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Recent pharmacokinetic studies that included children found that serum drug levels were low compared to
those of adults for whom the same dosages were used. This study aimed to characterize the pharmacokinetics
of pyrazinamide and ethambutol in Malawian children and to examine the impact of age, nutritional status,
and human immunodeficiency virus (HIV) infection. We conducted a pharmacokinetic study of children
treated for tuberculosis with thrice-weekly pyrazinamide (n � 27; mean age, 5.7 years) and of a separate group
of children treated with thrice-weekly ethambutol (n � 18; mean age, 5.5 years) as portions of tablets according
to national guidelines. Malnutrition and HIV infection were common in both groups. Blood samples were taken
just prior to oral administration of the first dose, and subsequent samples were taken at intervals of 2, 3, 4,
7, 24, and 48 h after drug administration. Serum drug levels were low in all children for both drugs; in almost
all cases, the maximum concentration of the drug in serum (Cmax) failed to reach the MIC for Mycobacterium
tuberculosis. The Cmax of pyrazinamide was significantly lower in younger children (<5 years) than in older
children. The Cmax of pyrazinamide was also lower for HIV-infected children and children with severe
malnutrition, but these differences did not reach statistical significance. No differences were found for etham-
butol in relation to age, HIV infection, or malnutrition, but the Cmax was <2 mg/liter in all cases. Studies of
pharmacokinetic parameters and clinical outcomes obtained by using higher dosages of drugs for treatment of
childhood tuberculosis are needed, and recommended dosages may need to be increased.

There are very few pharmacokinetic (PK) studies of anti-
tuberculosis (anti-TB) drugs in children (8). Dosages for chil-
dren are based on weight and extrapolated from data from
studies with adults, yet pharmacokinetics for children, espe-
cially young children, is likely to be different than for adults.
Studies of ethambutol and pyrazinamide have found lower
plasma drug levels and shorter half-lives in children than in
adults using the same dosages, and the authors have suggested
that dosages per kilogram of body weight need to be higher for
children than for adults (36, 37). Similar conclusions were
drawn from a recent study of isoniazid pharmacokinetics in
South African children (29).

Until recently, the use of the same dosage recommendation
as for adults may not have been an important issue, since
studies that followed these schedules for children found that
outcomes were very good and serious adverse events were rare
(1, 2, 6, 33, 34). These data suggest that adequate levels of drug
were being achieved within a range that was safe. Recent
reports of outcomes for child TB, however, have found much
poorer treatment response than earlier studies (5, 15, 20, 23).
In these studies, human immunodeficiency virus (HIV) is the
most important risk factor for poor treatment response. One
reason for this may be malabsorption of oral anti-TB drugs by
the HIV-infected individual, especially with advanced disease

(10, 11, 26). There are no published reports on the effect of
HIV on the pharmacokinetics of anti-TB drugs in children.

We aimed to characterize the pharmacokinetics of pyrazin-
amide and ethambutol in Malawian children treated with the
standard recommended regimen for TB and to examine the
impact of age, nutritional status, and HIV infection.

MATERIALS AND METHODS

Patient population. Children admitted to Queen Elizabeth Central Hospital,
Blantyre, Malawi, between August 2000 and February 2001 with a diagnosis of
TB and scheduled to be started on anti-TB treatment were considered eligible
and were included in the study following informed consent by their guardians.
Baseline clinical data included demographic data, findings on history and exam-
ination, weight, and hematocrit. Investigations included the Mantoux test, radi-
ography of the chest or spine when appropriate, sputum when available for smear
and culture, and HIV status. Mantoux testing was performed using 0.1 ml (10
IU) of tuberculin purified protein derivative RT23 (1:1,000). Results were read
between 48 and 72 h and recorded as the transverse diameter of palpable
induration. An induration of 10 mm or more was regarded as positive irrespec-
tive of Mycobacterium bovis BCG or HIV status. An induration greater than 5
mm was also regarded as positive if the child was HIV infected. HIV testing using
previously described methods (19) was undertaken on all children whose parents
or guardians gave consent. Nutritional status was graded according to the Well-
come Classification on the basis of percentage of expected weight for age
(WFA): �80% WFA was graded as normal, 60 to 80% WFA as undernutrition,
and �60% WFA as marasmus. No children were receiving antiretroviral therapy
at the time of enrollment, and no child had clinical evidence or a history of renal
or liver disease.

