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a b s t r a c t 

Background: Dried blood spot (DBS) sampling for pharmacokinetic (PK) studies and therapeutic drug 

monitoring have unique advantages over venous sampling. This study aimed to evaluate a DBS method 

for first-line anti-tuberculosis drugs in children, and DBS sampling to assess PK parameters. 

Methods: Paraguayan children were treated according to the revised paediatric dosing scheme of the 

World Health Organization. A PK curve was performed both with DBS sampling and conventional ve- 

nous sampling for rifampicin, pyrazinamide and ethambutol. Passing–Bablok regression, Bland–Altman 

plots and predictive performance evaluation were used to assess agreement between DBS and plasma 

concentrations. The percentages of patients attaining population PK values for C max and AUC 0–24h were 

calculated. 

Results: After use of a conversion factor, Passing–Bablok regression showed no significant proportional 

or systematic bias between DBS and plasma concentrations. Bland–Altman plots showed that 95% of the 

ratios of the DBS predicted:observed plasma concentrations lay between 0.6 and 1.4 for rifampicin, 0.5 

and 1.6 for pyrazinamide and -0.4 and 2.8 for ethambutol. DBS measurements showed acceptable pre- 

dictive performance for rifampicin and pyrazinamide, but not for ethambutol. Assessment of C max target 

attainment was 62.5% for isoniazid, 25% for rifampicin, 100% for pyrazinamide and 75% for ethambutol. 

Conclusion: For rifampicin and pyrazinamide, the DBS method was accurate in predicting plasma concen- 

trations, and was used successfully for PK parameter assessment. However, predicting ethambutol plasma 

concentrations with DBS measurement was associated with too much imprecision. Despite higher dosing, 

only 25% of the population reached average target adult rifampicin exposures. 

© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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. Introduction 

With an annual incidence exceeding nine million, tuberculosis

TB) is one of the leading public health problems worldwide. In

hildren, the total estimated incidence of TB in 2015 was ca. 1 mil-

ion. Various factors are known to affect TB treatment outcome,

ncluding adherence to TB drugs, comorbidity and drug resistance.
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n addition, variability in the pharmacokinetics (PK) of first-line

B drugs is a major determinant of treatment outcome [1] . From

dult studies, it is known that low plasma concentrations of TB

rugs are related to treatment failure and to acquired TB drug re-

istance [2–6] . Few data are available on the PK of first-line TB

rugs in children [7–10] . To reach the same drug concentrations

s in adults, children require higher doses of TB drugs on a mg/kg

asis [11,12] . Therefore, the World Health Organization (WHO) in-

reased the recommended dose of first-line anti-TB drugs in chil-

ren in 2010. In addition to this revision, a new fixed-dose com-

ination has been developed with a rifampicin:isoniazide ratio of

:2, suiting the new dosing regimen. Despite these effort s, recent
rved. 
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o  
studies have suggested that this revised dose is not sufficient to

reach appropriate plasma concentrations of rifampicin and etham-

butol in children [7–9] . 

Therapeutic drug monitoring (TDM) may be a helpful tool to

further optimize and individualize TB treatment [4,13–15] . TDM

can be defined as the measurement of plasma or blood concen-

trations to adapt dosages to achieve predefined targets that are as-

sociated with maximal efficacy while minimizing toxicity. Conven-

tionally, TB drugs are measured in plasma or serum obtained by

venous sampling. In high-incidence countries, frequently with poor

resources, TDM is very difficult to implement due to economic and

logistic challenges. 

Dried blood spot (DBS) sampling may offer an alternative to

conventional sampling as it only requires a few drops of blood,

easily obtained with a finger prick. These drops are applied to fil-

ter paper and kept dry until analysis, and drug concentrations usu-

ally remain stable under these circumstances. DBS sampling may

facilitate the implementation of TDM of anti-TB drugs in limited-

resource countries and in remote areas [16] . 

To the authors’ knowledge, no paediatric PK studies have been

performed to date to examine DBS techniques to evaluate plasma

concentrations of anti-TB drugs. Moreover, no studies have used

the recommended rifampicin:isoniazide dosing ratio of 3:2. There-

fore, this study aimed to evaluate a DBS sampling method for ri-

fampicin, pyrazinamide and ethambutol, and describe the PK of all

first-line anti-TB drugs using limited sampling in children. No DBS

method was available to measure isoniazid, as isoniazid binds to

DBS filter paper causing variable extraction recoveries. 

