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There are limited pharmacokinetic data for use of the first-line antituberculosis drugs during infancy (<12 months of age), when
drug disposition may differ. Intensive pharmacokinetic sampling was performed in infants routinely receiving antituberculosis
treatment, including rifampin, isoniazid, pyrazinamide, and ethambutol, using World Health Organization-recommended
doses. Regulatory-approved single-drug formulations, including two rifampin suspensions, were used on the sampling day. As-
says were conducted using liquid chromatography-mass spectrometry; pharmacokinetic parameters were generated using non-
compartmental analysis. Thirty-nine infants were studied; 14 (36%) had culture-confirmed tuberculosis. Fifteen (38%) were pre-
mature (<37 weeks gestation); 5 (13%) were HIV infected. The mean corrected age and weight were 6.6 months and 6.45 kg,
respectively. The mean maximum plasma concentrations (Cmax) for rifampin, isoniazid, pyrazinamide, and ethambutol were 2.9,
7.9, 41.9, and 1.3 �g/ml, respectively (current recommended adult target concentrations: 8 to 24, 3 to 6, 20 to 50, and 2 to 6 �g/
ml, respectively), and the mean areas under the concentration-time curves from 0 to 8 h (AUC0 – 8) were 12.1, 24.7, 239.4, and 5.1
�g · h/ml, respectively. After adjusting for age and weight, rifampin exposures for the two formulations used differed in Cmax

(geometric mean ratio [GMR], 2.55; 95% confidence interval [CI], 1.47 to 4.41; P � 0.001) and AUC0 – 8 (GMR, 2.52; 95% CI, 1.34
to 4.73; P � 0.005). HIV status was associated with lower pyrazinamide Cmax (GMR, 0.85; 95% CI, 0.75 to 0.96; P � 0.013) and
AUC0 – 8 (GMR, 0.79; 95% CI, 0.69 to 0.90; P < 0.001) values. No other important differences were observed due to age, weight,
prematurity, ethnicity, or gender. In summary, isoniazid and pyrazinamide concentrations in infants compared well with pro-
posed adult target concentrations; ethambutol concentrations were lower but similar to previously reported pediatric studies.
The low rifampin exposures require further investigation. (This study has been registered at ClinicalTrials.gov under registra-
tion no. NCT01637558.)

Infants (age �12 months) in settings with high-burden tubercu-
losis (TB) and HIV are at high risk of Mycobacterium tuberculosis

exposure, infection, disease, and mortality, emphasizing the need
for rigorous evidence from pharmacokinetic studies to guide op-
timal antituberculosis treatment in this vulnerable population.
Up to 50% of infants exposed to and infected with M. tuberculosis
will develop TB disease in the absence of preventive therapy, with
up to 30% of these progressing to severe pulmonary or dissemi-
nated disease (1). A 4-fold increase in mortality has been reported
among infants with maternal HIV-associated TB in India (2),
while 24% mortality was observed in South African infants �3
months of age with culture-confirmed TB (3).

In 2010, the World Health Organization (WHO) revised pedi-
atric TB dosing guidelines by recommending considerably higher
doses of first-line antituberculosis drugs in children (rifampin
[RMP], 10 to 20 versus 8 to 12 mg/kg of body weight/day; isonia-
zid [INH], 10 to 15 versus 4 to 6 mg/kg/day; pyrazinamide [PZA],
30 to 40 versus 20 to 30 mg/kg/day; and ethambutol [EMB], 15 to
25 versus 15 to 20 mg/kg/day) (4, 5). These guidelines were based
on evidence from pharmacokinetic studies involving mainly older
children, which showed that higher mg/kg body weight dosing
was necessary to achieve equivalent adult target concentrations
(6–10). The pharmacokinetic and safety profiles of antituberculo-
sis drugs in infants at these higher doses remain largely unknown.
Infants undergo developmental and physiological changes that
may influence drug disposition and susceptibility to toxicity (11,

12). Enzyme maturation, efflux transporter activity, increased
drug clearance for body weight, and formulations and their prep-
arations are all important factors determining drug exposure in
young children (12). Few pharmacokinetic studies have been
completed in children �2 years of age with TB (13, 14), and none
were specifically in infants. A study in Indian children found sig-
nificantly lower maximum plasma concentrations (Cmax) and ar-
eas under the concentration-time curves (AUC) for RMP, INH,
and PZA in children �3 years of age compared to older children
(ages 3.1 to 12.0 years) when the drugs were given thrice weekly,
highlighting the need for age-dependent dosing considerations
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(14). The aim of our study was to determine key pharmacokinetic
parameters for RMP, INH, PZA, and EMB at the revised WHO-
recommended doses in infants routinely treated for TB.

MATERIALS AND METHODS
Study design and setting. An observational cohort study with intensive
pharmacokinetic sampling (single day) was conducted among HIV-in-
fected and -uninfected infants routinely initiating first-line antitubercu-
losis treatment in Cape Town, South Africa, from March 2014 through
March 2015. Participants were recruited from Tygerberg Children’s Hos-
pital, Khayelitsha District Hospital, and Brooklyn Chest Hospital.