Drug dosage and dosing regimen for pyrazinamide. Pyrazinamide, in combi-
nation with isoniazid and rifampin, is recommended for the intensive phase of
TB therapy in Malawi for all forms of TB (21, 35). The recommended dose for
thrice-weekly therapy is 35 mg/kg of body weight, with a range of 30 to 40
mg/kg/dose. Liquid preparations are not available, and pyrizinamide (Phar-
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mamed, Amsterdam, The Netherlands) was administered orally as 400-mg
tablets or portions of 400-mg tablets three times per week, on Monday,
Wednesday, and Friday, according to the recommended dosages for the
children’s weight ranges: 5 to 8.9 kg, 1/2 tablet; 9 to 14.9 kg, 1 tablet; 15 to
19.9 kg, 1 1/2 tablets; 20 to 24.9 kg, 2 tablets; and 25 to 39.9 kg, 3 tablets (21).
Pyrazinamide was administered orally as the first dose of the initial phase of
therapy at the same time each day, around 6 am, prior to breakfast. All
patients received isoniazid and rifampin at the same time as pyrazinamide,
but none received ethambutol.

Drug dosage and dosing regimen for ethambutol. Ethambutol is recommended
for the intensive phase of TB therapy in Malawi as one of a four-drug combi-
nation (R3H3Z3E3) for new cases of smear-positive pulmonary TB (PTB), cases
of smear-negative PTB with extensive parenchymal involvement, and severe
cases of extrapulmonary TB except for TB meningitis (21). The recommended
dose for thrice-weekly therapy is 30 mg/kg, with a range of 25 to 35 mg/kg/dose
(35). Ethambutol (Pharmamed, Amsterdam, The Netherlands) was administered
orally as 400-mg tablets or portions of 400 mg tablets three times per week, on
Monday, Wednesday, and Friday, according to the recommended dosages for
the children’s weight ranges: 5 to 8.9 kg, 1/2 tablet; 9 to 14.9 kg, 1 tablet; 15
to 24.9 kg, 1 1/2 tablets; and 25 to 34.9 kg, 2 tablets (21). Ethambutol was
administered orally as the first dose of the initial phase of therapy at the same
time as other prescribed anti-TB drugs, around 6 am, prior to breakfast. All
patients receiving ethambutol also received isoniazid, pyrazinamide, and ri-
fampin at the same time.

Sampling schedule. Following informed consent, the study patient was admit-
ted to the research ward, and an intravenous cannula was inserted for regular
blood sampling. The first sample was taken just prior to oral administration (0 h)
of the first dose of anti-TB therapy, and subsequent samples were taken at
intervals of 2, 3, 4, 7, 24, and 48 h after drug administration. Breakfast of maize
porridge and tea was usually consumed within 30 min of taking anti-TB medi-
cation, but the patient remained in bed. The 48-hour sample was taken before
the administration of the next prescribed dose. Blood samples were allowed to
clot, then centrifuged for 10 min, and serum was stored at �70°C. Specimens
were transported at the completion of the study from Malawi to the University
of Liverpool for assay. On completion of the 48-h sampling procedure, the study
patient was transferred to the pediatric TB ward for ongoing management and
education to encourage adherence.

Sample analysis for pyrazinamide. Plasma pyrazinamide concentrations were
determined by a fully validated high-performance liquid chromatography
(HPLC) method with UV detection. Plasma samples (100 �l) were transferred to
clean 1.5-ml microcentrifuge tubes followed by the addition of 200 �l of an
internal standard (acetazolamide at 10 �g/ml in acetonitrile). After vortex mixing
for 30 s, proteins were precipitated by centrifugation (10 min, 12,000 � g). The
clear supernatant was transferred to a clean LSL tube and evaporated to dryness
under a stream of nitrogen in a water bath at 37°C. Samples were reconstituted
in mobile phase (300 �l) and were mixed by vortexing, and the contents were
transferred to an autosampler vial. A 60-�l volume of sample was injected into
the HPLC system. Chromatographic separation was achieved on a HyPurity C18

