16.1-25.0

- — - —
aValue was fixed. Power coefficient equation is CLindividual = CLpopulation (Wfég;t powercoetlicent

bRSE, relative standard error; MTT, mean time of transit; V, volume of distribution; IIV, interindividual variability;
RV, residual variability; CL, clearance; CV, coefficient of variation; NN, number of transit compartments;
V,, peripheral volume of distribution; F, oral bioavailability.
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FIG 2 Visual predictive check (VPC) plot of final population pharmacokinetics model for prothionamide
(PTO), stratified on dosing regimen (250 mg and 375 mg). Solid line, median for observation; top and
bottom dashed lines, 95th and 5th percentiles for observation, respectively; gray blocks, median prediction
with 95% confidence interval (Cl); top and bottom light gray blocks, 95th and 5th predictions with 95% Cl,
respectively.

imens. In addition, the simulation result of the steady-state PK profile suggested significantly
lower systemic exposures for the 250-mg BID/500-mg QD weight-band regimen than the
375-mg BID/750-mg QD weight-band and fixed-dose regimens (Fig. 3). The overall differences
among these regimens were >15% for concentrations at 2 (G,) and 6 (C) h after the dose,
peak concentration (C,,,,), and AUC for the dosing interval (AUC,,) at steady state (Table S1).

Plasma concentration

(ug/mL)

Weight band 250mg BID (40~50kg)

Weight band 375mg BID (50~67kg)

Fixed dose 375mg BID (40~67kg)

N =

ST
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FIG 3 Simulation pharmacokinetic profiles for prothionamide (PTO) at steady state after twice-daily (BID, top) and once-daily (QD,
bottom) doses. The two panels on the left and middle display profiles for weight-band dose regimens, and the right panel displays
the profile for fixed-dose regimen. Line, median; shaded area, 10th to 90th percentiles.
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TABLE 3 Probability of target attainment according to prothionamide dosing regimens®

BID schedule QD schedule
WT band dose Fixed dose WT band dose Fixed dose
250 mg 375 mg 250 mg 375mg 500 mg 750 mg 500 mg 750 mg
MIC (pg/mL) (40-50kg)  (50-67kg)  (40-67kg)  (40-67kg)  (40-50kg)  (50-67 kg)  (40-67 kg)  (40-67 kg)
Target fAUC/MIC ratio = 10
0.08 100 100 100 100 100 100 100 100
0.2 100 100 100 100 100 100 100 100
0.4 98 100 97 100 98 99 97 100
1 75 84 66 90 78 86 76 87
4 7 15 8 18 10 17 7 20
8 2 1 0 2 1 3 1 2
Target fAUC/MIC ratio = 42
0.08 929 100 98 100 929 100 29 100
0.2 84 89 74 94 85 91 83 92
04 48 62 42 61 48 62 45 63
1 7 13 7 17 10 14 6 19
4 0 0 0 0 0 0 0 0
8 0 0 0 0 0 0 0 0

9BID, twice daily; QD, once daily; fAUC,, free fraction of area under the concentration curve at steady state; MIC; minimum inhibitory concentration.

The free fraction of area under the concentration curve at steady state (fAUC,) and
MIC value were used to calculate fAUC,/MIC to determine the PK/pharmacodynamic
(PD) target (FAUC,/MIC = 10 or fAUC,/MIC = 42) (Table 3 and Fig. 4). Figure 5 displays
the probability target attainment (PTA [%)]) for the dosing regimens. Although all dos-
ing regimens had effectiveness of >90% for MIC values <0.4 wg/mL using 1.0-log-kill
(FAUC,/MIC = 10), a fixed-dose regimen (750 mg QD or 375 mg BID) was the only regi-
men that achieved resistance suppression criteria (FAUC,/MIC = 42) of =90% for MIC
values <0.2 ug/mL.

DISCUSSION

In this study, we developed a population model to explore the PK and effectiveness
of PTO for MDR-TB patients. According to the final model, the estimated CL and esti-
mated volume of distribution (V) for MDR-TB patients were 11.4 L/h and 26.7 L/h,
respectively; these did not significantly differ from healthy individuals (8). In addition,
considering the range of time to reach peak plasma concentration (T,,,,, 1.5 to 6.0 h)
reported in studies of healthy individuals, we did not expect to find any differences in
absorption rates for PTO between healthy individuals and MDR-TB patients (5, 8, 9).

