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ABSTRACT Ethionamide has proven efficacy against both drug-susceptible and
some drug-resistant strains of Mycobacterium tuberculosis. Limited information on its
pharmacokinetics in children is available, and current doses are extrapolated from
weight-based adult doses. Pediatric doses based on more robust evidence are ex-
pected to improve antituberculosis treatment, especially in small children. In this
analysis, ethionamide concentrations in children from 2 observational clinical studies
conducted in Cape Town, South Africa, were pooled. All children received ethio-
namide once daily at a weight-based dose of approximately 20 mg/kg of body
weight (range, 10.4 to 25.3 mg/kg) in combination with other first- or second-line
antituberculosis medications and with antiretroviral therapy in cases of HIV coinfec-
tion. Pharmacokinetic parameters were estimated using nonlinear mixed-effects
modeling. The MDR-PK1 study contributed data for 110 children on treatment for
multidrug-resistant tuberculosis, while the DATiC study contributed data for 9 chil-
dren treated for drug-susceptible tuberculosis. The median age of the children in
the studies combined was 2.6 years (range, 0.23 to 15 years), and the median weight
was 12.5 kg (range, 2.5 to 66 kg). A one-compartment, transit absorption model with
first-order elimination best described ethionamide pharmacokinetics in children. Allo-
metric scaling of clearance (typical value, 8.88 liters/h), the volume of distribution
(typical value, 21.4 liters), and maturation of clearance and absorption improved the
model fit. HIV coinfection decreased the ethionamide bioavailability by 22%, rifam-
pin coadministration increased clearance by 16%, and ethionamide administration
by use of a nasogastric tube increased the rate, but the not extent, of absorption.
The developed model was used to predict pediatric doses achieving the same drug
exposure achieved in 50- to 70-kg adults receiving 750-mg once-daily dosing. Based
on model predictions, we recommend a weight-banded pediatric dosing scheme us-
ing scored 125-mg tablets.

KEYWORDS ethionamide, multidrug resistance, pediatric infectious disease,
population pharmacokinetics, tuberculosis

Approximately 1 million children develop tuberculosis (TB) disease every year, with
32,000 children being estimated to have multidrug-resistant TB (MDR-TB) (1). As

MDR-TB becomes more prevalent, improved knowledge of drugs beyond those used
for first-line treatment is increasingly important. Ethionamide is an older drug with
proven efficacy against Mycobacterium tuberculosis (2) and is now a group C second-line
anti-TB drug to be used when an effective regimen cannot otherwise be constructed (2,
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3). It is also used as part of first-line treatment in some situations, such as in TB
meningitis, due to its ability to cross the blood-brain barrier (4, 5), or in small children
requiring a fourth drug when suitable formulations of ethambutol are not available (6).

Ethionamide treatment is associated with frequent adverse events. Similar to other
thioamides, it is known to cause gastrointestinal intolerance, hepatotoxicity, hypothy-
roidism, peripheral neuropathy, and psychiatric adverse effects, including sleep disor-
ders (7, 8). Gastrointestinal intolerance may lead to reduced adherence and complicate
oral administration in patients regularly taking a large number of drugs (9). Defining
optimal dosing is therefore important.

The current South African pediatric dosing guidelines advise that ethionamide be
used at 15 to 20 mg/kg of body weight in patients with MDR-TB and 20 mg/kg in
patients with miliary TB or TB meningitis (10). A weight-banded regimen has recently
been suggested by WHO (11). Both recommendations are mostly based on extrapola-
tions from the adult dose, but the current understanding of ethionamide pharmaco-
kinetics is limited, especially in children and infants.

Our aim was to characterize the pharmacokinetics of ethionamide in children with
tuberculosis, identifying and quantifying relevant factors affecting drug concentrations,
and to evaluate whether the dosing guidelines achieve pediatric drug exposures in line
with expected adult values.