column (5 �m particle size; 150 by 4.6 mm diameter) (Thermo Electron Corpo-
ration, Runcorn, Cheshire, United Kingdom), protected by a LiChroCart pre-
column guard using an isocratic mobile phase of water containing 0.06%
trifluoroacetic acid and acetonitrile (95/9, vol/vol), at a flow rate of 1.2
ml/min. Analyte detection was performed on a Spectra 100 variable UV
detector operating at 268 nM (Thermo Electron). The assay was linear in the
range of 0 to 80 �g/ml, with a lower limit of detection of 100 ng/ml. Inter- and
intraassay variabilities were less than 15%.

Sample analysis for ethambutol. Plasma ethambutol concentrations were de-
termined by a fully validated liquid chromatography-tandem mass spectrometry
(LC-MS-MS) method. Plasma samples (200 �l) were transferred to clean 1.5-ml
microcentrifuge tubes, followed by the addition of 200 �l of an internal standard
(propanolol at 1 �g/ml in acetonitrile). Proteins were precipitated by the addi-
tion of 400 �l of acetonitrile followed by centrifugation (10 min, 12,000 � g). A
200-�l volume of supernatant was transferred to an autosample vial. A 2-�l
volume of sample was injected into the HPLC-MS-MS system. Chromatographic
separation was achieved on a HYPERSIL silica column (5 �m; 50 � 4.6 mm)
(Thermo Electron Corporation, Runcorn, Cheshire, United Kingdom), pro-
tected by a precolumn guard (Si 60; 5 �m; Merck, Germany) using an isocratic
mobile phase of 4 mM ammonium acetate and acetonitrile (20:80, vol/vol), at a
flow rate of 0.4 ml/min. Analyte detection was performed on a TSQ7000 triple
quad mass spectrometer operating in the MS-MS mode (Thermo Electron). For
ethambutol, the daughter ion at 115.6 m/z produced from the parent ion at 205
m/z was used for quantitation. For the internal standard, the daughter ion at 116
m/z from the parent ion at 260 m/z was used for quantitation. The assay was

linear in the range of 0 to 12.8 �g/ml, with a lower limit of detection of 100 ng/ml.
Inter- and intraassay variabilities were less than 15%.

PK analysis. The maximum concentration of the drug in serum (Cmax), the
time to reach Cmax (Tmax), and the area under the concentration-time curve
(AUC) were determined from the concentration-time profile of each patient by
noncompartmental methods using the PK software package KINETICA (version
4.1.1; InnaPhase Corporation). AUC was estimated using the trapezoidal rule.

For pyrazinamide, concentration-time data were available for most of the
children only up to 24 h and not beyond. Consequently, it is impossible to
confidently estimate the terminal elimination phase, and estimations of the AUC
to infinity produced an extrapolated AUC that was unacceptably large (more than
20% of the total AUC from 0 h to infinity). For this reason, the AUC to 24 h
(AUC24) was determined, and we have not attempted to calculate the apparent
clearance or elimination half-life (t1/2) for pyrazinamide. For 13 of the 18 children
with ethambutol concentration-time profiles, we were able to define the terminal
elimination phase, and detailed PK analysis has been restricted to this group.

Published MICs of pyrazinamide for drug-susceptible strains of Mycobacterium
tuberculosis are 6 to 50 mg/liter (28), and those of ethambutol are 1.0 to 2.5
mg/liter (36). For intermittent dosing, reference cutoff points for Cmax are de-
fined as low at 25 mg/liter and very low at 20 mg/liter for pyrazinamide and as low
at 4 mg/liter for ethambutol (27, 36, 37).

Statistical analysis. Data were analyzed using SPSS (version 11.0.0; SPSS
Inc.). Comparisons of PK data were made using Mann-Whitney tests for HIV
status, nutrition status, age, and reactivity to a tuberculin skin test (TST).
Differences between groups were considered statistically significant at a
P value of �0.05.

Ethical approval. The study was approved by the Research Ethics Committee,
College of Medicine, University of Malawi.

