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The World Health Organization (WHO) recently issued revised first-line antituberculosis (anti-TB) drug
dosage recommendations for children. No pharmacokinetic studies for these revised dosages are available for
children <2 years. The aim of the study was to document the pharmacokinetics of the first-line anti-TB agents
in children <2 years of age comparing previous and revised WHO dosages of isoniazid (INH; 5 versus 10
mg/kg/day), rifampin (RMP; 10 versus 15 mg/kg/day), and pyrazinamide (PZA; 25 versus 35 mg/kg/day) and
to investigate the effects of clinical covariates, including HIV coinfection, nutritional status, age, gender, and
type of tuberculosis (TB), and the effect of NAT2 acetylator status. Serum INH, PZA, and RMP levels were
prospectively assessed in 20 children <2 years of age treated for TB following the previous and the revised
WHO dosage recommendations. Samples were taken prior to dosing and at 0.5, 1.5, 3, and 5 h following dosing.
The maximum drug concentration in serum (Cmax), the time to Cmax (tmax), and the area under the concentration-time curve (AUC) were calculated. Eleven children had pulmonary and 9 had extrapulmonary TB. Five
were HIV infected. The mean Cmax (g/ml) following the administration of previous/revised dosages were as
follows: INH, 3.19/8.11; RMP, 6.36/11.69; PZA, 29.94/47.11. The mean AUC (g 䡠 h/ml) were as follows: INH,
8.09/20.36; RMP, 17.78/36.95; PZA, 118.0/175.2. The mean Cmax and AUC differed significantly between doses.
There was no difference in the tmax values achieved. Children less than 2 years of age achieve target concentrations of first-line anti-TB agents using revised WHO dosage recommendations. Our data provided supportive evidence for the implementation of the revised WHO guidelines for first-line anti-TB therapy in young
children.

In the absence of pharmacodynamic data for children and
therefore data that demonstrate an association between serum
drug concentration and clinical outcome, optimal anti-TB therapy should aim to produce the targeted serum drug concentrations that have been determined in adult pharmacokinetic
and pharmacodynamic studies. For INH, the proposed optimal
maximum serum drug concentration (Cmax) for therapy is 3 to
5 g/ml (15, 27). Target serum RMP concentrations in adults
after a standard oral dose of 600 mg are in the range of 8 to 24
g/ml; serum RMP concentrations below 8 g/ml are considered low, and those below 4 g/ml are considered very low (28,
29). There is more uncertainty regarding the optimal therapeutic serum PZA concentration. In adults, serum PZA concentrations are targeted at 20 to 60 g/ml (11, 28). However, in
a recent study of adults, poor treatment outcome of pulmonary
TB was associated with serum PZA concentrations of ⬍35
g/ml (8).
Optimal anti-TB therapy is important in all children but
particularly in young children (⬍2 years of age) and those HIV
infected, where there is a high risk of progression to severe

Isoniazid (INH), rifampin (RMP), and pyrazinamide (PZA)
are routinely used to treat tuberculosis (TB) in children (23,
44). Recommendations for pediatric dosages are based on a
small number of pharmacokinetic studies, few of which included children younger than 2 years of age. During early life,
children experience significant changes in the relative sizes of
their body compartments and their ability to absorb, metabolize, and excrete drugs (5, 17). These changes are greatest
within the first 2 years of life (4). Most published studies on
first-line anti-TB drugs in children have not analyzed differences between older and younger children or the effect of HIV
coinfection. The pharmacokinetics of INH are further complicated by genetic polymorphisms of N-acetyltransferase type 2
(NAT2) in the metabolic pathway of INH, which influences
INH concentrations (18, 26, 46).
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5 mg/kg
P valuea
25 mg/kg

c

35 mg/kg
P valuea

6.36 (4.45–8.27)
1.49 (1.07–1.91)
17.78 (12.81–22.76)

10 mg/kg

PZA (n ⫽ 20)

⬍0.001b
0.961
⬍0.001b

15 mg/kg

0.005b
0.865
0.006b

P valuea

RMP (n ⫽ 11)

11.69 (8.71–14.67)
1.54 (1.16–1.93)
36.95 (27.64–46.26)