RESULTS
Study population and pharmacokinetic samples. A total of 119 children were

included in the analysis; 110 were from the MDR-PK1 study (9) and 9 were from the
DATiC study (30, 31), with 4 children undergoing repeated pharmacokinetic sampling
visits, giving a total of 730 samples in 124 ethionamide concentration profiles, 2 of
which were partial. Concentrations were below the lower limit of quantitation (BLQ) in
15% of the samples, and all but one of these was predose. The median age of the
children in the cohort was 2.6 years (range, 3 months to 15 years), and the median
weight was 12.5 kg (range, 2.5 to 66 kg). Coinfection with HIV was present in 24
children, 20 of whom were on antiretroviral therapy (ART) based on either lopinavir-
ritonavir (n � 14) or efavirenz (n � 6). An overview of participant characteristics is
shown in Table 1.

Population pharmacokinetic model. Ethionamide pharmacokinetics were well
described using a one-compartment disposition model with first-order elimination and
a transit compartment (12) absorption (Fig. 1). The parameter estimates are shown in
Table 2, and the NONMEM model code is provided in the supplemental material.

Allometric scaling to body weight (13, 40) was applied to clearance (CL) (change
in the objective function value [ΔOFV] � 34.8) and volume of distribution (V)
(ΔOFV � 120.2), with body weight being a better body size descriptor than fat-free
mass. After allometry, maturation of clearance was included in the model (ΔOFV � 22.4,
P � 1.4 � 10�5). The model predicted that clearance maturation would reach 50%
within 2 months after birth and �95% maturity at about 2 years of age, as shown in Fig.
S1 in the supplemental material.

Administration using a nasogastric tube (NGT) increased the speed of absorption by
shortening the absorption mean transit time (MTT) (ΔOFV � 21.8, P � 3.0 � 10�6). HIV
coinfection was found to lower the bioavailability and, thus, exposure by 22%
(ΔOFV � 14.5, P � 1.4 � 10�4). Rifampin cotreatment increased clearance by 16%
(ΔOFV � 7.1, P � 7.7 � 10�3).

The absorption rate constant (ka) and MTT were found to be faster in smaller
children (ΔOFV � 16.4, P � 5.1 � 10�5). This was best captured using the exponential
maturation function shown in equations 1 and 2.

ka,i � ka,std · �1 � �ScaleAbs � 1� · e��mat,Abs·Agei� (1)

MTTi �
MTTstd

�1 � �ScaleAbs � 1� · e��mat,Abs·Agei� (2)

where the subscript i denotes values for patient i, std denotes fully mature values,
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ScaleAbs is the scaling factor for maturation of absorption, meaning the relative change
in the parameter value (expressed in fold) for a child at birth, and �mat,Abs is the shape
factor for maturation of absorption, meaning the exponential rate at which the effect
reaches the mature values. Absorption was estimated to be 2.43-fold faster at birth,
with the effect waning at about 3 years of age (�mat,Abs was fixed to 1/year to stabilize
the model), as shown in Fig. S1.

The best statistical model included interoccasion variability (IOV) on bioavailability,
MTT, and ka, as well as interindividual variability (IIV) on clearance. IIV on the volume of
distribution was not supported by the data and could not be robustly estimated.

While the predose concentrations in most patients were BLQ (and were imputed to
the lower limit of quantitation [LLOQ]/2), 15 unexpectedly high predose values were
observed. The pharmacokinetic profiles observed in these patients after the dose
administered at the clinic were in line with those observed in other patients and
therefore were inconsistent with the high trough concentrations measured. The most
plausible explanation is therefore that the previous dose was ingested less than 24 h
before the predose sample was collected, but since few of these values were obtained
and the values were relatively low compared to the peak concentrations, they did not
significantly impact model parameter values and were included in the analysis. Simi-
larly, we tested the alternative approach of excluding all concentrations BLQ altogether,
and the model parameters did not significantly change.