Study population and antituberculosis drugs. HIV-infected and
-uninfected infants were eligible after at least 2 weeks of intensive phase
first-line antituberculosis treatment, allowing for RMP autoinduction
(15). Infants were consecutively recruited after parental informed consent
was obtained. HIV testing was routinely performed. TB treatment con-
sisted of a standard 2-month intensive phase of RMP, INH, and PZA, with
or without EMB, given once daily, 7 days a week, followed by a 4-month
continuation phase of INH and RMP at the same doses (16). Weight-
banded doses were consistent with the WHO interim guidelines for treat-
ment of TB in young children using the available dispersible fixed-dose
combinations for children. EMB was added at clinician discretion (typi-
cally in the case of more severe TB disease), as per national guidelines (16).
Routine South African national TB program antituberculosis drugs, con-
sisting of a fixed-dose combination (FDC) tablet of RMP and INH (60:60
mg) (Sandoz, South Africa) and a 500-mg PZA tablet (Sandoz, South
Africa) with or without a 400-mg EMB tablet (Sandoz, South Africa), were
given for the duration of TB treatment. Nevirapine (NVP) as part of
prevention of mother-to-child transmission and combination antiretro-
viral therapy (cART) consisting of abacavir, lamivudine, and lopinavir/
ritonavir were given to HIV-exposed and -infected infants, respectively
(17).

Pharmacokinetic sampling was deferred in critically ill infants, those
with a weight of �1.8 kg, and those with a hemoglobin level of �8 g/dl. On
the pharmacokinetic sampling day only, routine antituberculosis drugs
were replaced by single-drug formulations. This allowed for more accu-
rate dosing in the very young study population, more closely reflecting the
revised WHO-recommended dosing guidelines, since the routinely used
FDC tablets (1:1 relation of RMP and INH) were not suitable for accurate
dosing and the new FDC tablets (1.5:1 relation of RMP and INH) sup-
porting the revised WHO dosing recommendations were not yet available
at the time of the study. INH, PZA, and EMB were available in tablets of
50, 150, and 100 mg, respectively, and RMP was a granulate for suspension
(100 mg/5 ml; Eremfat, referred to here as RMP formulation 1). The RMP,
INH, and EMB formulations were manufactured by Riemser Arzneimit-
tel, Germany, were registered with a stringent regulatory authority, and
appeared on the global fund list of approved medicines. Pyrazinamide
(Svizera Laboratories, Pty Ltd., the Netherlands) was manufactured in a
WHO-certified facility complying with good manufacturing practices. In
June 2014, Riemser temporarily halted the manufacturing of Eremfat,
necessitating its substitution with a second RMP suspension, R-cin (100
mg/5 ml; manufactured by Aspen Pharmacare, South Africa, and regis-
tered by the Medicines Control Council of South Africa; referred to here
as RMP formulation 2).

Sample size calculations. The aim of the study was to enroll approx-
imately 40 infants, based on prior knowledge of RMP variability, reported
RMP exposures in adults and children, and the feasibility of enrolling this
substantial number of infants with TB over a 12- to 18-month accrual
period.

Pharmacokinetic investigation. Infants were fasted for 2 h prior to
TB drug dosing to facilitate improved absorption (18, 19). A nasogastric
tube (NGT) was inserted to ensure accurate dosing, and the pH of gastric
aspirates was measured using an instacheck 0-13 pHydrion pH test kit
(Micro Essential Laboratory, USA). An indwelling peripheral venous
catheter was inserted, and a predose (0-h) blood sample was obtained for

drug concentration determination and for albumin and alanine amino-
transferase (ALT) levels. The RMP suspension, followed by INH and PZA
with or without EMB tablets crushed and mixed with water, was given via
NGT, which was then flushed with 5 ml of water. Five more samples of 0.6
ml each at 1, 2, 4, 6, and 8 h postdose were collected in EDTA-coated tubes
and centrifuged to separate the plasma before freezing at �80°C within 30
min of sampling. Drug concentrations were determined at the pharma-
cology laboratory at the University of Cape Town using validated liquid
chromatography-mass spectrometry methods. The methods were vali-
dated over the concentration ranges of 0.0977 to 26.0 �g/ml for isoniazid,
0.117 to 30.0 �g/ml for rifampin, 0.200 to 80.0 �g/ml for pyrazinamide,
and 0.0844 to 5.46 �g/ml for ethambutol (20). All samples that were below
the level of quantification (BLQ) were set to half of the lower limit of
quantification (LLOQ). ALT measures were repeated at the end of 6
months of TB treatment.

