
Population Pharmacokinetics of Isoniazid, Pyrazinamide, and
Ethambutol in Pregnant South African Women with
Tuberculosis and HIV

Mahmoud Tareq Abdelwahab,a Rory Leisegang,a,e Kelly E. Dooley,b Jyoti S. Mathad,d Lubbe Wiesner,a Helen McIlleron,a

Neil Martinson,b,c Ziyaad Waja,c Matebogo Letutu,c Richard E. Chaisson,b Paolo Denti,a on behalf of the Tshepiso Study
Team

aDivision of Clinical Pharmacology, Department of Medicine, University of Cape Town, Cape Town, South Africa
bCenter for Tuberculosis Research, Johns Hopkins University School of Medicine, Baltimore, Maryland, USA
cPerinatal HIV Research Unit (PHRU), Johannesburg, South Africa
dWeill Cornell Medicine, Center for Global Health, New York, New York, USA
eFAM-CRU, Stellenbosch University, Cape Town, South Africa

ABSTRACT Tuberculosis is an important cause of maternal morbidity, but little
is known about the effects of pregnancy on antituberculosis drug concentra-
tions. We developed population pharmacokinetic models to describe drug dispo-
sitions of isoniazid, pyrazinamide, and ethambutol in pregnant women with tu-
berculosis and HIV. HIV-positive pregnant women with tuberculosis receiving
standard first-line tuberculosis treatment and participating in Tshepiso, a pro-
spective cohort study in Soweto, South Africa, underwent sparse pharmacoki-
netic sampling at �36 weeks of gestation and 7 weeks postpartum. The effects
of pregnancy on the pharmacokinetics of isoniazid, pyrazinamide, and ethambu-
tol were investigated via population pharmacokinetic modeling. Isoniazid, pyrazin-
amide, and ethambutol concentrations were available for 29, 18, and 18 women, re-
spectively. Their median weight was 66 kg while pregnant and 64 kg postpartum. No
significant differences were observed in drug clearance, volume of distribution, or
bioavailability during and after pregnancy. The model-estimated isoniazid, pyrazin-
amide, and ethambutol area under the concentration-time curve from 0 to 24 h
(AUC0 –24) medians were, respectively, 6.88, 419, and 16.5 mg · h/liter during preg-
nancy versus 5.01, 407, and 19.0 mg · h/liter postpartum. The model-estimated
maximum concentration (Cmax) medians for isoniazid, pyrazinamide, and etham-
butol were, respectively, 1.39, 35.9, and 1.82 mg/liter during pregnancy versus
1.43, 34.5, and 2.11 mg/liter postpartum. A posteriori power calculations deter-
mined that our analysis was powered 91.8%, 59.2%, and 90.1% at a P of �0.01 to
detect a 40% decrease in the AUCs of isoniazid, pyrazinamide, and ethambutol,
respectively. Pregnancy does not appear to cause relevant changes in the expo-
sure to isoniazid, pyrazinamide, and ethambutol. Additional studies of antituber-
culosis drugs in pregnancy are needed.

KEYWORDS NAT2, pregnancy, NONMEM, pharmacometrics, modeling, simulation

Tuberculosis (TB) is an important cause of maternal mortality and morbidity globally;
the immune changes of pregnancy increase the risk of progressing from latent TB

infection to active TB disease (1, 2). Furthermore, tuberculosis in pregnancy carries high
risks for the mother and the fetus, especially for those living with HIV, who have a
37-fold-increased risk of dying from tuberculosis and increased rates of obstetric
complications (3–6). Similarly, infants born to women with HIV and tuberculosis have a
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significant risk of low birth weight, tuberculosis, and early mortality (6). Thus, optimiz-
ing the care of pregnant women with HIV-associated TB is critically important.

Physiological changes during pregnancy may alter pharmacokinetic parameters and
therefore impact drug exposure, thus complicating dosing for many medications. These
changes include reduced gastrointestinal motility and altered stomach pH, which
impact the absorption and bioavailability of a drug. Additionally, reduced serum
albumin may increase the unbound fraction of highly protein-bound drugs, thus
increasing both the volume of distribution (V) and total clearance (CL), while maintain-
ing comparable levels of unbound-drug concentrations. Finally, the altered activities of
metabolizing isoenzymes (e.g., from the cytochrome P450 [CYP450] and UGT families),
together with altered total and renal blood flow, also affect drug clearance. How all of
these changes independently and synergistically affect drug concentration is highly
dependent on the physicochemical and metabolic characteristics of the drug. Predic-
tions are not always straightforward (7, 8).