2. Materials and methods 

2.1. Patients and setting 

This study was undertaken at the hospital ‘Instituto Nacional de

Enfermedades Respiratorias y del Ambiente’ in Asunción, Paraguay.

From June 2015 to February 2016, both hospitalized and ambula-

tory patients were asked to participate in the study. Informed con-

sent was obtained from all parents and from children aged ≥12

years. Treatment-naive children (aged 1–15 years) with pulmonary

or extrapulmonary TB, who started treatment with a fixed-dose

combination of first-line anti-TB drugs, were eligible for inclusion.

There were no exclusion criteria. A sample size of 10–20 patients

was chosen for this study in order to obtain at least 40 paired

DBS and plasma samples. The study protocol was approved by the

Ethics Committee of Laboratory Central De Salud Pública, Asunción

(No: 58/180615). 

2.2. Drug doses and study procedures 

In the absence of a paediatric formulation in Paraguay, all pa-

tients were treated with the adult fixed-dose combination tablets

of rifampicin 150 mg, isoniazid 75 mg, pyrazinamide 400 mg and

ethambutol 275 mg from Svizera Europe B.V. (see WHO list of pre-

qualified medicinal products). The dosage scheme for these tablets

followed the Paraguayan national TB guideline which has adopted

the revised WHO dosing scheme for children: rifampicin 15 mg/kg

(range 10–20 mg/kg), isoniazid 10 mg/kg (range 10–15 mg/kg),

pyrazinamide 35 mg/kg (range 20–40 mg/kg) and ethambutol 20

mg/kg (range 15–25 mg/kg). 

Basic demographics were collected and comedication was

recorded. Biochemical parameters were determined at baseline and

on the PK sampling day, and included haematocrit, serum creati-

nine and liver enzymes. PK sampling was performed just prior to

observed TB drug intake [predose sample (t = 0 h)] and 2, 4 and 8 h

after administration after reaching steady-state conditions on day

7–10 of treatment. Patients had to remain fasted from 4 h prior to
he TB drug intake until the last sample was taken. At each time

oint, both a venous sample and a DBS fingerprick sample were

aken. The DBS sampling procedure was as described previously

17] . Venous blood samples (3.5 mL EDTA) were centrifuged di-

ectly after sampling, and the plasma was stored in a liquid nitro-

en container until transport to University Medical Center Gronin-

en, The Netherlands. 

.3. Sample analysis 

Plasma samples were measured based on previously published

ssays [19,20] . DBS samples were measured using an assay vali-

ated for accuracy, precision, linearity, matrix effect, haematocrit

ffect, spot volume and stability upon storage. Details on the DBS

ssay of rifampicin have been published previously [18] . The DBS

ssays for pyrazinamide and ethambutol were linear over the range

2–65 mg/L for pyrazinamide, 0.2–6.5 mg/L for ethambutol), with

ccuracy and precision < 10% (dependent on concentration). 

.4. Assessment of agreement between DBS sampling and 

onventional sampling 

The assessment of agreement between the plasma concentra-

ions and the predicted plasma concentrations from DBS sampling

as assessed using Passing–Bablok regression, Bland–Altman plots

nd quantification of the predictive performance (see Text File 1,

nline supplementary material). 

.5. Pharmacokinetic analysis 

The following PK parameters were assessed: area under the

oncentration–time curve (AUC) during the sampling interval

AUC 0–8h ), AUC during the dosing interval (AUC 0–24h ), apparent

learance (CL/F), apparent volume of distribution (Vd/F), maximal

oncentration (C max ) and half-life (t 1/2 ). In addition, the propor-

ions of patients attaining adult population values for C max and

UC values were computed [13] . Detailed information is provided

n Text File 2 (see online supplementary material). 

.6. Pain score 

Pain was assessed after DBS fingerprick sampling by a parent

and children if ≥12 years) with a facial pain score based on Tse

t al. [20] . In this six-point scale, 1 represents ‘no pain’ and 6 rep-

esents the worst imaginable pain. In addition, photographs taken

uring the DBS sampling procedure were scored by three indepen-

ent observers and translated into a facial score. 