Pharmacokinetic parameters and statistical analysis. Pharmacoki-
netic parameters were calculated using noncompartmental analysis
(NCA). Stata 12.1 SE software (StataCorp 2011, College Station, TX,
USA) was used for analyses. Cmax and time to Cmax (Tmax) were recorded
directly from the concentration-time data. The AUC0 – 8 was calculated
using the linear trapezoidal rule. The elimination half-life (t1/2) was de-
noted as ln2/Kel, where Kel (elimination rate constant) was the negative
slope of the log-linear regression of three final data points of the concen-
tration-time curve. The Cmax, AUC0 – 8, and t1/2 for RMP, INH, PZA, and
EMB were compared by the clinical covariates of age at time of pharma-
cokinetic study evaluation (0 to 6 versus 7 to 12 months), nutritional
status (Weight-for-age Z-score [WAZ] � �2 versus � �2), prematurity
(premature, �37 weeks, versus term), HIV status, ethnicity (black versus
mixed race), and gender as well as, for RMP pharmacokinetic parameters
only, by RMP formulation and RMP dose (10 to 15 versus 15 to 20 mg/kg).
All comparisons were generated using t tests. For preterm infants, ages
corrected for gestational age were calculated. Age was analyzed with and
without corrected ages; no differences were found, so unadjusted age at
the time of pharmacokinetic sampling was used. WAZs were calculated
using the United Kingdom WHO preterm growth chart, in which preterm
infant (�37 weeks) WAZs were adjusted for gestational age (21). Clear-
ance was calculated for all first-line antituberculosis drugs using dose and
AUC0 – 8 for age comparisons. Adverse events were classified using the
division of AIDS (DAIDS) tables. TB treatment outcomes were defined
using standard international criteria (22): cured or treatment completion
was considered favorable, while treatment failure, death, and loss to fol-
low-up, including treatment interruption of �2 months, were classified as
unfavorable outcomes. TB treatment outcome was compared by the Cmax

and AUC0 – 8 for the first-line antituberculosis drugs.
Multivariable regression models were generated to determine if any

clinical covariates were associated with the INH, RMP, or PZA Cmax or
AUC0 – 8. In total, six models were generated using the INH, RMP, and
PZA log-transformed Cmax and AUC0 – 8 values as dependent variables,
each analyzed separately. The geometric mean ratios (GMR) were re-
ported along with 95% confidence intervals (CI) and P values. The clinical
covariates considered for inclusion into the models were age at time of
pharmacokinetic study (continuous), weight on pharmacokinetic day
(continuous), HIV status, prematurity (premature versus term), ethnic-
ity, nutritional status (WAZ � �2 versus WAZ � �2), and gender. Co-
variates with a P value of �0.10 and factors known to affect drug dispo-
sition (age and weight) were included in each multivariable model. To
determine if RMP dose was associated with Cmax or AUC0 – 8, a subanalysis
was done using multivariable linear regression stratified by RMP formu-
lation, where dose was analyzed, categorically controlling for continuous
age and weight. The resulting regression coefficients (�s) for dose, along
with the corresponding 95% CI and P values, are reported.

Regulatory approval. The study (NCT01637558) was approved by
Medicines Control Council of South Africa, by the research ethics com-
mittees of Stellenbosch University (N13/03/031), and by the University of
Cape Town (180/2011).
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RESULTS
Patient characteristics at pharmacokinetic assessment. Table 1
displays the characteristics of the 39 infants, of whom 15 (39%)
were documented as premature. At pharmacokinetic sampling,
the mean age, corrected for gestational age, and weight were 6.6
months and 6.5 kg, respectively. M. tuberculosis infection was con-
firmed in 14 (36%) infants. Twenty-two (56%) infants were born
to HIV-infected mothers; 5 infants seroconverted shortly after
birth. All 5 HIV-infected infants were established on cART at the
time of pharmacokinetic assessment. All infants received RMP,
PZA, and INH; 16 (41%) also received EMB. Ethionamide was
given in 7 (18%) infants (n � 2 with TB meningitis, n � 1 with
miliary TB, and n � 4 due to clinician preference). The dosing
ranges and summary statistics for the pharmacokinetic parame-
ters for RMP (i.e., formulation 1 and formulation 2), INH, PZA,
and EMB are displayed in Table 2. No difference was noted for
clearance of the first-line antituberculosis drugs by age (data not
shown).

Rifampin. None of the 39 infants achieved the target adult
peak RMP concentration of �8 �g/ml. Table 3 provides the RMP
pharmacokinetic parameter comparisons for Cmax, AUC0 – 8, and
t1/2 by clinical covariates; the comparison for RMP Cmax, AUC0 – 8,
and t1/2 by RMP formulation and RMP dose are also displayed. On
the pharmacokinetic sampling day, 14 of 39 (36%) infants re-
ceived RMP formulation 1 (median dose, 12.1 mg/kg) and 25 of 39
(64%) infants received RMP formulation 2 (median dose, 18.6
mg/kg; difference between the median doses of RMP formulations
was P � 0.025). Despite the lower dose range of RMP formulation
1, the RMP Cmax and AUC0 – 8 for RMP formulation 1 were higher
than those of RMP formulation 2 (Cmax: 4.1 versus 2.2 �g/ml, P �
0.007; AUC0 – 8: 16.8 versus 9.5 �g · h/ml; P � 0.021). While this
comparison was not adjusted for dose, it is worthwhile to note that
the lower-dosed formulation resulted in higher Cmax and AUC0 – 8.
When the analysis of formulation was adjusted for dose, the dif-
ferences in Cmax and AUC0 – 8 remained, and the formulation ef-
fect was increased in the same direction (results not shown). In
multivariable analysis stratified on formulation, RMP dose (10 to
15 versus 15 to 20 mg/kg) was not associated with either Cmax or
AUC0 – 8 after adjusting for age and weight (Cmax for subset of
RMP formulation 1: �dose � 1.33, 95% CI, �0.43 to 3.09, P �
0.132; Cmax for subset of RMP formulation 2: �dose � 2.02, 95%
CI, �1.30 to 5.34, P � 0.206; AUC0 – 8 for subset of RMP formu-
lation 1: �dose � 5.93, 95% CI, �2.17 to 14.03, P � 0.143; AUC0 – 8