Current World Health Organization tuberculosis treatment guidelines recommend
the use of the same regimens and dosages for pregnant and nonpregnant woman: an
intensive phase of rifampin (8 to 12 mg/kg of body weight), isoniazid (4 to 6 mg/kg),
pyrazinamide (20 to 30 mg/kg), and ethambutol (15 to 25 mg/kg) daily for 2 months,
followed by a continuation phase of 4 months with rifampin (8 to 12 mg/kg) and
isoniazid (4 to 6 mg/kg), although some guidelines recommend that pyrazinamide be
withheld in pregnancy (9). Previously, we reported that rifampin exposure was only
marginally increased during pregnancy, supporting the use of standard doses (10).
However, there are no published pharmacokinetic data for the other first-line tuber-
culosis drugs.

The aim of this study was to evaluate the changes in the pharmacokinetics of
isoniazid, pyrazinamide, and ethambutol among women with tuberculosis and treated
with standard tuberculosis treatment regimens, from pregnancy through the postpar-
tum period.

RESULTS
Study data. Data were available for 29 women taking isoniazid, 18 of whom also

had concentrations for pyrazinamide and ethambutol. These patients underwent phar-
macokinetic sampling for the drugs at a median (interquartile range) of 2.71 (1.29 to
3.57) weeks before delivery (18 were sampled during pregnancy and 3 were sampled
during labor), and then 8 patients were sampled postpartum 6.64 (4.96 to 7.18) weeks
after delivery. For pyrazinamide and ethambutol, 13 patients were sampled during
pregnancy, 2 were sampled during labor, and 3 were sampled postpartum. The median
weight of the patients was 66 kg during pregnancy and 63.5 kg postpartum. The
demographics of the study participants are summarized in Table 1.

Three patients had undetectable predose concentrations for all measured drugs
(rifampin, isoniazid, pyrazinamide, and ethambutol), but the concentrations following
the observed dose in the clinic were in line with those of all the other subjects, so this
was considered nonadherence and the dosing records from the previous days were
disregarded.

The final data for isoniazid included a total of 37 pharmacokinetic profiles from 29
patients (8 paired), based on 141 plasma concentration measurements (77 during
pregnancy and 64 postpartum). For isoniazid, 46 samples, mostly predose samples,
were below the limit of quantification (BLQ). For pyrazinamide and ethambutol, 19
pharmacokinetic profiles were obtained from 18 patients (1 paired), based on 66
plasma concentration measurements (54 during pregnancy and 12 postpartum), and
no data were BLQ.

Isoniazid pharmacokinetics. The pharmacokinetics of isoniazid is best described
by a two-compartment disposition model with first-order elimination and transit compart-
ments absorption. The model structure is depicted in Fig. 1. The model supported estima-
tion of between-subject variability in clearance and between-occasion variability in mean
transit time (MTT) and the absorption rate constant (Ka). N-Acetyltransferase 2 (NAT2)
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acetylator status was a significant covariate upon clearance (the change in the objective
function value [OFV] was �29.9 points, with 2 degrees of freedom [P � 0.001]), and the
estimated typical values of clearance were 97.1, 75.7, and 29.0 liters/h in fast, intermediate,
and slow metabolizers, respectively. Finally, the effects of pregnancy and concomitant use
of efavirenz on exposure parameters (clearance and bioavailability) were explored, and no
statistically significant difference was observed.