MATERIALS AND METHODS
Study population and setting. This was a prospective, single-center hospitalbased, observational intensive sampling pharmacokinetic study. The study was
conducted at the Brooklyn Hospital for Chest Diseases (BHCD), Cape Town,
South Africa, from May to October 2010. Eligible children were ⬍2 years of age
and on anti-TB treatment with a regimen that included INH and PZA, with or
without RMP (all licensed for use in South Africa). Children had to be medically
stable, and written informed consent was obtained from a parent or legal guardian, including permission for HIV testing. The study was approved by the Health

47.11 (42.64–51.58)
1.45 (0.96–1.41)
175.23 (155.50–194.96)

forms of TB. Recent studies have demonstrated that children
require higher mg/kg body weight doses of anti-TB drugs to
achieve the same serum drug concentrations as in adults (6, 10,
34, 38, 39, 41, 45). Consequently, the World Health Organization (WHO) has recently issued revised dosage recommendations (44) for the treatment of children with first-line drugs
based on a systematic review of the literature. The WHO now
advises giving INH at 10 mg/kg (range, 10 to 15 mg/kg), RMP
at 15 mg/kg (range, 10 to 20 mg/kg), and PZA at 35 mg/kg
(range, 30 to 40 mg/kg). This compares to the previous recommendation of INH at 5 mg/kg (range, 4 to 6 mg/kg), RMP at 10
mg/kg (range, 8 to 12 mg/kg), and PZA at 25 mg/kg (range, 20
to 30 mg/kg). All doses are advised for once-daily administration.
The serum INH, RMP, and PZA concentrations achieved
following previous and revised WHO dosing guidelines for
young children have not been examined. The aim of the present study was to investigate the pharmacokinetics of the firstline anti-TB agents INH, RMP, and PZA at previous and
revised WHO-recommended doses for children younger than 2
years of age. We also investigated the effects of important
clinical covariates, including HIV coinfection, nutritional status, age, gender, and type of TB, and the effect of NAT2
acetylator status.
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10 mg/kg

INH (n ⫽ 20)

b

TABLE 2. Mean maximum serum concentrations (Cmax), area under the curve (AUC), and mean time until maximum serum concentration is reached (tmax) with 95% confidence interval
for INH, PZA, and RMP in children ⬍2 years of age

Parameter

29.95 (26.16–33.73)
1.44 (0.98–1.41)
118.01 (101.33–134.70)

AFB, acid-fast bacilli.
TST, tuberculin skin test.
cART, combination antiretroviral therapy.
d
BMI, body mass index.

⬍0.001b
0.640
⬍0.001b

a

8.11 (6.68–9.53)
0.52(0.64–1.12)
20.36 (15.76–24.97)

Nutritional status
No. (%) with mass ⬍3rd percentile for age .................. 10 (50)
Mean Z score for wt (SD) ............................................... ⫺1.74 (1.84)
Mean BMId (SD) .............................................................. 16.02 (2.62)

3.19 (2.39–3.99)
0.70 (0.72–1.17)
8.09 (5.76–10.42)

Clinical features
No. (%) with pulmonary TB ........................................... 11 (45)
No. (%) with extrapulmonary TB ................................... 9 (45)
No. (%) with TB meningitis ............................................ 8 (40)
No. (%) with abdominal TB............................................ 1 (5)
No. (%) with hepatomegaly at inclusion ....................... 11 (55)

Cmax (g/ml)
tmax (h)
AUC (g 䡠 h/ml)

Demographic features
Mean age, yr (SD) ............................................................ 1.09 (0.49)
No. (%) of females ........................................................... 9 (45)
No. (%) M. tuberculosis or AFBa
culture positive .............................................................. 9 (45)
No. (%) with household TB contact .............................. 16 (80)
No. (%) TSTb positive...................................................... 10/19 (53)
Mean no. of days on anti-TB treatment (SD) ..............106.0 (62.7)
No. (%) HIV infected ...................................................... 5 (25)
Mean no. of days on cARTc (SD) ..................................168.6 (97.7)

From paired t test comparing previous and revised doses.
Significant on the 0.05 level.