for subset of RMP formulation 2: �dose � 9.81, 95% CI, �3.68 to
23.31, P � 0.136). Figure 1 illustrates RMP concentrations over
time by formulation, including suggested adult target values (23,
24). In multivariable regression adjusting for the effects of age and
weight, RMP formulation was associated with RMP peak concen-
trations and exposure. For Cmax, the GMR for the RMP formula-
tion 1 to the RMP formulation 2 was 2.55 (95% CI, 1.47 to 4.41; P
� 0.001); for AUC0 – 8, the GMR for the same comparison was 2.52
(95% CI, 1.34 to 4.73; P � 0.005).

Isoniazid. All 39 infants achieved the target adult peak INH
concentration of �3 �g/ml. Table S1 in the supplemental material
provides the INH pharmacokinetic parameter comparisons for
Cmax, AUC0 – 8, and t1/2. Infants with a lower WAZ (� �2.0) had a
shorter t1/2 (1.77 versus 2.2 h; P � 0.046). Figure 2 shows the INH
concentration over time for infant participants, including re-

TABLE 1 Characteristics of infants with tuberculosis at the time of
pharmacokinetic sampling (n � 39a)

Characteristic Value

No. (%) male 26 (67)
No. (%) black ethnicity 29 (74)
Mean (SD) corrected age, mo 6.6 (3.3)
Mean (SD) weight, kg 6.45 (1.67)
Mean (SD) WAZb �1.62 (1.53)
Mean (SD) WLZc �0.41 (1.26)
No. (%) with premature birth (�37 wk gestational age) 15 (38)
Median (IQRd) birth weight, kg 2.70 (2.33–3.08)
Mean (SD) hemoglobin, g/dl 10.9 (1.6)
Mean (SD) albumin, g/liter 42 (3)
No. (%) with gastric pH �3 (n � 11) 11 (100)

Maternal HIV status
No. (%) with HIV-infected mother 22 (56)
Median maternal log viral load (n � 15) 2.8
No. (%) with maternal cART/PMTCTe (n � 21) 15 (71)

Infant HIV status
No. (%) HIV infected (n � 39) 5 (13)f

Median (IQR) infant CD4 percentage 35.4 (26.9–38.5)
Median (IQR) infant log viral load 6.33 (6.14–6.7)
Median (IQR) cART in weeks before PK study 8 (5–8)

Infant TB characteristics
No. (%) with culture and/or Xpert MTBg/rifampin

confirmed
14 (36)h

Median (IQR) duration of TB treatment in weeks at PK 7 (5–9)
No. (%) with BCGi vaccination history/scar 32 (82)
No. (%) with positive tuberculin skin test (n � 16) 7 (44)
No. (%) with documented TB source case (n � 28) 28 (72)
No. (%) with mother as source case 15 (54)
No. (%) with other household TB source case 8 (29)
No. (%) with nonhousehold TB source case 5 (17)
No. (%) with smear/culture and/or Xpert positive

source case
18 (64)

No. (%) with type of TBj

PTB 36 (92)
EPTB (n � 1 TBM) 1 (3)
PTB and EPTB (n � 1 miliary TB; n � 1 TBM) 2 (5)

Mean (range) routine antituberculosis drug dose, mg/kg
Rifampin (n � 38) 13.8 (9.0–19.7)
Isoniazid (n � 38) 13.8 (9.0–19.7)
Pyrazinamide (n � 39) 31.5 (18.7–44.6)
Ethambutol (n � 16) 19.9 (13.3–29.0)

No. (%) with concomitant medicationsk

ABC, 3TC, LPV/rl 5 (12)
Prednisone 1 (3)
Diuretics and spironolactone 1 (3)

a Total number of infants evaluated was 39, unless otherwise noted in table.
b WAZ, weight for age Z-score.
c WLZ, weight for length Z-score.
d IQR, interquartile range.
e cART, combination antiretroviral therapy; PMTCT, prevention of mother-to-child
transmission.
f Three of these mothers received no PMTCT or cART before delivery.
g Xpert: Gene Xpert for MTB/rifampin.
h Culture and Xpert positive for 10 infants (n � 3, only culture; n � 1, only Gene
Xpert).
i BCG, bacillus Calmette-Guérin.
j Types of TB: PTB, pulmonary TB; EPTB, extrapulmonary TB.
k Nevirapine therapy was completed for HIV-exposed infants; steroid therapy, for
severe airway compression; diuretics, for ventral septal defect.
l ABC, abacavir; 3TC, lamivudine; LPV/r, lopinavir and ritonavir.
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ported adult target values (23, 24). No significant associations
were found in log-transformed multivariable regression.