The model adequately fit the data, as shown in the visual predictive checks (VPCs)
in Fig. 2, which highlight the differences in the concentration-time profiles between

TABLE 1 Characteristics of study populations treated with antituberculosis regimens including ethionamide

Characteristic

Value for the following study population:

MDR-PK1 DATiC Pooled data

No. (%) of children of the following ethnicity:
Black 65 (59.1) 7 (77.8) 72 (60.5)
Mixed race 45 (40.9) 2 (22.2) 47 (39.5)

No. (%) of male children 58 (52.7) 6 (66.7) 64 (53.7)
Median (range) age (yr) 3.0 (0.46 to 15) 0.7 (0.23 to 2.3) 2.6 (0.23 to 15)
Median (range) wt (kg) 13 (6.0 to 66) 6.1 (2.5 to 14) 12.5 (2.5 to 66)

Median (range) WHO Z-score for:
Wt for age (n � 109)a �0.64 (�4.77 to 1.99) �2.35 (�5.57 to 0.83) �0.64 (�5.57 to 1.99)
Ht for age �1.61 (�4.70 to 1.43) �2.66 (�5.94 to �1.04) �1.71 (�5.94 to 1.43)
BMIb for age 0.33 (�3.82 to 4.16) 1.48 (�4.95 to 2.58) 0.34 (�4.95 to 4.16)

Median (range) ethionamide total dose (mg) 264 (120 to 1,000) 125 (50 to 250) 250 (50 to 1,000)
Median (range) ethionamide dose (mg/kg) 20.0 (10.4 to 24.7) 20.5 (16.0 to 25.3) 20.0 (10.4 to 25.3)

No. (%) of patients receiving ethionamide:
As a whole tablet orally 18 (16.4) 0 (0) 18 (15.1)
As a crushed tablet orally 17 (15.5) 2 (22.2) 19 (16.0)
As a crushed tablet via NGT 75 (68.1) 7 (77.8) 82 (68.9)
Coadministered with rifampin 12 (10.9) 9 (100) 21 (17.6)

No. (%) of patients with HIV coinfection 23 (20.9) 1 (11.1) 24 (20.2)
aWHO weight-for-age Z-scores are defined only for ages up to 10 years. Ten subjects over 10 years of age were therefore not assigned a value and were not used to
estimate a weight-for-age effect in the covariate search.

bBMI, body mass index.

FIG 1 Graphical overview of the structural pharmacokinetic model. comp., compartment.
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administration via an NGT versus administration via the oral route, age below 1 year
versus age above 1 year, and HIV infection status. VPCs with alternative stratifications
are shown in Fig. S2 to S4. Conditional weighted residuals (Fig. S5) indicated under-
prediction of the predose concentrations. However, most of these values were BLQ, so
this trend does not indicate model misspecification but is an artifact of the imputation
to LLOQ/2.

Dosing optimization. Model-based predictions of weight-banded pediatric ex-
posures are compared to predicted adult exposures in Fig. 3. The adult reference
values of the area under the concentration-time curve (AUC) from 0 to 24 h
(AUC0 –24) and maximum concentration (Cmax) were 27.3 �g·h/ml and 3.94 �g/ml,
respectively, as predicted by our model for adults in the 50- to 70-kg weight band
receiving a 750-mg dose. The currently recommended dose of 20 mg/kg, as well as
the recent weight-banded WHO recommendations, generally achieves a higher AUC
and a higher Cmax than the target exposure in adults. This is especially true for
children whose weight is �6 kg, who display the highest predicted concentrations
due to their rapid absorption and their incomplete maturation of clearance.

The proposed optimized doses detailed in Table 3 achieve exposures more in line
with adult values in most weight bands, as shown in Fig. 3.

DISCUSSION

We developed a population pharmacokinetic model that describes ethionamide
concentrations in children well, characterizing the effects of body weight and age.