Value

a

Demographic, diagnostic, or clinical feature

b

TABLE 1. Demographic, diagnostic, and clinical features of 20
children with TB
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Research Ethics Committee of the Faculty of Health Sciences, Stellenbosch
University, Stellenbosch, South Africa.
Diagnosis of TB. The diagnosis of TB was based on a history of TB contact, a
positive tuberculin skin test (TST), a chest radiograph (CR) compatible with the
diagnosis of pulmonary TB, and/or clinical signs of extrapulmonary TB. Whenever possible, the diagnosis was confirmed by culture of Mycobacterium tuberculosis from sputum or another clinical specimen. Children were treated according
to the mycobacterial drug susceptibility test pattern from the child or that
obtained from the most likely adult source case.
Drug administration. Fixed dosage combinations formulated for pediatric use
are routinely prescribed for anti-TB treatment, as recommended by the South
African National Tuberculosis Programme. Rimcure (INH at 30 mg, RMP at 60
mg and PZA at 150 mg) was manufactured by Sandoz SA Pty. Ltd., Spartan,
South Africa. The doses given were calculated according to body weight at both
WHO recommendations. For an adequate dose of INH, tablets (or fractions of
tablets, respectively) containing INH at 100 mg (Be-Tabs Isoniazid; Be-Tabs
Pharmaceuticals Pty. Ltd., Roodepoort, South Africa) were added. Fractions of
500-mg PZA (Pyrazide; Sanofi Aventis, Johannesburg, South Africa) and 100-mg
INH tablets were given to children not receiving RMP. All formulations used
were approved by the South African Medicines Control Council. Tablets were
routinely crushed and dissolved in 2 to 5 ml of water and orally administered. All
children were supplemented with pyridoxine and multivitamin syrup. Antiretroviral therapy (ART) consisted of two nucleoside reverse transcriptase inhibitors
(lamivudine and stavudine) and a protease inhibitor (lopinavir/ritonavir). This
was boosted with extra ritonavir if the child was prescribed RMP. Trimethoprimsulfamethoxazole was given to all HIV-infected children.
Pharmacokinetic sampling. The first pharmacokinetic assessment was performed at 2 weeks or more following the initiation of anti-TB treatment. Two
days prior to the assessment, the child was prescribed PZA at the previous WHO
dosage of 25 mg/kg, due to the long half-life of the drug. On the morning of the
assessment, the child was fasted for 4 h prior to receiving medications. An
intravenous catheter was inserted, and a baseline blood sample was taken. The
child was given INH, PZA, and, if appropriate, RMP at the previous WHO
dosages. Further sampling took place at 0.5, 1.5, 3, and 5 h after dosing. Blood
samples were collected in EDTA-coated tubes and placed on ice immediately.
Plasma was separated by centrifugation within 15 min and then deep-frozen until
analysis. Children received breakfast only after the 1.5-h blood sample was taken.
If the child was HIV infected, combination ART (cART) was given with breakfast, while for all children other treatment was given after the last blood sample
was taken. Following assessment, children were represcribed TB medications at
the revised WHO dosages. One week later, a second assessment of each child
took place, using identical methods but using the revised WHO dosages.
Laboratory sampling. The serum INH and PZA concentrations of plasma
extract was determined by high-performance liquid chromatography (HPLC)
and UV detection. INH had to be derivatized with cinnamaldehyde to be detectable at 340 nm, while PZA could be measured directly at 269 nm. For both
compounds, a solvent gradient of 50 mM phosphate buffer (solvent A) and a 1:4
acetonitrile-isopropanol mixture (solvent B) was used. The RMP concentration
was determined by HPLC-tandem mass spectrometry technology with an m/z
ratio of 823.3/95.2, a gradient of water and acetonitrile, both containing 0.1%
formic acid, was used in this instance as previously described (36, 37). The lower
limit of detection was 0.5 g/ml for both INH and PZA and 0.1 g/ml for RMP;
the lower limit of quantification was determined at a concentration where the
inter- and intraday variations were less than 5.0% (n ⫽ 10) for each compound.
For all three compounds, we found a linear calibration range of 8 spiked samples
(R2, ⬎0.9950).
Following centrifugation, the remaining blood cells were pooled and used for
the extraction of DNA for NAT2 genotyping. After preparation of genomic DNA
by a salting-out procedure, the NAT2 gene was analyzed by PCR and restriction
fragment length polymorphism as previously described (22, 34). The NAT2 gene
was analyzed for single nucleotide polymorphisms defining the NAT2*5,
NAT2*6, NAT2*7, NAT2*12, NAT2*13, and NAT2*14 alleles. According to the
current NAT nomenclature, the wild-type allele is designated NAT2*4, which
together with the NAT2*12 and NAT2*13 alleles, defines the rapid-acetylator (F)
status. Decreased or impaired NAT2 enzyme activity is encoded by the mutant
alleles NAT2*5, NAT2*6, NAT2*7, and NAT2*14, which define the slow-acetylator (S) status. Accordingly, individuals were classified as homozygous fast (FF),
heterozygous intermediate (FS), or homozygous slow (SS) acetylators, depending upon the allele combinations observed.
Pharmacokinetic parameters. Study endpoints were the following standard
parameters for each patient: Cmax (the highest drug concentration measured),
tmax (the time after drug administration taken to reach Cmax), and the area under
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FIG. 1. Serum INH, PZA, and RMP concentrations following old
and revised WHO dosage recommendations. Shown are means with
95% confidence intervals. Panels: a, INH; b, PZA; c, RMP.
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Age