Pyrazinamide. All 39 infants achieved adult peak PZA concen-
trations of �20 �g/ml, and 31 of 39 (80%) achieved a Cmax of �35

�g/ml. Table S2 in the supplemental material provides the PZA
pharmacokinetic parameters comparisons for Cmax, AUC0 – 8, and
t1/2. Younger infants had a longer t1/2 (8.92 versus 7.01 h; P �
0.047), while malnourished infants, versus those with normal nu-

TABLE 2 Summary statistics for infant pharmacokinetic parameters of rifampin, isoniazid, pyrazinamide, and ethambutol (n � 39a)

First-line
antituberculosis drug

Recommended
dose (range)
(mg/kg)

Mean (range)
actual dose (mg/kg)

Mean (range)
Cmax (�g)

Mean
(IQRb) Tmax

(h)
Mean (range)
AUC0–8 (�g · h/ml)

Mean (range) t1/2

(h)c

Mean (range)
CL/Fd (liter/h/kg)

Rifampin 15 (10–20) 15.37 (10.13–20.51) 2.90 (0.59–7.96) 2.0 (2.0–2.0) 12.12 (1.78–33.01) 2.05 (1.06–4.06) 2.57 (0.37–16.68)
Formulation 1

(n � 14)
12.91 (10.13–18.18) 4.13 (0.65–7.96) 2.0 (1.0–2.0) 16.77 (1.59–33.01) 2.07 (1.11–4.06) 1.55 (0.37–7.07)

Formulation 2
(n � 25)

16.75 (10.13–20.51) 2.22 (0.59–6.94) 2.0 (2.0–2.0) 9.52 (1.78–32.29) 2.04 (1.06–3.93) 3.14 (0.58–16.68)

Isoniazid 10 (10–15) 12.80 (10.31–15.38) 7.92 (3.97–11.30) 1.0 (1.0–1.0) 24.68 (11.56–50.18) 2.00 (1.00–3.92) 0.57 (0.26–1.00)
Pyrazinamide 35 (30–40) 33.32 (28.48–38.46) 41.9 (26.3–68.4) 1.0 (1.0–2.0) 239.4 (147.1–450.0) 8.01 (4.40–20.63) 0.15 (0.08–0.20)
Ethambutol (n � 16) 20 (15–25) 20.18 (15.38–24.10) 1.26 (0.24–2.01) 2.0 (1.5–3.0) 5.09 (1. 24–8.87) 3.59 (1.61–6.94) 4.69 (2.13–12.45)
a Total number of infants evaluated was 39 unless otherwise noted.
b IQR, interquartile range.
c t1/2, half-life of the drug. Due to late peaks, t1/2 was not calculated in the following infant samples: n � 4 rifampin (of n � 36); n � 1 isoniazid (of n � 38); n � 1 pyrazinamide (of
n � 38); and n � 1 ethambutol (of n � 15).
d CL, clearance; F, fraction absorbed.

TABLE 3 Rifampin pharmacokinetic parameters by age, nutritional status, prematurity, HIV status, ethnicity, gender, formulation, and dose
(n � 39)

Variable

Parameter data for:

Cmax (�g/ml) AUC0–8 (�g · h/ml) t1/2 (h)a

No. evaluated Mean (SD) value P No. evaluated
Mean (SD)
value P No. evaluated Mean (SD) value P

Age at PK sampling, mo
0–6 20 2.89 (2.16) 20 12.78 (9.72) 17 2.17 (0.70)
7–12 19 2.92 (2.24) 0.975 19 11.43 (9.63) 0.664 19 1.95 (0.88) 0.425

Nutritional status on day of PK
��2.0 21 2.65 (1.94) 21 10.60 (8.20) 20 2.02 (0.78)
��2.0 18 3.21 (2.44) 0.429 18 13.90 (10.93) 0.289 16 2.08 (0.84) 0.830

Prematurity
Term (�38 wk) 24 2.73 (1.90) 24 11.46 (8.65) 23 1.99 (0.84)
Premature (�37 wk) 15 3.18 (2.60) 0.538 15 13.18 (11.12) 0.593 13 2.17 (0.73) 0.520

HIV status
HIV infected 5 3.67 (3.31) 5 16.46 (15.00) 5 2.27 (1.14)
HIV uninfected 34 2.79 (2.00) 0.404 34 11.48 (8.66) 0.283 31 2.02 (0.75) 0.522

Ethnicity
African 29 3.00 (2.37) 29 12.04 (10.20) 28 1.88 (0.64)
Mixed race 10 2.63 (1.52) 0.644 10 12.37 (7.94) 0.926 8 2.67 (1.04) 0.011

Gender
Female 13 3.27 (2.39) 13 13.00 (10.01) 13 1.75 (0.57)
Male 26 2.72 (2.08) 0.468 26 11.68 (9.52) 0.692 23 2.22 (0.87) 0.088

Rifampin formulation
Formulation 1 14 4.13 (2.35) 14 16.77 (10.50) 14 2.07 (0.84)
Formulation 2 25 2.22 (1.77) 0.007 25 9.52 (8.11) 0.021 22 2.04 (0.79) 0.918

Rifampin dose, mg/kg
10–15 17 2.74 (2.34) 17 10.86 (10.01) 17 1.91 (0.71)
15–20 22 3.03 (2.09) 0.691 22 13.10 (9.34) 0.447 19 2.17 (0.87) 0.340

a t1/2, half-life of the drug.
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trition, had a higher AUC0 – 8 (268.09 versus 214.72 �g · h/ml; P �
0.018). Figure 3 shows the PZA concentration over time, includ-
ing reported adult target values (23, 24). Multivariable analyses
from a log-transformed regression model for PZA showed that
HIV-infected infants had a lower Cmax (GMR, 0.85; 95% CI, 0.75
to 0.96; P � 0.013) and a lower AUC0 – 8 (GMR, 0.79; 95% CI, 0.69
to 0.90; P � 0.001), controlling for age and weight. No other
significant associations were observed.