Our results suggest that a fixed-dose regimen is superior to a weight-band dosing regi-
men for adults by means of convenience and efficacy. The WHO and Korean guidelines rec-
ommend weight-band PTO dosing (500 mg/day for weight of 30 to 50 kg and 750 mg/day
for weight >50 kg). However, the steady-state PK profile simulation result suggested signifi-
cantly lower systemic exposures for the 250-mg BID/500-mg QD weight-band regimen than
for the 375-mg BID/750-mg QD weight-band and fixed-dosing regimens (Fig. 3). The differ-
ences in PK cast doubt on the weight-band PTO dosing regimen. Simulation results and PK
patterns for the fixed-dose 375-mg BID/750-mg QD and weight-band 375-mg BID/750-mg
QD dosing regimens also add to the doubt (see Table S1 in the supplemental material). In
addition, the superiority of a fixed-dose 375-mg BID/750-mg QD regimen was suggested by
the lack of differences in the objective function values (OFVs) of models, with or without
scaling for the effects of weight on CL (AOFV between models = 1.138).

Because higher systemic exposure may improve drug efficacy against infectious diseases,
weight-band dosing with a higher dose (375 mg BID/750 mg QD) was expected to be supe-
rior to weight-band dosing with a lower dose (250 mg BID/500 mg QD). The simulated PK/
PD target results emphasize the usefulness of a fixed-dose 375-mg BID/750-mg QD regimen,
which was the only regimen with PTA >90% for MIC values of <1 pg/mL and <0.2 ug/mL
in FAUC,/MIC of =10 and =42, respectively (Fig. 5; Table 3). However, the PTA for the
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FIG 4 Simulated target attainment (fAUC,/MIC =10 for 1.0 log-kill target or =42 for resistance suppression
target) for weight-band and fixed-dose regimens. (A) Weight-band (weight range, 40 to 50 kg) 250-mg twice-daily (BID)
dose; (B) weight-band (weight range, 50 to 67 kg) 375-mg BID dose; (C) fixed-dose 375-mg BID dose; (D) weight-band
(weight range, 40 to 50 kg) 500-mg once-daily (QD) dose; (E) weight-band (weight range, 50 to 67 kg) 750-mg QD
dose; (F) fixed-dose 750-mg QD dose. Bottom and top solid lines in each figure represent fAUC./MIC values =10 and
=42, respectively.

weight-band 250 mg BID/500 mg QD dosing regimen rapidly decreased to 75% for fAUC,/
MIC of =10 and 42% for fAUC,/MIC of =42 at MIC values of 1 ug/mL and 0.2 pwg/mL,
respectively (Fig. 5; Table 3); these results suggested inadequate systemic drug exposure.
Tan et al. reported an MIC of almost 0.4 wg/mL PTO among 248 samples of M. tuberculosis
(10). Although none of the regimens had a PTA of 80% at this MIC value in fAUC,/MIC of
=42 for resistance suppression, the fixed-dose 375-mg BID/750-mg QD regimen had 30%
higher levels than the weight-band 250-mg BID/500-mg QD dosing regimens. Adverse
events were not expected to increase with the increased dose in the fixed-dose regimen for
patients with weight <50 kg because PTO has fewer side effects than ethionamide (11). The
dose of 750 mg/day for patients with weight <50 kg falls within the range of 15 to 20 mg/
kg recommended by WHO as well (3).

In the present study, the interindividual variability (IIV) for V, CL, absorption rate con-
stant (K,), and inter-compartmental clearance (Q) were 91.6%, 77.9%, 75.9%, and 114.8%,
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FIG 5 Probability target attainment (PTA [%]) and MIC of prothionamide (PTO) for M. tuberculosis. Solid and broken lines in each panel
represent 90% and 80% values, respectively.

respectively. These high IIVs may advocate for the practice of therapeutic drug monitoring
(TDM). Especially for MDR-TB patients with few effective drugs for their regimen, the use
of TDM may be beneficial to optimize the treatment effect of available drugs.

To date, only noncompartmental analyses were conducted for PTO, and this study
was the first to develop a population PK model of the drug. Meanwhile, population PK
models for ETO have been developed from clinical trials of patients with tuberculosis
(12-14). According to previous research, the oral bioavailability of PTO and ETO were 0.9 and
1.1, respectively (5, 15). The estimated bioavailability of PTO in MDR-TB patients in this study
was 43.6% in this study. This difference may suggest that PK of PTO may differ in MDR-TB
patients compared to healthy subjects. In the case of ETO, it has been reported to result in a
lower AUC for TB patients, perhaps due to decreased bioavailability (13). Considering that ETO
and PTO have similar PK properties (15) and that insufficient research was conducted until
now to make a precise comparison of the PK of PTO between MDR-TB patients and healthy
individuals, we may suggest a decrease in bioavailability for PTO as well.

There were several limitations to our study, including its small sample size. First, our
results are only applicable to Korean MDR-TB patients because our model was devel-
oped based on a data set of Korean patients. Second, the weight range used for simu-
lation of the fixed and weight-band dosing regimens was 40 to 67 kg; caution should
be exercised when applying the results to patients with weights outside this range.
Finally, we did not evaluate the adverse effects of PTO; therefore, unexpected adverse
effects may occur with fixed-dosing regimens.