Simulations from our model show that constant milligram-per-kilogram dosing
achieves uneven exposures, with children who weigh �6 kg and (to a minor extent)
those who weigh �20 kg attaining higher exposures than 50- to 70-kg adults receiving
ethionamide at 750 mg. The recent WHO weight-banded dosing regimen (11), while
representing an improvement in terms of facilitating dosing with the current formu-
lations, is restricted to children who weigh �5 kg and does not adequately account for
maturation in infants, who are therefore predicted to achieve comparatively higher
concentrations. The alternative dosing that we suggest harmonizes the exposure across
all weight bands, in particular, reducing the concentrations in very small children

TABLE 2 Pediatric pharmacokinetic parameter estimates for ethionamidec

Parameter Estimate of typical value (95% CI) Estimate of % variabilityb (95% CI), variability type

CLa (liters/h) without rifampin 8.88 (8.21, 9.71) 17.0 (13.9, 20.7), IIV
Rifampin effect on CL (%) �16.0 (�6.3, �27.0)
V (liters)a 21.4 (20.2, 22.8)
Bioavailability for HIV-uninfected patients 1 (fixed) 24.9 (21.2, 29.5), IOV
Effect of HIV on bioavailability (%) �22.3 (�30.6, �13.4)
MTT with oral administration (h) 1.07 (0.982, 1.178) 97.0 (83.7, 111), IOV
Effect of NGT on MTT (%) �67.9 (�76.0, �59.5)
No. of transit compartments 2.31 (1.84, 2.83)
ka (h�1) 0.867 (0.774, 0.957) 36.3 (27.1, 46.6), IOV

Maturation of CL
PMA50,CL (yr) 0.876 (0.713, 1.03)
�mat,CL 2.60 (1.43, 4.75)

Maturation of absorption
ScaleAbs (fold) 2.43 (2.38, 2.50)
�mat,Abs (1/yr) 1 (fixed)

Proportional error (%) 17.2 (15.7, 18.8)
Additive error (�g/ml) 0.0138 (0.0123, 0.0153)
aClearance depends on age and weight due to maturation and allometric scaling. Volume of distribution depends on weight due to allometric scaling. These values
refer to those for a typical 13-kg child with completed maturation.

bVariability is reported here as an approximate coefficient of variation (in percent).
cCI, confidence interval, obtained by sampling importance-resampling (SIR); IIV, interindividual variability; IOV, interoccasion variability; CL, clearance; V, volume of
distribution; PMA50,CL postmenstrual age at which maturation of clearance is 50% complete; �mat,CL, shape factor for maturation of clearance; ka, absorption rate
constant; MTT, mean transit time for absorption; NGT, nasogastric tube; ScaleAbs, scaling factor for maturation of absorption; �mat,Abs, shape factor for maturation of
absorption.
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FIG 2 Visual predictive check (VPC) of ethionamide concentration versus time after the last dose, stratified on administration method (i.e.,
nasogastric tube or oral) (top), age under 1 year or over 1 year (middle), and HIV infection status (bottom). The solid lines represent the 50th

(Continued on next page)
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(weight, �6 kg), in whom the current constant milligram-per-kilogram approach pro-
duces median values of Cmax nearly twice as high as the predicted exposure in adults
after a 750-mg dose. Although Cmax values are more controlled under our suggested
dosing, they are still high compared to the adult target, and it may be warranted to
consider twice-daily dosing in these small children, at least in cases where adverse
effects are observed.

Our analysis found lower ethionamide bioavailability in HIV-infected patients. This
confirms the findings of an earlier study (14), but the underlying reason for the effect
is unclear. We tested whether the effect was related to a drug-drug interaction with a
particular ART regimen, but no significant difference was found between the three
groups receiving treatment for HIV infection (the ART-naive group and the groups
receiving lopinavir-ritonavir- and efavirenz-based ART). If the effect is not a drug-drug
interaction but, indeed, is related to HIV per se, a possible explanation may be found in
the inflammation of the intestinal mucosa caused by HIV infection (15), which may
affect drug absorption (16).