Ethambutol. Only one of 16 infants (6%) had a Cmax �2 �g/
ml, which is the recommended adult target value (Fig. 4). Table S3
in the supplemental material displays the EMB pharmacokinetic
parameter comparisons for Cmax, AUC0 – 8, and t1/2. HIV-infected
infants had a lower Cmax (0.4 versus 1.4 �g/ml; P � 0.004) and a

lower AUC0 – 8 (2.0 versus 5.5 �g · h/ml; P � 0.008) than HIV-
uninfected infants.

Safety. The median ALT at the time of sampling was 21 U/liter
(interquartile range [IQR], 15 to 35 U/liter; n � 37) and at treat-
ment completion was 22 U/liter (IQR, 18 to 30 U/liter; n � 36). In
total, 5 of 73 (7%) ALT values in 5 separate infants were elevated.
Two grade 1 adverse events (elevated 2-fold) and one grade 3 event
(elevated 7-fold) occurred on the pharmacokinetic visit; one grade
1 event and one grade 2 event (elevated 3-fold) occurred following
6 months of treatment. All resolved spontaneously at a follow-up
measurement. These safety data are relevant only to the routine
antituberculosis drugs, as study drugs were administered only on
the PK sampling day.

TB treatment outcome. Thirty-three of the infants (85%) had
favorable TB treatment outcomes; cure occurred in 4, and treat-

FIG 1 Mean plasma rifampin (RMP) concentrations (�g/ml) after the intake
of a mean dose of 12.9 mg/kg for RMP formulation 1 (n � 14) and of a mean
dose of 16.7 mg/kg for RMP formulation 2 (n � 25). Cmax adult target values,
8 to 24 �g/ml when RMP is administered at 600 mg daily in American adults
(23); Cmax, 5.9 �g/ml when RMP is administered at 10.9 mg/kg in South
African adults (24).

FIG 2 Mean plasma isoniazid (INH) concentrations (�g/ml) after the intake
of a mean dose of 12.8 mg/kg of INH (n � 39). Adult target Cmax values, 3 to 6
�g/ml when INH is administered at 300 mg daily in American adults (23);
Cmax, 6.5 �g/ml when INH is administered at 6.5 mg/kg in South African
adults (24).

FIG 3 Mean plasma pyrazinamide (PZA) concentrations (�g/ml) after the
intake of a mean dose of 33.3 mg/kg of PZA (n � 39). Adult target Cmax values,
20 to 50 �g/ml when PZA is administered at 25 mg/kg/day in American adults
(23); Cmax, 52.7 �g/ml when INH is administered at 35.7 mg/kg in South
African adults (24).

FIG 4 Mean plasma ethambutol (EMB) concentrations (�g/ml) after the
intake of a mean dose of 20.2 mg/kg of EMB (n � 16). Adult target Cmax values,
2 to 6 �g/ml administered at 25 mg/kg/day in American adults (23); Cmax, 5
�g/ml when EMB is administered at 24.5 mg/kg in South African adults (24).

Pharmacokinetics of Antituberculosis Drugs in Infants

April 2016 Volume 60 Number 4 aac.asm.org 2175Antimicrobial Agents and Chemotherapy

http://aac.asm.org


ment completion was documented in 29. Of six infants, all with
poor social circumstances, initially classified as having unfavor-
able treatment outcomes, 4 infants (n � 1 HIV-infected and n � 3
HIV-exposed) initially classified as lost to follow-up were success-
fully reinitiated on TB treatment (n � 1 each at month 3, 4, 5, and
6) and completed 6 months of TB treatment. In the other 2 in-
fants, the treatment outcome was unknown (both relocated to a
different province after 3 months of treatment). Cmax and AUC0 – 8

for RMP, INH, PZA, and EMB were not associated with TB treat-
ment outcome.

DISCUSSION

This is the first study reporting pharmacokinetic parameters for
the four first-line antituberculosis drugs, using the 2010 revised
WHO dosing guidelines, specifically in infants. Encouragingly,
infants demonstrated INH and PZA concentrations similar to
those reported in adult studies; EMB concentrations were low but
comparable to other pediatric pharmacokinetic studies using the
same dose. However, very low RMP exposures were observed for
both RMP formulations studied. RMP formulation 2, which was
dosed at a higher dosing range, had lower RMP Cmax and AUC0 – 8

than RMP formulation 1. The RMP dose was not associated with
RMP Cmax and AUC0 – 8 when stratified by formulation; therefore,
the formulation probably contributed more than the dose toward
the observed difference in RMP pharmacokinetic parameters.
PZA and EMB exposures were lower in the few HIV-infected in-
fants studied. No other important associations were found for the
key pharmacokinetic parameters of first-line antituberculosis
drugs by age, weight, weight-for-age Z-score, prematurity, HIV
status, ethnicity, gender, or TB treatment outcome. No infants
developed symptomatic hepatotoxicity, and at least 85% of infants
had a favorable TB treatment outcome.