. Results 

.1. Demographic information 

From June 2015 to February 2016, a total of 15 parents and/or

atients gave informed consent. From those patients, 15 completed

he PK sampling day, of whom 11 had samples evaluable for PK

arameter determination (all samples were missing in one patient,

hree other patients had at least one missing sample). Baseline de-

ographic information is shown in Table 1 . Thirty-six percent of

he children were female, their median age was 1.5 years (range

.5–15 years) and their median weight was 11 kg (range 6–53 kg).

one of the patients had comorbidities. 

.2. Assessment of agreement between methods 

In total, 60 DBS samples and 50 plasma samples were available,

f which 47 samples matched in time. From these 47 matched



L.C. Martial et al. / International Journal of Antimicrobial Agents 52 (2018) 109–113 111 

Table 1 

Baseline demographic information. Continuous variables 

are given as median (range). 

Demographics Value 

Number of patients ( n ) 14 a 

Sex, % female 36 

Age (years) 1.5 (0.5–15) 

Body weight (kg) 10.6 (5.5–53) 

Height (cm) 74 (50–162) 

Ethnicity: mixed/indigenous 5/9 

Type of TB 

Pulmonary ( n ) (%) 13 (87%) 

Extrapulmonary ( n ) (%) 2 (15%) b 

HIV co-infection ( n ) (%) 0 (0%) 

Dose information 

Rifampicin (mg/kg) 14 (8–27) 

Isoniazid (mg/kg) 7 (4–14) 

Pyrazinamide (mg/kg) 38 (22–72) 

Ethambutol (mg/kg) 26 (15–49) 

Biochemical parameters 

Creatinine (mg/dL) 0.45 (0.10–0.80) ( n = 8) 

Liver enzymes 

ALT (U/L) 19 (12–79) ( n = 8) 

AST (U/L) 21 (10–110) ( n = 10) 

AF (U/L) 311 (94–905) ( n = 8) 

GGT (U/L) 12 (7–102) ( n = 5) 

Haemoglobin (g/dL) 10.7 (6.2–12.7) ( n = 13) 

Haematocrit (%) 34 (19–39) ( n = 12) 

TB, tuberculosis; HIV, human immunodeficiency virus; 

ALT, alanine aminotransferase; AST, aspartate aminotrans- 

ferase; AF, alkaline phosphatase; GGT, gamma-glutamyl 

transferase. 
a Demographic information was lost from one patient. 
b Information missing from one subject. 
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airs, 33 rifampicin, 39 pyrazinamide and 35 ethambutol pairs

ere above the lower limit of quantification. A conversion fac-

or using the inverse geometric mean of the DBS:plasma concen-

ration ratio resulted in better agreement between both methods.

he ratio was 0.75 for rifampicin, 0.81 for pyrazinamide and 0.51

or ethambutol. After application of the conversion factor, Passing–

ablok regression analysis showed no significant proportional or

ystematic bias between DBS and plasma concentrations for each

f the compounds ( Fig. 1 and Fig. S1, see online supplementary

aterial), as the slope was not significantly different from ‘1’, indi-

ating no proportional error, and the intercept was not significantly

ifferent from ‘0’, indicating no systematic bias. Bland–Altman

lots showed that 95% of the ratios of the predicted:observed

lasma concentrations lay between 0.6 and 1.4 for rifampicin, 0.5

nd 1.6 for pyrazinamide, and 0.4 and 2.8 for ethambutol ( Fig. 1

nd Fig. S2, see online supplementary material). In addition, for

ifampicin, pyrazinamide and ethambutol, 76%, 77% and 20% of

he samples lay between 0.80 and 1.20 of the predicted:observed
Table 2 

Pharmacokinetic parameters of all tuberculosis drugs as measured by plasma or dried bl

Parameter 

Isoniazid ( n = 8) 

in plasma 

Rifampicin ( n = 8) in 

plasma 

Rifampicin 

( n = 11) in DBS 

C max 3.1 (1.4–6.4) 5.1 (2.3–9.2) 5.5 (1.9–13.4) 

AUC 0–8h 11.0 (4.9–23.1) a 19.7 (8.4–37.8) 24.2 (9.2–53.6) 