In conclusion, we successfully developed a population PK model for PTO in MDR-TB
patients and then compared the systemic exposure and PK/PD targets between weight-band
and fixed-dosing regimens. A fixed-dose 350-mg BID/750-mg QD PTO regimen provides the
most optimized doses for MDR-TB patients with weights of 40 to 67 kg. To our knowledge,
this is the first study to provide evidence for the superiority of a fixed-dose PTO regimen for
adult MDR-TB patients. The use of a fixed-dose regimen is expected to improve MDR-TB treat-
ment by simplifying the dosing schedule.
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MATERIALS AND METHODS

Study population and data collection. MDR-TB patients from two separate clinical trials (Chang
et al. [7] and Lee et al. [6]) were included in this study. All patients were adults with stable pulmonary
MDR-TB and had received second-line anti-TB drugs for more than 2 weeks. M. tuberculosis was iden-
tified in the sputum or bronchial washing fluid, and resistance to isoniazid and rifampicin was eval-
uated using drug susceptibility testing on solid media. In accordance with current guidelines, all
patients received at least 3 second-line anti-TB drugs (levofloxacin, moxifloxacin, ofloxacin, cycloser-
ine, p-aminosalicylic acid, intramuscular kanamycin, streptomycin, linezolid, ethambutol, or pyrazina-
mide) with PTO.

PTO was administered orally, and the dose was decided based on each patient’s clinical status and
corresponding weight-band dosing regimen (500 mg/day for weight of 30 to 50 kg and 750 mg/day for
weight >50 kg), in accordance with the Korean guidelines for tuberculosis (4th edition), modified from
the WHO recommendations (3, 16). Plasma PTO levels were measured in blood samples collected at least
6 times from each patient (group A, 0.5, 1, 2, 4, 6, and 12 h after the dose; group B, 0.5, 1, 1.5, 2, 2.5, 3, 4,
6,8, 10, 12, and 24 h after the dose). PTO levels were measured using validated ultraperformance liquid
chromatography-tandem mass spectrometry for patients in group A and high-performance liquid chro-
matography using UV detection for patients in group B, in accordance with previously described meth-
ods (17, 18). The lower limits of quantification were 0.5 mL pg/and 0.008 wg/mL for groups A and B,
respectively.

Each study was approved by the institutional review board where it was operated by each insti-
tute and was performed in accordance with the Declaration of Helsinki and Good Clinical Practice
guidelines.

Population pharmacokinetic analysis and model evaluation. The population PK model for PTO
was developed using nonlinear mixed-effects modeling software (NONMEM; version 7.4; Icon Plc,
Dublin, Ireland) and Perl-speaks-NONMEM (PsN; version 4.9.0; Icon Plc) (19). All parameters were esti-
mated using first-order conditional estimation with interaction.

Various structural models were tested, including one-, two-, and three-compartment models. In addi-
tion, a transit compartment model for the absorption phase, a flip-flop kinetics model for the absorp-
tion-elimination phase, a lag time model for the absorption phase, and allometric scaling with body
weight as a structural parameter were also evaluated (20, 21). The interindividual variability (IIV) of struc-
tural PK parameters was implemented as an exponential relationship; residual variability was chosen
from the additive, proportional, and combined models. The appropriate model was selected using nu-
merical (e.g., OFV, shrinkage of IV and residual variability, and precision of estimation values) and visual
(e.g., goodness-of-fit and visual predictive check) criteria.

SCM in PsN was used to explore parameter-covariate relationships. The level of significance for cova-
riate screening was set at P values of <0.05 for forward selection and P values of <0.01 for backward
elimination. The covariates included sex, age, weight, body mass index, and coadministration of drugs.
A nonparametric bootstrap method (n = 500) was used to obtain the precision values for parameters to
validate the internal model.

Simulation for probability target attainment. To calculate the PTA, Monte Carlo simulation
(n = 1,000) was performed with the population PK model to optimize the PTO dose. The PTO fAUC,,
was calculated using noncompartmental analysis of the simulation results by the ncappc package of R
software (R Foundation for Statistical Computing, Vienna, Austria) (22). The free fraction was assumed
to be 70% (12, 23). The range of MIC values for M. tuberculosis was set at 0.8 to 8 ug/mL, as reported
by Tan et al. (10).

For the PK/PD target, fAUC,/MIC values of 10 for 1.0-log kill and 42 for resistance suppression
were used, based on the values for ethionamide (12, 24). Ethionamide values were used because
ethionamide and PTO exhibit similar effects and can be used interchangeably (25). The PTA for each
regimen and the MIC were evaluated using fAUC,/MIC values of =10 or =42. Simulation scenarios
were developed in accordance with the WHO recommendations for PTO dosing and selected covari-
ates. The weight-band (500 mg/day for weight of <50 kg or 750 mg/day for weight =50) and fixed-
dose (500- or 750-mg/day) PTO regimen (frequency, once [QD]- or twice [BID]-per-day) scenarios were
simulated.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.1 MB.
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