The impact of the chosen method to handle BLQ values (M6 method) on the
parameter estimates was tested by repeating the analysis after excluding these
points, and no significant change was observed. Final parameter estimates are

TABLE 1 Demographics for patients included in the population pharmacokinetic analyses
for each of the drugsa

Characteristic

Median no. (interquartile range) or no. (%) of subjects
given:

Isoniazid (n � 29)
Pyrazinamide and ethambutol
(n � 18)

Age (yr) (range) 28.1 (25.2–29.9) 26.7 (24.8–29.5)

Wt (kg) (range):
Prepartum 66.0 (60.0–80.0) 66 (58–77)
Postpartum 63.5 (57.3–72.8) 66 (59–72)

Fat-free mass (kg) (range)b:
Prepartum 41.4 (37.4–46.2) 41.4 (36.8–45.1)
Postpartum 40.0 (36.9–44.6) 40.8 (39.2–45.1)

No. (%) of subjects on:
EFV- based HAART 24 (83) 13 (72)
LPV/r-based HAART 1 (3) 1 (6)
No ART 1 (3) 1 (6)

No. (%) of subjects with NAT2
metabolizer status:

Slow 11 (38)
Intermediate 10 (34)
Rapid 3 (10)
Unknown 5 (17)

aART, antiretroviral therapy; EFV, efavirenz; HAART, highly active antiretroviral therapy; LPV/r,
lopinavir-ritonavir; NAT, N-acetyltransferase 2.

bThe number of prepartum women given isoniazid or pyrazinamide-ethambutol was 21 or 15, respectively,
and the number of postpartum women given isoniazid or pyrazinamide-ethambutol was 8 or 3,
respectively.

FIG 1 Structural model for isoniazid, pyrazinamide, and ethambutol. The dose of each drug is assumed
to go through a series of transit compartments (Trans Cmpts) before being absorbed into the central
compartment. It is then eliminated from the central compartment with first-order kinetics. An asterisk (*)
indicates the peripheral compartment, which applies only to isoniazid and ethambutol. NN, number of
transit compartments; V1, central volume of distribution; Vp, peripheral volume of distribution; Q,
intercompartmental clearance; CL, central clearance.
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summarized in Table 2, and model-estimated secondary pharmacokinetic parame-
ters are summarized in Table 3 and Fig. 2. A visual predictive check showing
adequate fit is displayed in Fig. 3.

Pyrazinamide pharmacokinetics. The data were best fitted by a one-compartment
disposition model with first-order elimination and transit compartment absorption (the
structural model shown in Fig. 1); final parameter estimates are summarized in Table 2,
and a visual predictive check appears in Fig. 3. The model estimated a clearance value
of 3.39 liters/h for the typical patient. The effects of pregnancy and efavirenz on the
exposure of the drug were investigated, and the model did not detect statistically
significant effects.

Ethambutol pharmacokinetics. The chosen structural model was a two-com-
partment disposition model with transit compartment absorption, as it gave the best
fit of our data (depicted in Fig. 1). Pregnancy and efavirenz effects on clearance and
bioavailability were investigated, and no statistically significant effects were detected.
The typical value for clearance was 60.2 liters/h.

A posteriori parametric power estimation and design evaluation. The stochastic
simulation/reestimation procedure revealed that our study data and design (same
dosing and sampling times, patient covariates, and variability in our study) had 91.8%,
59.2%, and 90.1% powers (P � 0.01) to detect a simulated 40% exposure difference for
isoniazid, pyrazinamide, and ethambutol, respectively. The large difference in power
between pyrazinamide and ethambutol, in spite of both drugs having only a few
samples points in the postpartum arm, is owing to the low between-subject variability
in clearance for ethambutol compared to that of pyrazinamide.

TABLE 2 Final population pharmacokinetic model parameter estimates for isoniazid, pyrazinamide, and ethambutol

Parameter description

Typical value (95% CI) fora:

Isoniazid Pyrazinamide Ethambutol

CL for rapid NAT2 acetylators (liters/h)b 97.1 (68.6–144)
CL for intermediate NAT2 acetylators (liters/h)b 75.7 (59.4–95.8) 3.39 (2.96–3.87) 60.2 (53.7–68.5)
CL for slow NAT2 acetylators (liters/h)b 29.0 (24.3–34.8)
V1 (liters)b,c 130 (106-162) 43.8 (39.7–47.2) 268 (154–419)
Q (liters/h)b,c 12.4 (5.64–31.3) 174 (71.7–385)
Vp (liters)b,c 28.5 (10.8–50.1) 334 (217–490)
MTT (h)c 1.21 (0.953–1.51) 0.934 (0.565–1.17) 2.15 (1.84–2.51)
NNc 8.01 (3.95–14.9) 3.78 (2.24–7.71) 6.23 (3.21–11.6)
Bioavailability (F) 1 fixed 1 fixed 1 fixed
Proportional error (%) 22.2 (15.2–30.4) 9.19 (6.99–14.4) 23.3 (17.8–33)
Additive error (mg/liter) 0.045 (0.035–0.062) 0.011 (0.002–0.019) 0.03e fixed
BSV of clearance (%CV)d 12.7 (1.37–30.8) 25.4 (17.1–40.3) 4.69 (0.379–20.4)
BOV of mean transit time (%CV)d 56.7 (43.3–78.0) 71.9 (41.2–125) 24.1 (15.9–36.0)
BOV of bioavailability (%CV)d 36.7 (27.0–48.7) 13.6 (5.81–18.7) 20.1 (10.6–32.2)
a95% confidence intervals were obtained by the sampling importance resampling technique using PsN software.
bAllometric scaling was used for the clearance (CL) by fat-free mass (FFM), intercompartmental clearance (Q), central volume of distribution (V1), and peripheral
volume of distribution (Vp) (by weight); typical values are reported for the median FFM and median weight as reported in Table 1.

cPrior values (uncertainty) were added to the parameter estimates, as follows: for isoniazid, the Q (16.1 liters/h [50%]), Vp (16.5 liters [50%]), absorption mean transit
time (MTT) (0.924 h [50%]), and number of transit compartments (NN) (2.73 [50%]); for pyrazinamide, the MTT (0.84 h [30%]) and NN (2.6 [50%]); and for ethambutol,
the V1 (266 liters [50%]), Vp (687 liters [50%]), Q (109 liters/h [50%]), MTT (2.54 h [50%]), and NN (11.1 [50%]).

dBetween-subject variability (BSV) and between-occasion variability (BOV) were assumed to be log-normally distributed and are reported as approximate %CVs.
eThe estimate of the additive error was not statistically significant from its lower bound (LLOQ/2); thus, it was fixed to that value.

TABLE 3 Model-estimated secondary pharmacokinetic parametersa

Time period

Cmax (mg/liter) for: AUC0–24 (mg · h/liter) for:

Isoniazid Pyrazinamide Ethambutol Isoniazid Pyrazinamide Ethambutol

Prepartum 1.39 (1.13–1.60) 35.9 (32.7–38.1) 1.82 (1.61–2.14) 6.88 (3.63–10.40) 419 (370–541) 16.5 (14.3–20.6)
Postpartum 1.43 (1.09–1.86) 34.5 (29.9–41.3) 2.11 (1.85–2.46) 5.01 (2.89–8.03) 407 (336–514) 19.0 (16.5–21.6)
aData are given as medians (interquartile ranges). For INH, there were 21 (3 at birth) prepartum and 16 postpartum women; for PZA and EMB, there were 15 (2 at
birth) prepartum and 4 postpartum women.
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DISCUSSION

In general, pharmacokinetic data on the impact of pregnancy on drug exposures are
scarce (11). Our findings suggest that there is no clinically significant pregnancy effect
on exposure for the three drugs. Although the study design and sample size were
limited and prevented robust estimation of all pharmacokinetic parameters without
relying on prior information, the a posteriori power estimation suggests that, if large
pregnancy effects (�40% reduction of exposure) were present between the 3rd
trimester and postpartum, our analysis would have been powered to detect it at a P of
�0.01, with powers of 91.8%, 59.2%, and 90.1% for isoniazid, pyrazinamide, and
ethambutol, respectively.

The observed exposure values in our cohort for isoniazid were low compared with
those announced in two conference proceedings on the pharmacokinetics of isoniazid
in pregnancy. The first one (12) reported median maximum concentration (Cmax) values
of 4.1 and 4.0 mg/liter for the 3rd trimester and postpartum, respectively, while the
observed median Cmax values in our cohort in the 3rd trimester were 1.39 and
1.43 mg/liter postpartum. The second proceeding (13), which studied pregnant women
with HIV coinfection, reported isoniazid clearance values of 72.3, 38.5, and 14.5 liters/h
for fast, intermediate, and slow NAT2 acetylators, respectively. Median Cmax values
during pregnancy and postpartum were 2.89 and 3.69 mg/liter, respectively, and area
under the concentration-time curve from 0 to 24 h (AUC0 –24) values during pregnancy
were 8.05 and 11.1 mg · h/liter postpartum. In our cohort, the observed clearance values
were 97.1, 75.7, and 29.0 liters/h for fast, intermediate, and slow metabolizers, with
observed median AUC0 –24s of 6.88 mg · h/liter during pregnancy and 5.01 mg · h/liter
postpartum.