Rifampin cotreatment was found to increase ethionamide clearance by 16%. Several
ethionamide elimination pathways could be affected by rifampin, including the most
prominent metabolic pathway, flavin-containing monooxygenases (FMOs) (17). FMOs
are also responsible for the activation of ethionamide (18), so it is unclear whether this
interaction may affect or not affect ethionamide efficacy. One earlier study explored the
effect of rifampin cotreatment on ethionamide concentrations and did not find a
significant difference in half-life (P � 0.10), elimination rate constant (P � 0.11), or
clearance (P � 0.37) (14). The effect that we detected was modest in size, and the
previous study may not have been powered to detect it. Moreover, the use of
population pharmacokinetic modeling and the greater number of patients in our
analysis are expected to lead to a higher statistical power.

FIG 2 Legend (Continued)
percentiles of the observed data and the dashed lines represent the 5th and 95th percentiles of the observed data. The shaded areas represent
the model-predicted 95% confidence intervals for the same percentiles. The dots are the observed concentrations. The smaller panels under each
VPC are VPCs of the proportion of observations below the lower limit of quantification (LLOQ). The solid line shows the proportion of LLOQ
observations in the data, and the shaded area is the 95% confidence interval of the proportions of model-predicted LLOQ observations.

FIG 3 Simulated ethionamide AUC0 –24 (top) and Cmax (bottom) versus body weight for the 20-mg/kg dose (left), weight-
banded WHO dose recommendations (second from left), and suggested optimized weight-banded doses (third from left), as
well as target model predictions in 50- to 70-kg adults receiving 750 mg (right). Note that WHO dose recommendations start
at 5 kg. Dashed lines are predictions of the median values for adults used as dose optimization targets (AUC0 –24, 27.34 �g·h/ml;
Cmax, 3.94 �g/ml) in 50- to 70-kg adults receiving 750 mg. All simulations were performed assuming no HIV infection, no
rifampin cotreatment, and oral dosing of ethionamide without NGT.
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An effect of isoniazid cotreatment on ethionamide bioavailability and clearance has
recently been reported (19). The same trend of higher ethionamide exposure with
isoniazid cotreatment was observed in this analysis as well, but since only 7 children in
this study were on isoniazid-free regimens, this effect could not be robustly character-
ized, and it was therefore not included in the final model.

Maturation of clearance significantly improved the model fit, even though limited
data for very young children were available.

Maturation of absorption improved the predictions but did not completely explain
the rapid absorption in very young children, as shown in Fig. 1. The data suggest an
absorption for children under 1 year old even faster than what was captured in the
model. Maturation of the volume of distribution, possibly due to changes in body
composition, was examined as an alternative explanation, but it did not improve the
model fit. Absorption may be different in these very young children because of
differences in the gastrointestinal tract in early infancy, but we lack the information to
explain the phenomenon. The effect may be partly explained by a biexponential
concentration-time profile being more prominent in young children. Such a profile has
been observed for intravenous dosing of ethionamide in adults, with an initial distri-
bution phase occurring during the first 40 min after dosing (20). A two-compartment
disposition model was tested but did not significantly improve the fit, possibly because
our sampling schedule (with the first observation being at 1 h postdose) was not
suitable to capture this effect.

Comparing exposures to historical values and defining a clear range for adult
exposure proved difficult, as published values varied greatly between and within
studies. In Table 4 we present a comparison of the findings of different published
pharmacokinetic analyses of ethionamide. For each study, we present the published
AUC, the dose, and the population in which it was measured, as well as AUC scaled to
dose and allometry, for side-by-side comparisons of AUCs across studies. The values
from our study were generally closer to the values reported for healthy volunteers than
those reported for adult patients. Our findings also differ from those of a study
published by Thee et al. (14) with a cohort of 31 children from the Cape Town, South
Africa, region very similar to the cohort evaluated in our study. Large interindividual
differences were also observed within each study; in spite of using similar dose
amounts, Grönroos and Toivanen (21), Zhu et al. (22), and Auclair et al. (23) all reported
wide ranges of AUCs (up to 14-fold) in adults within each study. While the AUCs in our
pediatric population also displayed high variability, we were able to attribute most of
the variability either to covariates or to specific sources, such as large interoccasion
variability in drug absorption. The high variability in historical AUC values between and
within studies made it difficult to choose a single target exposure, leading us to prefer
a value predicted by our own model.