Gender
Male
Female

RMP
No RMP
RMP included

Type of TB
Extrapulmonary
Pulmonary

HIV status
Negative
Positive

20

20

11
9

9
11

9
11

15
5

3.31 (2.05–4.56)
3.05 (1.82–4.28)

3.31 (1.43–4.07)
3.09 (0.98–2.45)

2.93 (1.89–3.97)
3.40 (2.06–4.75)

3.19 (2.18–4.19)
3.20 (1.25–5.15)

Mean (95% CI)

0.237

0.044b

0.742

0.791

0.539

0.990

P valuea

8.73 (6.87–10.60)
7.34 (4.76–9.92)

8.89 (6.03–11.75)
7.46 (5.88–9.05)

7.07 (5.17–8.98)
8.95 (6.72–11.18)

8.50 (6.69–10.32)
6.91 (4.37–9.46)

Mean (95% CI)

0.228

0.083

0.332

0.337

0.166

0.229

P valuea

1.11 (0.79–1.44)
0.74 (0.42–1.07)

0.91 (0.52–1.30)
0.98 (0.66–1.30)

0.87 (0.50–1.23)
1.01 (0.68–1.34)

0.98 (0.71–1.24)
0.86 (0.21–1.52)

Mean (95% CI)

0.909

0.764

0.083

0.758

0.515

0.688

P valuea

0.93 (0.57–1.28)
0.83 (0.42–1.23)

0.70 (0.36–1.05)
1.02 (0.67–1.39)

1.04 (0.64–1.44)
0.75 (0.42–1.08)

0.76 (0.49–1.02)
1.26 (0.67–1.85)

Mean (95% CI)

0.207

0.787

0.670

0.169

0.224

0.078

P valuea

8.82 (5.13–12.51)
7.21 (3.81–10.60)

7.24 (3.97–10.51)
8.79 (5.03–12.56)

8.15 (3.86–12.44)
8.05 (4.88–11.22)

7.39 (4.98–9.80)
10.21 (1.98–18.44)

Mean (95% CI)

0.777

⬍0.001b

0.476

0.491

0.966

0.413

P valuea

23.02 (16.58–29.46)
17.11 (9.67–24)

19.26 (11.05–27.47)
21.26 (9.52–2.87)

18.91 (11.10–26.73)
21.55 (14.90–28–19)

19.54 (14.04–25.06)
22.81 (10.19–35.42)

Mean (95% CI)

0.582

0.007b

0.19

0.667

0.567

0.552

P valuea

Parameter

Nutritional status
(Z score wt for age)

Cmax (g/ml)
10 mg/kg
5 mg/kg
tmax (h)
10 mg/kg
5 mg/kg
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5 mg/kg
AUC0-5 (g 䡠 h/ml)

TABLE 3. Influence of HIV, type of TB, RMP, gender, age and nutritional status (weight for age Z score) on pharmacokinetic parameters of INH

No.

P values are from independent t test (HIV, TB, RMP, gender) or linear regression analysis (age, nutrition).
Significant at the 0.05 level.