Compared to a previous report of a nonpregnant population (14), our exposure
values for isoniazid are low. Median Cmaxs are reported to range from 3.0 to 6.5 mg/liter
(10, 15–20), while the median values observed in our study were 1.39 and 1.43 mg/liter
for prepartum and postpartum women, respectively. For AUC0 –24s, the median re-
ported values are between 10.0 and 22.5 mg · h/liter, while ours were 6.88 mg · h/liter
prepartum and 5.01 mg · h/liter postpartum. These large discrepancies between our
values and those in the literature for nonpregnant individuals may be attributed to
several factors, including different distributions of the NAT2 genotype in different

FIG 2 Box and whisker plots showing the AUC0 –24 and Cmax values for the three drugs stratified by pre-
and postpartum conditions. The dots represent individual values. Whiskers show the 2.5th and 97.5th
percentiles.
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populations (21) (which was not accounted for in some of the reported values) and
large variability in exposures possibly caused by sample handling and the instability of
isoniazid at room temperature (22). On the other hand, it may be that isoniazid
concentrations are lower both during pregnancy and early after pregnancy, with the
pregnancy effect disappearing only a few months after delivery. So the lack of a
pregnancy effect in our analysis might be explained by the choice of the postpartum
condition as the comparator, as pointed out in references 23 and 24). It will be
important in future studies to evaluate this further, given that isoniazid Cmax values of
less than 3 mg/liter are considered to be subtherapeutic.

The observed pyrazinamide exposure in our cohort is in line with previously
reported values in the literature dealing with HIV-positive tuberculosis-infected pa-
tients. The reported median Cmax (15–20, 25) ranged from 30 to 55 mg/liter, compared
to a median value in our cohort of 35.9 mg/liter for prepartum and 34.5 mg/liter for

FIG 3 Visual predictive check (VPC) for isoniazid, pyrazinamide, and ethambutol concentration versus
time (time since the dose), stratified by pregnancy. The circles represent the original data, the dashed and
solid lines are the 5th, 50th, and 95th percentiles of the original data, and the shaded areas are the
corresponding 95% confidence intervals for the same percentiles, as predicted by the model. An
appropriate model is expected to have most observed percentiles within the simulated confidence
intervals.
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postpartum women. Reported AUC0 –24s (18, 19, 25) range between 344 and 420 mg · h/
liter, and the median value observed in our cohort was 419 and 407 mg · h/liter for
prepartum and postpartum women, respectively. This is reassuring; even if our analysis
was poorly powered to detect a pregnancy effect for pyrazinamide, the values are very
well aligned with those of a nonpregnant population, so pregnant women are not at
risk of over- or underexposure to this anti-infective agent.

Ethambutol exposure values in our study were slightly lower than the reported
results. Historical median Cmaxs range from 2.11 to 5.0 mg/liter (15, 17, 18, 25–27), and
AUC0 –24s range between 20.0 and 23.0 mg · h/liter (18, 25–27); our median values for
Cmax were 1.82 mg/liter for prepartum and 2.1 mg/liter for postpartum women, and our
AUC0 –24s were 16.5 for prepartum and 19.0 mg · h/liter for postpartum women. The
lower concentrations in our study may once again be due to the choice of the
postpartum condition as the comparator, but the overall difference from historical
values for nonpregnant women is very moderate, so our findings are reassuring that, for
ethambutol as well, pregnant women are not at risk of inadequate exposure.

Our study has several limitations. First, the timing of the doses and adherence was
not always accurately captured, as this was an opportunistic substudy within the
Tshepiso Study among women who had study visits late in pregnancy or during labor
and postpartum. Second, no HIV-negative women were included in the analysis, so we
could not assess the effects of HIV coinfection with antiretroviral treatment on the
pharmacology of tuberculosis drugs in the participants. Another limitation of the study
is represented by the very few pharmacokinetic profiles and sample points of pyrazi-
namide and ethambutol available postpartum, since a majority of the patients were
already in the continuation phase of their tuberculosis treatment at the time of
pharmacokinetic sampling.