The study has some limitations. Only a small number of infants were included in the
analysis, and in those few infants, the overlapping and confounding effects of age,
weight, food administration with the dose, and administration procedure (oral admin-

TABLE 3 Suggested optimized doses for different weight bands in a pediatric populationa

wt band (kg)

No. of tablets

Daily dose (mg)250 mg 125 mg

3 to �6 0.25 0.5 62.5
6 to �8 0.5 1 125
8 to �11 0.75 1.5 187.5
11 to �15 1 2 250
15 to �20 1.25 2.5 312.5
20 to �25 1.5 3 375
25 to �30 1.75 3.5 437.5
30 to �35 2 4 500
aDoses are given as multiples of 62.5 mg, equivalent to a 250-mg tablet split in quarters or a 125-mg tablet
split in half.
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istration of a whole tablet versus a crushed tablet or administration via a nasogastric
tube) limited what the model could identify. The lack of accurate information on
gestational age at birth added to this complexity, as children born preterm may be less
mature than their postnatal age would explain. The lack of early samples after dosing
(�1 h) also limited our capability to characterize absorption. We used an empirical
mathematical model for the maturation of absorption, and this enabled us to describe
the effect, although the physiological changes underpinning it are unclear. Another
area that warrants further investigation is the effect of HIV coinfection. Several studies
in the literature report either lower or higher concentrations of antitubercular drugs in
HIV-infected patients, and as recently summarized by Daskapan et al., the results are
discordant even for the same drug (24). Decreases in concentration have recently been
reported in HIV-coinfected children for other anti-TB drugs (9, 25). Studying this effect
and its impact on dosing would be important. The recommendations assume that the
children are HIV uninfected.

Another limitation is that no established pharmacodynamic or clinical target was
available to guide the dosing. Our study did not assess efficacy, but it is reasonable to
assume that the exposure-response relationships between children and adults are
similar (26). However, patient progress should be monitored under this new dosing.

In suggesting new doses, we have assumed that pediatric formulations are bio-
equivalent to the adult formulations used in this study. While this is generally a
reasonable assumption, several studies with other anti-TB drugs have identified bio-
equivalence issues between certified pediatric and adult formulations (27–29).

In conclusion, we propose a model that accurately describes the effect of weight
and age on the pharmacokinetics of ethionamide in children. Cotreatment with rifam-
pin moderately increased ethionamide clearance. Crushing of the tablets for oral
administration or the use of a nasogastric tube affected the speed but not the extent
of ethionamide absorption. We also observed that HIV-infected patients had lower
bioavailability, but with the limited current data, we were unable to confirm the precise
cause of this effect.

Based on the predicted exposures according to the developed model, we have
suggested a new dosing strategy for ethionamide in children, which is expected to
improve tolerability and reduce adverse effects.

MATERIALS AND METHODS
Clinical studies. Data on the pharmacokinetics of ethionamide in children were pooled from 2

observational clinical studies conducted in Cape Town, South Africa: MDR-PK1 (9) (2011 to 2015) and
DATiC (30, 31) (2012 to 2017).

In MDR-PK1, children were included if they were under 15 years old and routinely treated for
probable or confirmed MDR-TB (and with antiretroviral drugs if they were HIV infected). They were
treated with multidrug regimens consistent with local and international guidance at the time: at least
four effective drugs, including ethionamide plus a fluoroquinolone, an injectable drug, and combinations
of other drugs (terizidone, high-dose isoniazid, pyrazinamide, and ethambutol) for 12 to 18 months.