10 mg/kg

Patient characteristics. Twenty children were studied (mean
age, 1.09 years; standard deviation [SD], 0.49 years); 9 (45%)
were female. Demographic, diagnostic, and clinical features
are displayed in Table 1. At enrolment, all HIV-infected children (n ⫽ 5) were established on cART. Eleven children received a multidrug regimen including RMP, and nine children
received treatment excluding RMP due to the presence of
resistance. Eight children were treated for multidrug-resistant
TB (i.e., resistance to INH and RMP with or without other
drugs). INH at a dose of 20 mg/kg was continued in these
children to overcome possible low-dose INH resistance.
Differences between previous and revised WHO dosages.
Pharmacokinetic parameters for the two different dosages of
INH, PZA, and RMP are shown in Table 2. Giving INH at a
dose of 10 mg/kg resulted in a higher Cmax and a correspondingly higher AUC than giving INH at 5 mg/kg. No difference in
tmax was seen between the two INH doses. The same was true
for the two doses of PZA and RMP: Cmax and AUC were
significantly higher following the revised dose, while there was
no difference regarding tmax (Fig. 1). A high intraindividual
variability was found: children with high serum drug concentrations at the lower INH, PZA, and RMP doses did not
necessarily have comparatively high serum drug concentrations
following the higher dose.
A low Cmax of INH (⬍3 g/m) was seen in half of the
children (10 of 20) following an INH dose of 5 mg/kg, but in
none after an INH dose of 10 mg/kg. For PZA, 15 of 20
children had a low Cmax (⬍35 g/ml) following a dose of 25
mg/kg (2 children ⬍20 g/ml), while only one child had a
concentration below this threshold following PZA at 35
mg/kg. Low (⬍8 g/ml) RMP Cmaxs were found in 6 of 11
children following a 10-mg/kg dose of RMP compared with
three following a dose of 15 mg/kg. Very low (⬍4 g/ml)
RMP Cmax s were found in 3 of the 11 children following 10
mg/kg, whereas none had such low concentrations following
dosing at 15 mg/kg.
Influence of RMP on pharmacokinetics. There were no differences in INH pharmacokinetics (with either 5 or 10 mg/kg)
between children receiving RMP and those not receiving RMP
(Table 3). Children receiving RMP achieved a significantly
lower PZA Cmax and AUC following a PZA dose of 25 mg/kg
than children not receiving RMP (Table 4). Following the
higher PZA dose (35 mg/kg), the differences between children
with and without RMP were diminished and not statistically

a

RESULTS

b

the concentration-time curve (AUC) from 0 to 5 h of INH, PZA, and RMP.
AUC was calculated according to the linear trapezoidal rule.
Statistical methods. Data were graphically checked for distribution and considered adequate to be analyzed using original (untransformed) values for all
subsequent analyses. Data were summarized as means and 95% confidence
intervals (95% CIs). Paired t tests were used to assess differences in pharmacokinetic parameters between the two doses. Independent t tests were used to
assess the effect of HIV, type of TB, RMP coadministration, and gender on
pharmacokinetic parameters. The effect of the NAT2 genotype was evaluated
using one-way analysis of variance (ANOVA). The effects of age and nutritional
status (Z score for weight) was assessed by linear regression. The Z score for
weight was calculated according to WHO growth charts (43). All tests were two
sided, and the significance level was set at 5% without adjustment for multiple
testing. Data were analyzed using SAS for Windows, version 9.2 (SAS Institute,
Cary, NC).

5563

0.416

0.198

0.138

0.679

0.550

188.4 (164.8–212.1)
159.1 (123.6–194.6)
0.212

0.693

0.258

108.2 (92.19–124.1)
130.1 (95.55–164.6)
0.895

b

0.676
0.529
20
Nutritional status
(Z score wt for age)

a

0.373
0.972
20
Age

P values are from independent t test (HIV, TB, RMP, gender) or linear regression analysis (age, nutrition).
Significant at the 0.05 level.

0.787

0.998

1.20 (0.87–1.52)
1.17 (0.76–1.57)
0.270
1.30 (1.03–1.57)
1.06 (0.67–1.46)
0.378
0.287
11
9
Gender
Male
Female

28.03 (24.31–31.75)
32.29 (24.38–40.19)

48.89 (42.84–54.95)
44.93 (37.03–52.83)

0.498
182.7 (146.2–219.3)
169.1 (143.3–194.9)
0.049
9
11
RMP
No RMP
RMP included

34.07 (27.17–40.97)
26.58 (22.77–30.38)

50.70 (45.50–55.90)
44.17 (36.94–51.40)

0.117

1.12 (0.74–1.50)
1.25 (0.96–1.55)

0.541

1.25 (0.89–1.60)
1.13 (0.78–1.49)

0.616

138.2 (107.7–168.7)
101.5 (86.63–116.3)

0.029b

0.895
173.8 (140.6–207.0
176.4 (147.2–205.6)
0.686
114.3 (84.97–143.6)
121.1 (97.53–144.6)
0.737
1.43 (0.75–1.53)
1.22 (0.89–1.55)
0.911
1.20 (0.84–1.57)
1.18 (0.87–1.49)
0.335
0.675
9
11
Type of TB
Extrapulmonary
Pulmonary