While this study was small, it is nevertheless unique, and the results are reassuring:
pregnancy did not appear to meaningfully affect isoniazid, pyrazinamide, and etham-
butol concentrations in women with HIV and tuberculosis, as previously reported for
rifampin (10). The results of this study support the use of standard treatment without
dose adjustment for tuberculosis treatment in pregnancy. Pregnant women are at high
risk of progression from latent TB infection to active TB disease and to suffer adverse
maternal and fetal outcomes related to tuberculosis. It is therefore imperative to
provide data-supported, rational dosing for both the prophylaxis and the treatment of
TB in this vulnerable population. Additional studies are needed across different geo-
graphic populations and with both first- and second-line anti-TB drugs.

MATERIALS AND METHODS
Study population. The patients included in this analysis were enrolled in the Tshepiso Study, a

prospective cohort study evaluating the effects of tuberculosis on maternal and infant outcomes in
women with HIV infection. The clinical outcomes and pharmacokinetic analysis of rifampin and efavirenz
have been published previously (10, 28), as have the main study results (6). The participants included in
the current analysis were enrolled in the Tshepiso Study’s pharmacokinetic substudy (10).

Briefly, the participants were recruited from antenatal clinics and obstetrics wards at Chris Hani
Baragwanath Hospital, Soweto, South Africa, between January 2011 and January 2013; they were
pregnant women aged �18 years (with a gestational age of �13 weeks at the time of enrollment) and
HIV positive. Cases had tuberculosis, and matched controls did not. Antiretroviral and tuberculosis
treatment were dispensed by local public-sector clinics in accordance with South African national
guidelines, and all treatment was self-administered.

Fixed-dose combination tablets provided by the national tuberculosis program were used in weight
band-based doses; the number of tablets depended on patient weight (Table 4). For the intensive phase,
Rifafour (Sanofi Aventis) tablets (150 mg rifampin, 75 mg isoniazid, 400 mg pyrazinamide, and 275 mg
ethambutol) were administered, and for the continuation phase, Rifinah-150/75 or Rifinah-300/150
(Sanofi Aventis) were administered (each tablet contains 150 or 300 mg rifampin and 75 or 150 mg
isoniazid). This study was approved by the institutional review boards of the Johns Hopkins School of
Medicine and the universities of the Witwatersrand and Cape Town. Participants provided written
informed consent.

Study protocol. Women receiving standard first-line tuberculosis treatment underwent pharmaco-
kinetic sampling at either 36 weeks of gestation or at delivery and then again at 6 weeks postpartum.
Samples were collected predose and then 2, 4, and 6 to 8 h postdose. For women taking their
medications prior to arrival in the clinic or in the evening and for women presenting in labor,
opportunistic sampling was performed. In the latter group, samples were collected at 3-h intervals from

Isoniazid, Pyrazinamide, and Ethambutol PK in Pregnancy Antimicrobial Agents and Chemotherapy

March 2020 Volume 64 Issue 3 e01978-19 aac.asm.org 7

https://aac.asm.org


presentation until delivery (maximum of four samples). In all patients, the timing of any doses prior to
presentation to the clinic was recorded based on self-reporting.

We previously reported the methods used to determine N-acetyltransferase 2 (NAT2) genotype using
known functional polymorphisms (28); 191G¡A (rs1801279, *14), 341 T¡C (rs1801280, *5), 590G¡A
(rs1799930, *6), and 857G¡A (rs1799931, *7). NAT2 genotypes were categorized as follows: rapid (no
variant allele), intermediate (1 variant allele), and slow (heterozygous for 2 different polymorphisms or
homozygous for 1 polymorphism).

Drug concentration analysis. Drug plasma concentrations were determined by liquid chro-
matography-tandem mass spectrometry (LC/MS/MS) performed in the Division of Clinical Pharma-
cology, University of Cape Town. For isoniazid, the calibration range was 0.195 (the lower limit of
quantification [LLOQ]) to 25.0 mg/liter. The interday accuracy of the isoniazid assay ranged from
99.1% to 101.5%, and the percent coefficient of variation (%CV) of the precision ranged from 2.6%
to 3.2%. For pyrazinamide, the calibration range was 0.200 (LLOQ) to 80.0 mg/liter. The interday
accuracy of the pyrazinamide assay ranged from 99.7% to 102.3%, and the %CV of the precision
ranged from 0.7% to 2.8%. For ethambutol, the calibration range was 0.084 (LLOQ) to 5.40 mg/liter.
The interday accuracy of the ethambutol assay ranged from 103.3% to 105.8%, and the %CV of the
precision ranged from 4.0% to 8.1%.