In DATiC, young HIV-infected or -uninfected children were treated for drug-susceptible TB with
combination therapy, including isoniazid, rifampin, and pyrazinamide. If a fourth drug was indicated,
ethionamide was given to children if it was preferred over ethambutol by the attending clinician.

Informed consent was provided by the parent(s) or legal guardian of all participants, and assent was
provided by all participants aged 7 years or older. Ethics approval was provided by the Health Research
Ethics Committees of Stellenbosch University and the University of Cape Town.

In both studies, the children received once-daily ethionamide doses of approximately 20 mg/kg
(250-mg Sanofi-Aventis tablets) for at least 2 weeks prior to sampling. On the day of pharmacokinetic
sampling, the dose in MDR-PK1 was adjusted to exactly 20 mg/kg, and smaller children received crushed
tablets due to the lack of child-friendly formulations, and a nasogastric tube (NGT) was often used.
Ethionamide was coadministered with other first- or second-line antituberculosis medications. Antiret-
roviral therapy (ART), if given, was administered 1 h after (MDR-PK1) or together with (DATiC) antitu-
berculosis medications.

The dose was administered by the study team after an overnight fast, and blood samples were
collected at 0 (predose), 1, 2, 4, 8, and either 6 or 11 h postdose in MDR-PK1 and at 0, 1, 2, 4, 6, and 8 h
postdose in DATiC. Food was offered 1 h after the dose.

Ethionamide plasma concentrations were determined from 20 �l of plasma using a validated liquid
chromatography-tandem mass spectrometry (LC-MS/MS) assay method developed in the Division of
Clinical Pharmacology, University of Cape Town. The samples were processed with a protein precipitation
extraction method using acetonitrile, followed by high-performance liquid chromatography with MS/MS
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detection. Neostigmine was used as the internal standard. The extraction procedure was followed by
liquid chromatographic separation using a Discovery HS F5 analytical column (5 cm by 2.1 mm; particle
size, 3 �m; Supelco). An AB Sciex API4000 mass spectrometer at unit resolution in the multiple-reaction-
monitoring (MRM) mode was used to monitor the transition of the protonated precursor ions at m/z
167.1 to the product ions at m/z 106.1 and the protonated molecular ions at m/z 224.2 to the product
ions at m/z 72.1 for the internal standard. Electrospray ionization (ESI) was used for ion production.
Accuracy and precision were assessed over three consecutive, independent runs, with inter- and intraday
coefficients of variation being below 7% for all quality control samples. The assay was validated over the
concentration range of 0.0313 �g/ml (i.e., the lower limit of quantification [LLOQ]) to 16.0 �g/ml, with the
calibration curve fitting a quadratic regression (weighted by 1/concentration).

Population pharmacokinetic model. The data were analyzed with nonlinear mixed-effects model-
ing in NONMEM (version 7.4) software (32). Parameter estimates were obtained by first-order conditional
estimation with interaction (FOCEI) and saddle reset (33) to overcome issues with stability and practical
identifiability.

Model building was performed stepwise, with all parameters being reestimated at every step, and
was guided by drops in the NONMEM objective function value (OFV). Nested models with 1 additional
degree of freedom were considered significantly improved at a P value of �0.05 if the OFV decreased by
3.84 (34). The models were further evaluated using goodness-of-fit plots and visual predictive checks
(VPCs) (35, 36), generated using R software (37) and the Perl-Speaks-NONMEM (PsN), Xpose4, and Pirana
programs (38). Each model change was also evaluated in relation to a priori hypotheses and the
physiological plausibility of the results.

The structural model was selected from candidates, including models with a one- or a two-
compartment distribution with first-order elimination and first-order absorption with or without a lag
time or transit compartments. Interindividual variability (IIV) and interoccasion variability (IOV) were
assumed to follow lognormal distributions. The statistical model was selected from combinations of IOV
on absorption parameters and IIV on clearance or the volume of distribution, based on statistical
significance, physiological plausibility, and model robustness. Models with IIV and IOV on the same
parameter were excluded as practically nonidentifiable due to the lack of observed repeated occasions.
Observations below the LLOQ (BLQ) were imputed to LLOQ/2, except for consecutive values in a series,
which were excluded from the fit (the M6 method) (39), but were included in VPCs. Residual variability
was assumed to have an additive and a proportional element, with the additive error being bound to be
at least 20% of the LLOQ to minimize the effect of the BLQ imputation.