29.06 (22.29–35.83
30.67 (25.43–35.91)

44.65 (35.77–53.53)
49.12 (44.06–54.19)

180.1 (154.0–206.3)
160.5 (139.9–181.1)
0.183
122.9 (101.6–144.3)
103.2 (75.80–130.6)
0.009b

25 mg/kg
35 mg/kg

1.08 (0.79–1.37)
1.50 (1.39–1.61)
0.654
1.16 (0.91–1.42)
1.28 (0.69–1.86)
0.015b
49.20 (43.62–54.77)
40.84 (36.22–45.46)
0.304
30.91 (26.15–25.67)
27.05 (19.34–34.76)
15
5
HIV status
Negative
Positive

35 mg/kg

Mean (95% CI)
Mean (95% CI)

25 mg/kg
35 mg/kg

Mean (95% CI)
P valuea
Mean (95% CI)

25 mg/kg
N
Parameter

P valuea

P valuea

Mean (95% CI)

P valuea

Mean (95% CI)

P valuea

AUC0–5 (g 䡠 h/ml)
tmax (h)
Cmax (g/ml)
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significantly different. The tmax of PZA was not influenced by
RMP at either the previous or the revised dosage.
Influence of patient characteristics on pharmacokinetics.
Nutritional status, assessed by weight for age, body mass index,
and weight-for-age Z score according to WHO growth charts,
did not influence the pharmacokinetics of any of the drugs,
irrespective of the dose (only data for Z scores are shown in
Tables 3 to 5).
There were no differences in the pharmacokinetics of INH
and RMP between HIV-infected and HIV-uninfected children
(Tables 3 and 5). Following a PZA dose of 35 mg/kg, HIVuninfected children achieved higher maximum serum PZA
concentrations than did HIV-infected children after a shorter
time (tmax, 1.08 versus 1.50 h) (Table 4). The AUC for HIVuninfected children was also greater than that for HIV-infected children, but this difference was not significant. No
difference in Cmax, tmax, or AUC was found in HIV-infected
versus uninfected children following a PZA dose of 25 mg/kg.
Neither the type of TB (pulmonary versus extrapulmonary
disease) nor gender affected the pharmacokinetics of INH,
PZA, or RMP (Tables 3 to 5). Age had an impact on the
pharmacokinetic parameters of INH, but not on those of PZA
and RMP (Tables 3 to 5). At both INH dosages, younger age
was associated with a higher maximum serum INH concentration (INH at 5 mg/kg, P ⫽ 0.04; INH at 10 mg/kg, P ⫽ 0.22)
and a greater AUC (INH at 5 mg/kg, P ⫽ 0.004; INH at 10
mg/kg, P ⫽ 0.007). No difference was detected for tmax.
The influence of acetylator status. The NAT2 genotype was
distributed as follows: 8 children were FF acetylators (5 of 8
children ⬍1 year old), 4 were FS acetylators (3 of 4 children
⬍1 year old), and 8 were SS acetylators (4 of 8 children ⬍1
year old). The maximum serum INH concentration and the
AUC were greater for the SS acetylators than for the FF
acetylators following INH dosing at both 5 mg/kg and 10 mg/kg
(Table 6).
The impact of acetylator status is shown in Table 6. At both
doses, Cmax and AUC differ significantly between SS and FF
acetylators. There were no differences found regarding tmax
based on acetylator status.
At an INH dose of 5 mg/kg, 1 of 8 children with FF acetylator status, 1 of 4 with FS acetylator status, and 7 of 8 with SS
acetylator status achieved Cmaxs above the recommended minimal therapeutic concentration for INH (3 g/ml), while with
INH at 10 mg/kg, all children achieved INH Cmaxs above the
therapeutic target concentration.
DISCUSSION
We show that following administration of INH, PZA, and
RMP at the revised WHO dosage recommendations, most
children under 2 years of age had serum drug concentrations
within the recommended therapeutic range. In contrast, at the
previous WHO dosages, serum INH, PZA, and RMP concentrations were significantly lower and often below the recommended concentrations for anti-TB therapy. Serum INH concentrations in children are generally reported to be lower than
in adults following the same mg/kg dose (3, 21, 34, 41). Although INH is the most extensively studied anti-TB drug, we
are aware of only two reports of INH pharmacokinetics that
included only children younger than 3 years (19, 30). In these
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TABLE 4. Influence of HIV, type of TB, RMP, gender, age and nutritional status (weight for age Z score) on pharmacokinetic parameters of PZA