Pharmacokinetic analyses. Population pharmacokinetic models of the drug concentration data for
isoniazid, pyrazinamide, and ethambutol were analyzed using a nonlinear mixed-effects model in
NONMEM version 7.4.2 with first-order conditional estimation with eta-epsilon interaction (29). Piraña,
Perl-speaks-NONMEM (PsN) version 4.9.0, and Xpose4 were used to aid the modeling process and to
prepare model diagnostics (30). One- and two-compartment disposition models with first-order elimi-
nation and first-order absorption (with or without a lag time or transit compartments [31]) were tested.
Between-subject and -occasion random effects were included with the pharmacokinetic parameters with
an assumption of log-normal distribution; a combined additive and proportional structure described the
residual unexplained variability, with the additive component of the error constrained to be least 20%
of the LLOQ. Values below the LLOQ were imputed to be the LLOQ divided by 2, except for consecutive
values during the elimination phase of the pharmacokinetic profiles, which were excluded from the
model fit according to the M6 method (29) but included in diagnostic plots. Allometric scaling (32) was
used to adjust for the effect of body size on the disposition parameters, with testing of both total body
weight and fat-free mass as body size descriptors. The allometric exponents were fixed to 0.75 and 1 for
clearance and volume parameters, respectively. After the inclusion of allometric scaling, the following
covariate effects were tested on the pharmacokinetic parameters: pregnancy, age, efavirenz versus
lopinavir-ritonavir-based antiretroviral treatment, and, for isoniazid, formulation/phase of treatment
(Rifafour in the intensive phase versus Rifinah during the continuation phase) and NAT2 acetylator
genotype.

A missing NAT2 acetylator genotype was imputed using a mixture model based on the observed
concentrations and a fixed relative proportion of each genotype in the overall population based on the
parent Tshepiso Study (rapid NAT2 metabolizers constituted 13% of the population; 44% were classified
as intermediate, and 43% were classified as slow metabolizers), as described in reference 33.

The development of the model and the inclusion of covariates were based on physiological
plausibility, inspection of diagnostic plots, including visual predictive checks (34), and decreases in the
objective function value (OFV), which was assumed to follow a �2 distribution. The statistically signifi-
cance cutoff for an additional degree of freedom (inclusion of one additional parameter) was an OFV
drop of at least 3.84 points, corresponding to a P of �0.05. Covariates were added in a stepwise fashion
in order of importance determined by the largest significant drop in the OFV. Weakly informative priors
(35) were added as needed to stabilize the model and improve parameter estimates for the three drugs
with �50% uncertainty. The typical values were obtained from previously published models for the three
drugs in nonpregnant women with tuberculosis (25) after allometrically scaling the values to adjust for
different body sizes between the two populations. Sampling importance resampling (SIR) (36) was used
to assess the robustness of the final parameter estimates and to obtain the 95% confidence interval (CI).

A post hoc power analysis was performed on the final models to estimate the power to detect a
clinically significant effect that was brought on by pregnancy using stochastic simulation and estimation
(SSE), a feature of PsN (37) based on the algorithm published in reference 38. For the three drugs, we
simulated a 70% clearance increase in pregnancy (�40% of the AUC). The simulated data sets (n � 200)
were fitted with the full model (with the pregnancy effect being estimated) and a reduced model (no
effect of pregnancy), and then we generated power curves using a chi-square significant level of 0.01.

TABLE 4 Summary of weight band-based dosesa

Pretreatment
body wt (kg)

No. of tablets of RHZE (150, 75,
400, 275) in intensive phase (7
days a wk for 2 mo)

No. of tablets in continuation
phase (7 days a wk for 4 mo) of:

RH (75, 150) RH (300, 150)

30–37 2 2
38–54 3 3
55–70 4 2
�70 5 2
aRHZE, rifampin, isoniazid, pyrazinamide, and ethambutol. Concentrations (in milligrams) of the respective
drugs are given in parentheses.
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