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Serum concentrations of antituberculosis drugs predict tu-
berculosis treatment response and have been reported as sur-
rogate markers for predicting therapeutic success [12, 13]. 
Hollow-�ber models and dose fractionation studies show the 
area under the concentration-time curve (AUC) to be associ-
ated with e�cacy of antituberculosis drugs [14, 15]. AUC and 
serum peak concentration (Cmax) are closely correlated, and 
emerging results from pharmacokinetic studies evaluating the 
revised dosing in children report Cmax values below the adult 
reference values [16] and AUC values lower than those reported 
in adults, particularly for rifampicin and ethambutol [17�19].

Pharmacokinetic measures of antituberculosis drug exposure 
vary considerably between study populations. Body size, nutri-
tional status, human immunode�ciency virus (HIV) infection, 
and developing enzyme maturation functions are sources of 
pharmacokinetic variability in children [20, 21]. NAT2 acetylator 
genotype is a key determinant of isoniazid concentrations, and 
SLCO1B1 polymorphisms have been associated with rifampicin 
exposures [4, 5, 22�25]. Other important factors include the type 
of formulation, dose preparation and administration, drug-drug 
interactions, and laboratory assay methods used [20, 21].

�e revised WHO weight band dosing, using dispersible 
child-friendly FDCs, simpli�es tuberculosis treatment and pro-
grammatic implementation, but supporting pharmacokinetic 
evidence in children is lacking. We describe the pharmacoki-
netics at steady state in children dosed with this approach in the 
SHINE trial, and we sought to identify predictors of exposures 
of �rst-line antituberculosis�drugs.

METHODS

Study Population and�Design

This pharmacokinetic study was nested in the phase III treat-
ment shortening SHINE trial (SRCTN63579542), a randomized-
controlled trial comparing a 4-month versus standard 6-month 
antituberculosis drug regimens, using revised WHO pediatric 
weight band dosing and new FDCs in children with or without 
HIV. SHINE recruited children aged 0�16�years with non-severe 
tuberculosis in Zambia, South Africa, Uganda, and India. Non-
severe tuberculosis was defined as smear-negative tuberculosis, 
including pulmonary disease confined to one lobe without 
cavities, intrathoracic lymph node tuberculosis without signif-
icant airway obstruction, and extrathoracic tuberculosis lym-
phadenitis. Screening, recruitment, clinical care, and follow-up 
procedures are described elsewhere [26]. A�subset of children 
enrolled in the trial were selected consecutively to participate 
in pharmacokinetic substudies. Here we report on African chil-
dren enrolled in Zambia and in South Africa.

Drugs and�Dosages

Antituberculosis drugs were administered in weight bands 
according to the WHO 2015 dosing recommendations 
[11]. Dispersible pediatric or adult FDC tablets (Macleods 

Pharmaceuticals) were used. For the 2-month intensive phase, 
RHZ (75/50/150-mg dispersible tablets), with or without eth-
ambutol (100-mg tablets), was administered in 4 weight bands 
to children weighing <25�kg. Children �25�kg received weight 
band�based adult doses, using RHZE (150/75/400/275-mg 
tablets) [27]. In the continuation phase, RH 75/50-mg tab-
lets were used for children <24.9�kg, and RH 150/75-mg tab-
lets for those �25�kg (Table 1). Ethambutol use was guided by 
local tuberculosis treatment recommendations at the time. In 
South Africa it was indicated if the child was HIV positive or 
>8�years of age [28]. In Zambia all children received ethambutol 
regardless of age, disease severity, or HIV status [29]. Daily drug 
administration was supervised by the caregiver or parent and 
drug intake documented on treatment cards provided by the 
trial. Children living with HIV initiated antiretroviral therapy 
in accordance with national guidelines.

Pharmacokinetic Sampling and Laboratory Analysis

Intensive pharmacokinetic sampling was scheduled after at 
least 2 weeks of antituberculosis treatment. Caregivers were re-
minded by phone to administer the antituberculosis drugs in 
the morning (if evening dosing was preferred by caregiver) for 
at least a week before the pharmacokinetic sampling visit. On 
the sampling day, drug intake was observed by research staff 
after an overnight fast, and breakfast was provided at least 
2 hours after drug intake, unless the child was distressed, in 
which case a snack was permitted. The FDC tablets were dis-
persed in water or administered whole, in keeping with the 
practice at home, while children receiving the adult formulation 
swallowed tablets�whole.

Serial venous blood samples were obtained before dosing 
and at 1, 2, 4, 6, 8, and 12 hours a�er drug intake. Samples 
were immediately placed on ice before centrifugation within 
30 minutes of collection. Separated plasma samples were 
stored at �80°C until transportation on dry ice for analysis 
at the Pharmacology laboratory, University of Cape Town, 

Table 1.  Daily Doses of Antituberculosis Tablets for Children in the 
SHINE Trial, Based on World Health Organization Recommendations

Formulations by Weight Band Intensive Phase
Continua-
tion Phase

Pediatric dispersible formulations 
for children weighing 4�24.5�kg

HRZ 
(50/75/150-
mg FDC)

E (100�mg) HR (50/75-
mg FDC)

  4.0�7.9�kg 1 1 1
  8.0�11.9�kg 2 2 2
  12.0�15.9�kg 3 3 3
  16.0�24.9�kg 4 4 4
Adult formulation and doses used 

for children weighing �25.0�kg
HRZE (75/150/400/275-mg 

FDC)
HR 

(75/150-
mg FDC)

  25�36.9�kg 2 2 

Abbreviations: E, ethambutol; FDC, �xed-dose combination tablet; H, isoniazid; R, rifam-
picin; Z, pyrazinamide. 
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rifampicin and ethambutol, compared with 70% and 89% for iso-
niazid and pyrazinamide, respectively.