0.186

THEE ET AL.
P valuea

5564

VOL. 55, 2011

PHARMACOKINETICS OF FIRST-LINE ANTI-TB DRUGS IN CHILDREN

5565

Type of TB
Extrapulmonary
Pulmonary

HIV status
Negative
Positive

6
5

8
3

7
4

6.20 (3.81–8.60)
6.53 (1.96–11.12)

5.77 (3.23–8.31)
7.93 (3.66–12.20)

6.85 (4.43–9.27)
5.49 (0.06–10.92)

Mean (95% CI)

0.240

0.866

0.185

0.520

P valuea

12.20 (9.09–15.31)
11.09 (3.50–18.67)

11.49 (7.19–15.80)
12.21 (6.77–17.66)

12.52 (7.65–27.39)
10.24 (6.46–14.01)

Mean (95% CI)

0.774

0.232

0.724

0.753

0.350

P valuea

1.50 (1.43–1.57)
1.48 (0.26–2.70)

1.62 (1.09–2.15)
1.14 (0.17–2.46)

1.612 (0.97–2.25)
1.283 (0.48–2.08)

Mean (95% CI)

0.437

0.351

0.961

0.271

0.390

P valuea

1.31 (0.87–1.75)
1.82 (1.01–2.63)

1.54 (0.97–2.11)
1.54 (1.32–1.77)

1.56 (0.88–1.38)
1.52 (1.38–1.66)

Mean (95% CI)

0.217

0.153

0.176

0.998

0.901

P valuea

18.19 (11.28–25.09)
17.30 (6.03–28.57)

17.16 (10.10–24.23
19.44 (8.70–30.19)

18.41 (12.80–24.02)
16.68 (0.24–33.12)

Mean (95% CI)

0.832

0.415

0.860

0.576

0.774

P valuea

37.51 (28.27–46.75)
36.28 (12.01–60.55)

37.29 (23.97–50.62
36.03 (15.40–56.67)

36.12 (22.67–49.57)
38.40 (15.21–61.59)

Mean (95% CI)

0.270

0.527

0.901

0.870

0.810

P valuea

10 mg/kg
Cmax (g/ml)
15 mg/kg
10 mg/kg
tmax (h)
15 mg/kg
10 mg/kg
AUC0-5 (g 䡠 h/ml)

TABLE 5. Influence of HIV, type of TB, RMP, gender, age and nutritional status (weight for age Z score) on pharmacokinetic parameters of RMP

N
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Gender
Male
Female

11

0.344

Parameter

Age

11

P values are from independent t test (HIV, TB, RMP, gender) or linear regression analysis (age, nutrition).

Nutritional status
(Z score wt for age)

a

15 mg/kg

studies, INH was given at doses (15 mg/kg and 10 mg/kg,
respectively) similar to those currently recommended by the
WHO (10 to 15 mg/kg). The peak serum INH concentrations
were comparable to those in our study and above the therapeutic minimum concentration of INH. In a previous study by
our group, serum INH concentrations in children younger than
6 years of age receiving a dose of 4 to 6 mg/kg were significantly
lower than in children prescribed a dose of 8 to 10 mg/kg (2.39
g/ml versus 5.71 g/ml) (21). The proportion of children with
peak serum INH concentrations of ⬍3 g/ml following an INH
dose of 5 mg/kg was even higher than in the present study
(70% versus 50%).
In our study, coadministration with RMP had no influence
on INH pharmacokinetics, while some inconsistent influence
on PZA pharmacokinetics was found. Serum INH, PZA, and
RMP concentrations were not associated with nutritional status, type of TB, or gender. The HIV status of the child did not
affect INH and RMP pharmacokinetics, while the findings for
PZA differed, dependent on the dosage given. Younger children achieved higher serum INH concentrations than older
children, but for PZA and RMP, age did not influence the
pharmacokinetic profile (within this 2-year age range). Children with a NAT2 fast-acetylator status had significantly lower
serum INH concentrations than children with slow-acetylator
status.
Rey et al. demonstrated a marked difference between slow
and fast INH acetylators, with slow acetylators achieving
higher serum INH levels. In further studies, a trimodal INH
elimination was demonstrated (18, 26). Several studies have
confirmed that fast- or intermediate-acetylator status is associated with lower serum INH concentrations than slow-acetylator status (21, 34). The distribution of acetylator phenotypes
is population specific. This might explain the comparatively
higher serum INH concentrations among Indian children, with
mean serum INH concentrations of 4.75 g/ml following an
INH dose of 5 mg/kg and 10.1 g/ml following a dose of 10
mg/kg (31). Routine determination of the acetylator status for
clinical care is not feasible in resource-limited settings; however, with an INH dosage of 10 mg/kg, appropriate serum INH
concentrations can be ensured in most children, irrespective of
their acetylator status. Higher dosages might not be required in
pediatric populations with predominantly slow acetylators and
would unnecessarily expose patients to a higher risk of side
effects.
Age-dependent elimination of INH has been demonstrated,
with younger children eliminating INH more rapidly than
older children and adults (21, 34, 46). This has been attributed
mainly to a relatively larger liver size in proportion to total
body weight in young children (3, 34). In our study, however,
where all children were less than 2 years old, serum INH levels
were higher in the younger children despite more children ⬍1
year of age with the fast- and intermediate-acetylator phenotypes. In this very young age group, maturation of the NAT2
enzyme system might play an important role in INH metabolism. There is some evidence that maturation of acetylation
occurs within the first 2 years of life and the cumulative percentage of fast acetylators increases with age, although the
final acetylator status is genetically determined (25, 46). The
effect of age in our study population might therefore be confounded by maturation of the NAT2 phenotype.
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TABLE 6. Mean maximum serum INH concentrations and AUCs after administration of 5 and 10 mg/kg according to acetylator status
AUC0–5