The effect of body size was described using allometric scaling of clearance (CL) and the volume of
distribution (V), using the recommended exponent values of 0.75 and 1, respectively (13, 40). Besides
total body weight, fat-free mass (41) was explored as an alternative size descriptor.

Maturation of clearance was explored according to equation 3 (13, 40):

maturation �
PMA�mat

PMA50
�mat � PMA�mat

(3)

where PMA is postmenstrual age, PMA50 is the PMA at which maturation is 50% complete, and �mat is
the shape factor. No information on gestational age at birth was available, so PMA was assumed to be
the postnatal age plus 9 months.

After the inclusion of allometric scaling and maturation, further covariate relations were systemati-
cally explored using a stepwise covariate modeling (38) (Pforward � 0.05, Pbackward � 0.01). Relations
indicated to be significant by this procedure were included only if the effect was deemed physiologically
plausible and improvements in stratified VPCs and goodness-of-fit metrics were observed. The effects of
the following covariates were explored on all parameters: HIV infection status, ethnicity (black versus
mixed race), sex, age, concomitant use of each antituberculosis and antiretroviral drug, study, and WHO
Z-scores (Z-scores for weight for age, height for age, and body mass index for weight) (42, 43). The effect
of the administration procedure (oral whole tablet, oral crushed tablet, or crushed tablet through an
NGT) was tested on the absorption parameters only. All continuous covariates were tested with linear or
broken-stick models, except for the effect of age, for which exponential and sigmoidal functions were
also investigated. The final model was tested by removing each of the included relationships to ascertain
their impact and statistical significance in the final model.

The precision of the final parameter estimates was determined using the sampling importance-
resampling procedure (44) implemented in PsN with the default settings.

Dosing optimization. Since no established pharmacokinetic target is available in children, the aim
of our dose optimization exercise was to match the adult exposure (26, 45). We selected as the target
adult exposure the median value of the area under the concentration-time curve (AUC) profile predicted
by our model extrapolated to adults in the 50- to 70-kg weight band receiving the currently recom-
mended dose of 750 mg. Monte Carlo simulations of pediatric exposures from the final model were
compared to the target value, and dose adjustments were suggested where necessary. Previously
published reports on ethionamide pharmacokinetics were identified and summarized. AUC0 –24 or the
AUC from time zero to infinity (AUC0 –∞) was extracted, if available; otherwise, the AUC from 0 h to time
t (AUC0 –t) was used. If AUC was not specified in the original publications, it was calculated by the linear
trapezoidal method from published time-concentration tables or digitized plots. To facilitate the com-
parison of AUC values between studies, the AUC values were standardized to a patient weighing 60 kg
(the middle of the 50- to 70-kg weight band) using allometric scaling and to a dose of 750 mg, assuming
linear kinetics (i.e., AUC0 –∞ � dose/clearance).
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The exposures in each pediatric weight band were simulated using an in silico population
(n � 43,400) with combinations of weight and age previously reported in TB-infected children by
Svensson et al. (46).

Pediatric exposure simulations were generated for 20-mg/kg dosing and for the WHO weight-banded
guidelines (11). Doses were then optimized to match the target adult exposure using weight banding
and currently available tablet sizes. We used weight bands from a recent dosing optimization of
levofloxacin (9) and assumed that the smallest feasible dose was 62.5 mg (equivalent to a quarter of a
250-mg tablet or half of a 125-mg tablet). We selected the dose with the median predicted AUC closest
to the adult target in each weight band. While AUC was used as the dose optimization target, the
simulated values of the maximum concentration (Cmax) were also monitored.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.4 MB.
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