A markedly low RMP mean Cmax of 2.9 �g/ml was observed in
infants, even when dosed at 12 to 20 mg/kg/day. Desirable RMP
2-hour postdose concentrations of between 8 and 24 �g/ml have
been suggested in adult healthy volunteers and in TB patients
receiving a dose of 9 to 12 mg/kg (23); however, few adult and
pediatric patients reach the often-recommended minimum RMP
2-hour concentration of 8 �g/ml (24, 25). In our study, RMP
exposures were low using both RMP suspensions, and no infant
achieved a 2-hour value of �8 �g/ml. Infants on RMP formula-
tion 1 achieved significantly higher exposures than those on RMP
formulation 2, despite the lower-mg/kg administered dose (Fig.
1). RMP dose itself was not associated with RMP Cmax, or AUC0 – 8;
however, these findings and conclusions must be interpreted with
caution. Further analysis showed that the formulation mainly
contributed toward observed differences in pharmacokinetic pa-
rameters, emphasizing the importance of bioavailability of drug
formulations and the use of high-quality formulations. High-per-
formance liquid chromatography (HPLC) testing revealed similar
RMP concentrations for both formulations, and, in a laboratory-
based study, aliquots of the RMP formulation 1 used in the study
that were left to stand for 30 min at room temperature in 3 naso-
gastric tubes had RMP concentrations similar to a control aliquot
of the suspension (26). McIlleron et al. (26) also reported no im-
pact of NGT drug delivery on the effect of RMP formulation on
the AUC in the large DATiC (dosing antiretroviral- and tubercu-
losis drugs in children) study, where children were given an RMP
suspension either by NGT or per os. The peak RMP concentrations
of 4.0 and 2.2 �g/ml for the two different RMP formulations,

respectively, were similar to those reported in other pediatric
studies, documenting low peak concentrations of 2.8, 2.9, 3.5, 3.8,
and 3.9 �g/ml following an oral administration of 10 to 20 mg/kg
(27–31). Higher median RMP peak concentrations of 10 and 12
�g/ml were achieved when dosed at 10 and 15 mg/kg (P � 0.008),
respectively, in Indian children (32). RMP mean peak concentra-
tions of 6.4 and 11.7 �g/ml, when dosed at 10 and 15 mg/kg (P �
0.005), respectively, were observed in 11 South African children
younger than 2 years of age using a different RMP formulation.
The authors noted that children with high drug concentrations at
the lower RMP dose did not necessarily have comparatively high
drug concentrations following the higher dose (13). RMP formu-
lations are known for considerable intra- and interindividual vari-
ability, which may partly be explained by differences in RMP bio-
availability. In a study with 20 children, only 50% � 22% of a
freshly prepared oral suspension was absorbed compared to an
intravenous dose (33). Although the cause for this variable RMP
bioavailability remains unclear, the following factors have been
proposed: raw material characteristics, changes in the crystalline
habit of the RMP, excipients, manufacturing and/or process vari-
ables, degradation in the gastrointestinal tract, and inherent vari-
ability in absorption and metabolism (34). RMP is the only hy-
drophobic drug of the first-line antituberculosis drugs, is
characterized by low solubility, is easily adsorbed by common
pharmaceutical excipients, and also shows a pH-dependent solu-
bility affecting its absorption (35). All of these factors highlight the
need for stringent quality assurance of antituberculosis drugs in
clinical care and research. A limitation of this study was that all of
the study drugs were not purchased prior to the start of the study.
The effect of gastric pH on RMP bioavailability remains unclear. A
low gastric pH, as found in 11 study infants tested, was associated
with low RMP exposures; Khalil et al. described reduced oral ab-
sorption of RMP when combined with antacids (36).There are
limited data available on the ontogeny of the expression of p-gly-
coprotein, known to influence RMP absorption, with develop-
mental differences in efflux transporter activity markedly altering
the bioavailability of drugs (37). The specific relevance of p-gly-
coprotein in the dosing of young children with RMP requires fur-
ther investigation in young children.

All infants had 2-hour plasma INH concentrations of �3
�g/ml following a mean dose of 12.8 mg/kg, which is above the
suggested adult lower limit target range of 3 to 6 �g/ml (23).
Infant INH concentrations also compared well with other pediat-
ric pharmacokinetic studies with similar 2-hour concentrations
reported of 4.5, 5.6, and 3.9 to 8.6, following 10 to 15 mg/kg (7, 27,
38). The effect of acetylator status on INH exposures is not re-
ported here (future work).

PZA is probably the best absorbed among the first-line antitu-
berculosis drugs, and infants achieved a high mean Cmax of 41.9
�g/ml at 1 h, following a dose of 33.3 mg/kg. A proposed PZA
adult target range of 20 to 60 �g/ml has been suggested (23), but a
study from Botswana showed that a Cmax of less than 35 �g/ml was
associated with a poor outcome in adult pulmonary TB patients
(39). Our results were similar to other pediatric studies reporting
peak concentrations of 34.6 to 47.8 �g/ml when dosed at 30 to 40
mg/kg (8, 13, 28, 32).