Cmax
NAT2 status

Fast
Intermediate
Slow
a
b

No.

8
4
8

5 mg/kg

10 mg/kg

5 mg/kg

10 mg/kg

Mean (95% CI)

P valuea

Mean (95% CI)

P valuea

Mean (95% CI)

P valuea

Mean (95% CI)

P valuea

2.16 (0.10–3.32)
3.64 (2.00–5.29)
4.00 (2.83–5.16)

0.139
0.031b
0.714

6.69 (4.58–8.79)
7.48 (4.51–10.53)
9.84 (7.74–11.94)

0.650
0.039b
0.189

4.28 (1.70–6.87)
7.14 (3.48–10.80)
12.38 (9.80–14.97)

0.196
⬍0.001b
0.024

12.89 (8.66–17.12)
15.79 (9.80–21.77)
30.12 (25.89–34.35)

0.416
⬍0.001b
⬍0.001b

From one-way ANOVA.
Significant at the 0.05 level.

trations in our study were not affected by RMP, as has been
previously described (24, 33). Our findings indicate that when
PZA is given at a dose of 25 mg/kg, the concomitant use of
RMP reduces the Cmax of PZA. However, following a PZA
dose of 35 mg/kg, RMP did not influence the PZA concentration. The clinical significance and mechanism of this finding
are not clear. In previous studies, concurrent RMP did not
influence the pharmacokinetics of PZA (2, 32). However,
Bouhlabal et al. reported significantly lower serum PZA concentrations in adults when the drug was given in combination
with INH and RMP rather than as monotherapy (7).
HIV-infected patients have been reported to achieve lower
serum anti-TB drug concentrations (8, 12, 14). This has been
attributed to malabsorption caused by drug-drug interactions,
gastrointestinal infections, or wasting, rather than the HIV
infection itself. The different anti-TB drugs seem to be affected
in various ways. Graham et al. demonstrated decreased serum
PZA levels in Malawian HIV-infected children, while serum
ethambutol concentrations were not lower in HIV-infected
children than in non-HIV-infected children (12). In our study,
HIV-infected children had lower serum concentrations of all of
the first-line drugs tested, but only for PZA did this difference
reach statistical significance. As only five children in our study
were HIV infected, we may, however, not have been sufficiently powered to demonstrate such differences. The effect of
HIV coinfection on the pharmacokinetics of anti-TB drugs in
children requires further investigation.
Conclusions. Our data document low serum INH, PZA, and
RMP concentrations following the previous WHO dose recommendations for children younger than 2 years of age. In
contrast, administration of the revised WHO dose recommendations of INH at 10 mg/kg, RMP at 15 mg/kg, and PZA at 35
mg/kg results in satisfactory serum drug concentrations. Our
data provide supportive evidence for the implementation of
the revised WHO guidelines for first-line anti-TB therapy in
young children.
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