RESULTS

Pyrazinamide results. Twenty-seven children received thrice-
weekly pyrazinamide as the first dose of the initial phase for TB
treatment. Table 1 shows the clinical characteristics of these
children. Of those with a TST result available, 4 of 18 HIV-
infected children had a reactive TST compared to 2 of 7 who
were not HIV infected (22% versus 29%). The mean WFA was

TABLE 1. Characteristics of study patients

Clinical characteristic Pyrazinamide
(n � 27)

Ethambutol
(n � 18)

Diagnosis (n)
Smear-negative PTB 23 7
TB adenitis 4
Spinal TB 5
Miliary TB 4
Pericardial TB 2

Mean age (range) (yr) 5.7 (0.9–14) 5.5 (1–12)

Mean wt (range) (kg) 14.3 (6–30) 14.8 (7–33)

Mean % WFA (range) 67 (43–104) 72 (56–102)

Mean dosage (range)
(mg/kg)

33 (25–48) 33 (24–44)

Other TB drugs Rifampin,
isoniazid

Rifampin, isoniazid,
pyrazinamide

TST result (n)
Reactive 6 9
Nonreactive 19 6
Not known 2 3

HIV status (n)
Infected 18 6
Noninfected 9 12
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64% for HIV-infected children compared to 74% for non-
HIV-infected children, and 63% for those with a nonreactive
TST compared to 66% for those with a reactive TST.

Table 2 shows the results of analysis of the pyrazinamide
pharmacokinetic profiles for the 27 study patients and the
impact on pyrazinamide levels of HIV status, age, and nutri-
tional status. The table also shows the Cmax and AUC24 nor-
malized for the dose taken. The overall range for Cmax was
wide (5.78 to 84.1 mg/liter), with 10 patients (37%) recording
Cmax values below the low reference cutoff point of 25 mg/liter
and 9 (33%) below the very low point of 20 mg/liter (27).

Young age was associated with a significantly lower Cmax

(Table 2), although when normalized for the dose given, the
difference did not reach statistical significance (P � 0.06). Cmax

values were also lower in HIV-infected children, but this dif-
ference was not significant. HIV prevalence was higher for
children under the age of 5 years in this study than for older
children: 13 of 15 (87%) compared to 5 of 12 (42%), respec-
tively (P � 0.05). The mean (� standard deviation) dose re-
ceived by the younger children was also lower (30.5 � 5.4
mg/kg) than that for the older age group (35.0 � 6.4 mg/kg),
but the difference was not significant. The mean (� standard
deviation) dose received by HIV-infected children was similar
to that received by non-HIV-infected children (32 � 6.3 mg/kg
versus 34 � 3.2 mg/kg, respectively). The Cmax was significantly
higher in children with a reactive TST. The sample size was not
large enough to examine the importance of HIV status as a
confounder for young age or a nonreactive TST. Malnutrition was
as common in older children as in younger children and was
associated with lower values, but these were not significant.

Figure 1 demonstrates the relationship between dosage in
mg/kg of body weight and Cmax for both age groups. All five
patients who received a dose of 25 mg/kg had admission weights
of between 7.9 and 8.2 kg, for which the recommended dose is 1/2
tablet, or 200 mg. One child received a dose of 48 mg/kg, which is
beyond the recommended range but in line with recommended

dosing by tablets for weight groups: the child’s weight was 25 kg,
for which the recommended dose in Malawi is 3 tablets, or 1,200
mg. Both children who recorded Cmax values of more than 60
mg/liter were above the age of 5 years, not HIV infected, and not
severely malnourished. Figure 2 shows comparisons of mean con-
centrations (� standard errors) with time in relation to age.

Ethambutol results. Eighteen children received thrice-weekly
ethambutol as part of the initial phase of treatment. Table 1
shows the clinical characteristics of these children. No child had a
diagnosis of gastrointestinal or abdominal TB. All children re-
ceived the recommended regimen for cases of severe PTB or
extrapulmonary TB, R3H3Z3E3 (21). Of those who had a TST
result available, 1 of 5 HIV-infected children had a reactive TST
compared to 8 of 10 non-HIV-infected children. The mean WFA
for HIV-infected children was 68%, compared to 75% for non-
HIV-infected children. The mean WFA was the same (72%) for
those with reactive or nonreactive TST.