The mean EMB Cmax of 1.3 �g/ml at 2 h following a mean dose
of 20.2 mg/kg was low, with a proposed adult therapeutic 2-hour
peak concentration of 2 �g/ml (23). Other pediatric studies re-
ported similarly low concentrations of between 0.78 and 2.1
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�g/ml when dosed at 10 to 20 mg/kg (27, 28, 32, 40, 41). Increas-
ing EMB dosage in children has been reported to result in higher
peak concentrations (42, 43); however, dose-dependent ocular
toxicity is a limiting factor in dosing increases (44) especially in
young children, in whom clinical evaluation is more challenging.
In a recent study, 3 of 11 children �5 years of age developed
reversible visual impairment secondary to 23, 25, and 27 mg/kg/
day of EMB (45). Routine eye examinations are not common in
resource-constrained settings; therefore, caution should be ad-
vised with increased EMB dosage. Ethionamide is sometimes
preferentially given to infants due to clinical concerns of optic
neuritis. EMB is the least efficacious of the first-line antituber-
culosis drugs and is used mainly to protect companion drugs
against resistance. The clinical relevance of these findings in
infants, who typically have paucibacillary TB and in whom the
theoretical risk of acquision of drug resistance is low, needs
further evaluation.

Age-dependent elimination of first-line antituberculosis drugs
has been shown, with lower exposures documented in younger
children for RMP (10, 14, 40), INH (14, 40, 46), PZA (8, 14), and
EMB (42). These findings have mainly been attributed to the more
rapid clearance of drugs and to a relatively larger liver-to-body size
ratio. In our study, however, where all children were �1 year of
age, age did not influence clearance. To our knowledge, this is the
first study specifically performed in infants on antituberculosis
drugs that also incorporated postconceptual age, and we found no
remaining influence of prematurity. There is no clear evidence
regarding the potential association between low TB drug expo-
sures and concomitant cART (8, 13, 27, 47). In our study, we
observed lower PZA and EMB exposures in HIV-infected infants;
however, we studied only 5 HIV-coinfected infants. The higher
PZA AUC0 – 8 observed in malnourished infants, compared to
those with normal nutrition, was confounded by the fact that mal-
nourished infants were dosed at the higher end of the dosing
range.

Hepatotoxicity is the main adverse event associated with RMP,
INH, and PZA. All infants were asymptomatic for symptoms and
signs of hepatotoxicity, but ALT values were raised in 5 (7%)
infants while on routine antituberculosis drugs. However, ALT
values returned to normal within 3 months without intervention.
Few pediatric studies have reported on hepatotoxicity at the re-
vised WHO dosing recommendations. Hiruy et al. documented
an ALT range of 9 to 71 U/liter in 31 children younger than 10
years at the revised higher doses (27). Two (3.1%) of 64 children
developed hepatitis on the previously recommended lower doses,
and 3 (4.8%) of 63 children did so on the revised higher doses in a
study conducted in Indian children younger than 15 years of age
(32).

The majority of infants had favorable TB treatment outcomes,
despite the observed low RMP exposures for both formulations
and the extensive disease in most. Higher RMP dosing strategies
are currently being investigated in early bactericidal activity stud-
ies in adults; the short-term safety results have been reassuring. In
adult RMP dose-escalation studies of up to 35 mg/kg/day for 2
weeks, higher doses showed a disproportionate plasma exposure
increase with dose and a greater fall in bacterial load (48). Multiple
factors influence the relationship between drug concentrations
and TB treatment outcome, including M. tuberculosis genotype,
gene polymorphisms, extent of TB disease, bacillary burden, and
immune status, including HIV infection status (46). A limitation

of our study is that the study drug was administered only on the
pharmacokinetic day, while routine drugs were used for the
6-month treatment; this limits the interpretation of drug concen-
trations on TB treatment outcome.

NCA was used due to its timeliness and also for ease of
interpretation to a broad clinical audience. Multivariable anal-
ysis was used to determine if pharmacokinetic parameters were
associated with clinical covariates applicable to a clinical audi-
ence. In the absence of pediatric pharmacodynamic data, the
optimal required target concentrations remain unclear and are
typically extrapolated from adult studies. Furthermore, direct
comparison of pharmacokinetic studies is complicated by vari-
ations in dose administered, type of formulation, single drugs
versus fixed-dose combinations, daily versus intermittent ther-
apy, and different sampling schedules, all of which influence
plasma drug concentrations. In our study, INH, PZA, and EMB
concentrations were comparable to other pediatric studies
when dosed at the revised higher WHO recommendations,
with INH and PZA reaching recommended adult target con-
centrations. However, RMP exposures were low regardless of
the formulation used when administered at a dosing range of
10 to 20 mg/kg, highlighting the importance of using high-
quality formulations and of bioavailability studies for RMP
formulations in children and potentially arguing in favor of
using dispersible tablets instead of liquid formulations in
young children. In addition, the low RMP exposures argue for
RMP dose-optimization studies in children. Reported TB
treatment outcomes are generally good in children with drug-
susceptible TB, independent of drug concentrations achieved,
but this may be different for infants with immature immunity,
for HIV-infected children, and in those with extensive and dis-
seminated TB disease. Therefore, the low RMP exposures may
become increasingly relevant in children who receive treat-
ment-shortening regimens and in children with severe forms of
TB; both populations are currently under evaluation.
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