Our �ndings are consistent with those of other studies in 
children treated with the revised WHO doses, who did not 

achieve recommended concentrations of rifampicin [17�19, 
31, 32] and ethambutol [17�19, 32] but had adequate con-
centrations for isoniazid and pyrazinamide [17�19]. In con-
trast to these studies, we used the child-friendly FDCs with a 

Table 4.  Median Area Under the Concentration-Time Curve for Rifampicin, Isoniazid, Pyrazinamide, and Ethambutol, by Weight Band in Children Treated 
for Tuberculosis

Weight Band, kg

AUC24, Median (IQR), mg�h/L

Rifampicin (n = 77) Isoniazid (n = 76) Pyrazinamide (n = 45) Ethambutol (n = 22)

4�7.9 20.1 (15.2�34.6) [n�=�16] 11.9 (8.4�22.4) [n�=�16] 242 (174�299) [n�=�14] 7.6 (7.1�8.6) [n�=�7]
8�11.9 28.3(23.4� 40.3) [ n�=�14] 20.9 (16.5�28.5) [n�=�14] 322 (247�490) [n�=�11] 6.9 (4.7�11.0) [n�=�6]

12�15.9 42.0 (27.0�54.2) [n�=�16] 21.0 (17.5�33.3) [ n�=�16] 385 (313�490) [n�=�7] 11.6 (10.5�13.0) [n�=�4]
16�24.9 49.8 (34.3�70.3) [n�=�16] 21.5 (14.1�32.8) [n�=�15] 434 (315�454) [n�=�7] 11.7 (11.5�16.9) [n�=�3]

�25 21.6 (12.4�32.8) [n�=�15] 5.8 (3.5�8.8) [n�=�15] 339 (293�369) [n�=�6] 10.4 (9.2�11.5) [n�=�2]

Abbreviations: AUC24, area under the concentration-time curve from 0 to 24 hours; IQR, interquartile range.

Figure 1.  Box plots for the area under the concentration-time curve from 0 to 24 hours (AUC24) for rifampicin, isoniazid, pyrazinamide, and ethambutol in children treated for 
tuberculosis, by weight band. Horizontal reference lines represent target exposures derived from adult studies. For rifampicin, the estimated AUC24 (38.73 mg�h/L) was derived 
from a systematic review and meta-analysis by Stott et�al [22]. For isoniazid, pyrazinamide, and ethambutol, 11.6�26.3, 233�429, and 16�28 mg/L represent the respective 
ranges of the medians from studies in a systematic review by Daskapan et�al [23].
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Figure 2.  Box plots for rifampicin, isoniazid, pyrazinamide, and ethambutol peak concentration (Cmax) in children treated for tuberculosis, by weight band. Horizontal refer-
ence lines represent the target reference ranges for Cmax recommended by Alsultan and Peloquin [16]: 3�6�mg/L, 8�24�mg/L, 20�60 mg/L, and 2�6�mg/L for isoniazid, rifampin, 
pyrazinamide, and ethambutol, respectively.

Table 5.  Area Under the Concentration-Time Curve for Rifampicin, Isoniazid, Pyrazinamide, and Ethambutol in Children Treated for Tuberculosis, by 
Patient Characteristics

Patient Char-
acteristic

Children Evalu-
ated, No.

Rifampicin Isoniazid Pyrazinamide Ethambutol

Coef�cient (95% CI)a P Value Coef�cient (95% CI)a P Value Coef�cient (95% CI)a P Value Coef�cient (95% CI)a
P 

Value

Sex          
  Male 40 Referent .88 Referent .67 Referent .63 Referent .62
  Female 37 0.8 (� 9.3 to 10.9) 1.2 (�4.4 to 6.8) 20.2 (�63.0 to 103) �1.1 (�5.7 to 3.5)
HIV status          
  Negative 47 Referent .07 Referent .18 Referent .97 Referent .83
  Positive 20 �10.6 (�21.9 to .7) �3.9 (�9.7 to 1.9) �4.8 (226.5, 216.9) �.9 (�9.9 to 8.1)
WAZ          
  Below �2 29 Referent .59 Referent .75 Referent .61 Referent .04
  �2 48 3.2 (�8.7 to 15.1) �1.0 (�7.1 to 5.1) 23.9 (�71.2 to 119) 4.2 (.2�8.2)
WHZ          
  Below �2 52 Referent .56 Referent .87 Referent .54 Referent .52
  �2 8 �5.5 (�24.2 to 13.2) 1.0 (�11.0 to 13.0) 52.4 (�120 to 226)� �2.2 (�9.4 to 5.0) 

Abbreviations: CI, con�dence interval; HIV, human immunode�ciency virus; WAZ, weight-for-age z score; WHZ, weight-for-age z score.
aAdjusted for weight band.
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