Table 3 shows results of analysis of ethambutol pharmacoki-
netic profiles for 18 study patients and the impact of HIV, age,
and nutritional status. The overall range for Cmax was wide (0.32
to 3.68 mg/liter), with all patients recording a Cmax below the low
reference cutoff point for intermittent dosing of 4 mg/liter (36)
and 11 (61%) recording a Cmax of �2 mg/liter. The range for Tmax

was 2 to 7 h, and Tmax was 4 or 7 h for seven (39%) patients. No
significant differences were recorded in Cmax and Tmax in relation
to age, nutritional status, or TST result. Tmax was significantly
later for HIV-negative children, though Cmax was the same. Three
(43%) of the 7 children below the age of 5 years were HIV
infected compared to 3 (27%) of the 11 older children (P � 0.6 by
Fisher’s exact test). The mean dose received by the younger chil-
dren was the same (33 mg/kg) as that received by older children,
and the mean dose received by HIV-infected children was sim-
ilar to that received by non-HIV-infected children (32 mg/kg
versus 34 mg/kg, respectively). Table 4 shows the volume of
distribution and t1/2 data for 13 children. There were no sig-

TABLE 2. Results of pharmacokinetic analysis for pyrazinamidea

Parameter No. of
patients Cmax (mg/liter) Tmax (h) AUC24 (mg/liter/h) Cmax/dose AUC24/dose

All patients 27 36.6 (19.7) 3.4 (1.5) 376 (328) 1.1 (0.6) 11.3 (10.0)

HIV status
Uninfected 9 41.9 (22.9) 2.9 (0.8) 322 (240) 1.2 (0.7) 8.8 (5.6)
Infected 18 34.0 (18.1) 3.7 (1.7) 411 (382) 1.0 (0.5) 13.1 (12.0)

Age
0–4 yr 15 27.5 (16.6)b 3.5 (1.6) 327 (335) 0.9 (0.6)c 11.2 (11.9)
�5 yr 12 47.9 (17.7) 3.3 (1.4) 416 (333) 1.3 (0.6) 11.4 (8.8)

WFA
�80% 6 44.3 (17.1) 3.7 (1.8) 496 (407) 1.2 (0.5) 13.4 (11.1)
60–80% 12 33.7 (23.2) 3.4 (1.4) 312 (261) 1.1 (0.7) 9.8 (7.8)
�60% 9 35.4 (16.8) 3.2 (1.6) 337 (337) 1.1 (0.5) 11.2 (12.1)

TST result
Reactive 5 48.6 (4.4)b 2.8 (0.8) 314 (214) 1.3 (0.3) 9.6 (8.4)
Nonreactive 20 30.8 (18.2) 3.6 (1.6) 390 (378) 1.0 (0.5) 11.9 (11.3)

a All results are presented as means (standard deviations).
b Statistically significant difference (P � 0.05).
c P � 0.09.
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nificant differences recorded in these data in relation to age,
nutritional, HIV or TST status.

DISCUSSION

This study provides original pharmacokinetic data for pyra-
zinamide and ethambutol in children. Recommended dosages
for TB in children are from pharmacokinetic studies of adults,

yet there are likely to be important age-related differences in
drug absorption, metabolism, and clearance. We have found
that serum drug levels achieved using intermittent pyrazin-
amide or ethambutol therapy at recommended doses are very
low in Malawian children. Only 2 of 27 children in our study
recorded a maximum serum pyrazinamide concentration above
the median of 66 mg/liter recorded using intermittent dosing
for North American adults and children (37). Both these chil-

FIG. 1. Cmax of pyrazinamide in relation to dose received. Data for children below the age of 5 years (n � 15) and for children 5 years old and
older (n � 12) are compared.

FIG. 2. Comparison of PK profiles for pyrazinamide in relation to age.
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dren were 5 years old or older, not HIV infected, and not
severely malnourished. For ethambutol, none of the children
in our study recorded a maximum concentration in serum
above what is considered the low cutoff point of 4 mg/liter for
intermittent dosing from earlier studies of adults (36).

Studies have found lower concentrations and delayed ab-
sorption of anti-TB drugs in children compared to adults re-
ceiving the same dose (29, 36, 37). An important recent study
of 64 South African children under the age of 13 years (median
age, 3.8 years) found that younger children eliminate isoniazid
faster than older children and that children require a higher
mg/kg dose to achieve concentrations comparable to those for
adults (29). An earlier study compared mean Cmax values
among 28 European children of different age ranges who re-
ceived 35 mg/kg ethambutol. That study found lower levels for
the younger children—1.5 mg/liter for 2- to 5-year-olds com-

pared to 2.3 mg/liter for 6- to 9-year-olds and 3.0 mg/liter for
10- to 14-year-olds (14). We did not find a similar trend with
ethambutol.

We did find that younger children reached significantly
lower serum pyrazinamide concentrations than older children.
There may be confounders. Younger children in the pyrazin-
amide arm of the study had a significantly higher HIV preva-
lence and received lower mean drug dosages than older chil-
dren. The sample size was not large enough to allow multivariate
analysis. There is some evidence that adults with HIV/AIDS do
not absorb some anti-TB drugs, especially rifampin, as well as
non-HIV-infected patients (10, 11, 26). Absorption might be
especially reduced in HIV-infected individuals with severe immu-
nosuppression and HIV-related enteropathy, but we did not per-
form CD4 cell counts. Pyrazinamide and ethambutol levels
were not significantly lower in HIV-infected or severely mal-
nourished children in our study. A recent study of 48 HIV-
infected adults with TB in the United States, 75% with a CD4
cell count of �200/mm3, found that adequate concentrations
were achieved with intermittent dosing of pyrazinamide (27).

We compared pharmacokinetic parameters in relation to
malnutrition. Levels of pyrazinamide but not ethambutol were
lower for more malnourished children, but these differences
did not reach the level of significance. Severe malnutrition was
as common in older children as in younger children, and HIV
prevalence was not significantly higher in children with maras-
mus. Previous studies of isoniazid and rifampin in children
have been carried out to examine the impact of malnutrition
and did not find a major effect (30–32).

It is known that reduced absorption occurs if the drugs are
taken with a meal, especially a high-fat meal (24, 25). We are
not sure what impact the taking of a low-fat meal around 30
min after the drugs had on absorption in our study group. The
practice in this study was consistent with the usual practice in
Malawian hospitals when anti-TB treatment is administered.

Important reasons for undertaking this study were the worsen-
ing outcomes for child TB in Malawi and elsewhere in the
region and the relatively recent recommendation for etham-

TABLE 3. Results of pharmacokinetic analysis for ethambutola

Parameter No. of
patients

Cmax
(mg/liter)

Tmax
(h) Cmax/dose

All patients 18 1.8 (1.2) 3.5 (1.8) 0.04 (0.03)

HIV status
Uninfected 12 1.8 (1.1) 4.2 (1.9)b 0.04 (0.03)
Infected 6 1.8 (1.3) 2.2 (0.4) 0.04 (0.03)

Age
0–4 yr 7 1.8 (1.2) 4.0 (2.2) 0.04 (0.03)
�5 yr 11 1.8 (1.2) 3.2 (1.5) 0.04 (0.03)

WFA
�80% 3 1.0 (0.9) 4.3 (2.5) 0.03 (0.03)
60–80% 14 1.9 (1.2) 3.4 (1.7) 0.05 (0.03)
�60% 1 2.8 2.0 0.07

TST result
Reactive 9 1.6 (1.2) 4.3 (2.2) 0.03 (0.03)
Nonreactive 6 1.9 (1.2) 2.7 (0.8) 0.05 (0.03)

a All results are presented as means (standard deviations).
b Statistically significant difference.

TABLE 4. Volume of distribution and elimination half-life data for ethambutola

Parameter No. of
patients AUC	 (mg/liter/h) t1/2 (h) Clearance (liters/h) V (liters)b AUC	/dose

All patients 13 22.2 (12.9) 8.6 (4.7) 49.0 (62.2) 413.3 (304.3) 0.53 (0.33)

HIV status
Uninfected 9 23.8 (13.8) 9.8 (4.8) 34.0 (19.0) 469.3 (351.8) 0.57 (0.36)
Infected 4 18.7 (11.5) 6.0 (3.9) 83.0 (110.8) 287.2 (99.1) 0.45 (0.29)

Age
0–4 yr 5 20.2 (18.9) 6.3 (3.7) 68.3 (101.6) 234.6 (104.3) 0.47 (0.45)
�5 yr 8 23.5 (8.8) 10.1 (4.9) 37.0 (17.3) 525.0 (339.8) 0.58 (0.26)

WFA
�70% 7 23.1 (9.8) 9.7 (4.0) 33.6 (14.2) 510.6 (375.5) 0.54 (0.27)
�70% 6 21.3 (16.8) 7.4 (5.6) 67.0 (91.2) 300.0 (156.1) 0.53 (0.42)

TST
Reactive 8 19.6 (16.1) 7.4 (4.8) 64.3 (76.7) 457.2 (382.0) 0.43 (0.37)
Nonreactive 4 26.6 (3.82) 11.1 (4.9) 26.9 (9.5) 382.0 (81.2) 0.71 (0.20)

a All results are presented as means (standard deviations). No comparisons show significant differences.
b V, volume of distribution.
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butol usage for all childhood age groups. The death rate for
2,739 Malawians treated for TB in 1998 was 17%, and the
outcome was unknown for an additional 21% (13). Evidence
from the region including Malawi suggests that coinfection
with HIV is a major reason for the high death rate (15, 17, 18,
23). Malabsorption of anti-TB drugs may be one reason for
poor outcomes for HIV-infected children, but there are likely
to be others, such as wrong diagnosis (17), coinfection with
other pathogens (4, 15), inadequate dosages received (12), and
poorer compliance (9). Another factor contributing to poor
outcome may be that ethambutol is not as effective as rifampin
in the continuation phase of therapy (16). Ethambutol re-
placed thiacetazone in regions of HIV endemicity because
thiacetazone caused severe and often fatal adverse reactions in
HIV-infected adults and children (3, 22). There were concerns
about the use of ethambutol for young children because of
their inability to report the early symptoms of optic neuritis,
the most important side effect, that can lead to blindness. This
is a dose-related side effect, so this risk is considered negligible
if recommended doses are used (7). Ethambutol is now rec-
ommended and commonly used for children of all ages in
standard regimens (21, 35). This study suggests an important
potential problem with ethambutol in that currently recom-
mended doses result in inadequate therapeutic drug levels
rather than any risk of toxicity.

In the majority of developing countries, where most child-
hood TB occurs, anti-TB therapy is available only in tablet
form. This means that the same portions of tablets are given to
all children within a particular age range (21). This is a poten-
tial problem, especially for children with low weights. For ex-
ample, children weighing 5.0 kg and 8.9 kg receive the same
dose. Figure 1 shows that all five patients between 7.9 and 8.2
kg (who received a recommended dose of 200 mg, or 25 mg/kg
[21]) recorded maximum serum drug concentrations of �30
mg/liter. These recommendations may need to be revised.

We examined the relationship between a reactive TST and
drug levels. This is because a reactive TST is likely to be a
readily available surrogate marker for immunocompetence in
regions where CD4 counts are not available. Although num-
bers were small, the maximum pyrazinamide concentration was
significantly higher in children with reactive TSTs, but there
was no difference for ethambutol. A nonreactive TST can be
due to immunosuppression due to advanced HIV disease or
severe malnutrition, but it may also indicate a wrong diagnosis.
Therefore, the potential use of the TST result in determining
drug dosage would be limited to those with a positive result.

In conclusion, this pharmacokinetic study has found poor
absorption of pyrazinamide and ethambutol in Malawian chil-
dren. It has also found that low serum drug levels are common
using intermittent therapy at recommended doses and that
young age is an important risk factor for low levels. Studies
are needed that compare pharmacokinetic parameters using
higher doses and that measure the impact of higher doses on
outcome, as well as the incidence of adverse reactions.
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