AUC 0–24h 12.7 (5.4–26.7) 21.4 (8.9–50.0) 24.6 (9.7–57.6) b

CL (L/h/kg) 0.50 

(0.19–1.32) a 
0.6 (0.2–1.6) 0.53 (0.25–1.5) 

Vd (L/kg) 1.7 (0.7–3.7) a 1.6 (0.9–3.9) 1.3 (0.65–2.9) 

T 1/2 (h) 2.3 (1.9–3.4) 1.8 (1.1–3.3) 1.7 (0.8–4.6) 

C max , maximal concentration; AUC, area under the concentration–time curve; T 1/2 , half-li
a n = 7 
b n = 10. 
c n = 4. 
d n = 9 
atio, respectively. No trend in variation over concentration

ange was observed from the Bland–Altman plots ( Fig. 1 ).

thambutol had the lowest agreement between predicted and ob-

erved plasma concentrations ( Fig. 1 ). The bias and precision in the

redictive performance given by the median percentage prediction

rror and median absolute percentage prediction error were 1.8%

nd 16% for rifampicin, 1.6% and 9.7% for pyrazinamide, and -2.3%

nd 47% for ethambutol, respectively. Using the actual haematocrit

evels did not improve this agreement. 

.3. Pharmacokinetic parameters 

The median treatment period on the PK sampling day was 18

ays (range 11–62 days). Given the good predictive performance

or rifampicin and pyrazinamide, PK parameters were calculated

y plasma concentrations as well as by DBS predicted plasma con-

entrations for these drugs. However, plasma concentrations alone

ere used for ethambutol ( Table 2 ). 

Attainment of reference exposures based on plasma measure-

ents was particularly low for rifampicin: 25% for C max ( ≥8 mg/L)

nd 38% for AUC (target 30.8 mg ∗h/L). Sixty-three percent of pa-

ients reached the isoniazid C max target (3 mg/L) and 57% reached

he AUC target (11.4 mg ∗h/L). All patients attained the pyrazi-

amide C max (20 mg/L) and AUC (285 mg ∗h/L) targets. The etham-

utol C max target (2 mg/L) was achieved in 75% of patients and the

UC target (17.6 mg ∗h/L) was reached in 29% of patients. 

.4. Pain score and feasibility 

The median pain score as indicated/evaluated by the inde-

endent observers using the facial pain score was 5 (range 2–6)

 n = 13). One patient was sedated, and no pain score was assessed

or this patient. 

. Discussion 

To the authors’ knowledge, this is the first evaluation of a DBS

ampling method for three first-line anti-TB drugs in children (i.e.

ifampicin, pyrazinamide and ethambutol). 

Various DBS assays of anti-TB drugs in adults have been de-

cribed in the literature. The present assay was based on an assay

f rifampicin and clarithromycin and their metabolites [16] . When

aking into account drug-specific conversion factors, DBS concen-

rations could predict the rifampicin and pyrazinamide plasma

oncentrations with bias and precision of < 16%. Imprecision may

e considered high, however, which implies that a single DBS mea-

urement may only discriminate between low, intermediate and

igh concentrations. For rifampicin, the use of a conversion factor

ecreased the proportional bias, as illustrated by improvement of

he Passing–Bablok regression (slope increased from 0.75 to 0.99).
ood spot (DBS) concentrations, given as geometric mean (range). 

Pyrazinamide ( n = 8) in 

plasma 

Pyrazinamide 

( n = 11) in DBS 

Ethambutol ( n = 8) in 

plasma 

42.5 (29.7–63.3) 40.1 (23.6–70.6) 2.3 (1.1–3.7) 

214 (168–282) a 218 (133–4 4 4) d 9.6 (5.9–14.0) a 

 395 (310–509) c 519 (329–874) c 14.5 (7.4–23.3) a 

0.10 (0.07–0.14) a 0.1 (0.05–0.31) d 1.6 (1.0–2.5) a 

0.8 (0.6–1.2) a 0.8 (0.5–1.8) d 12.6 (7.2–27.1) a 

6.0 (4.9–9.2) a 5.8 (3.9–12.4) b 4.8 (2.2–8.6) 

fe; CL, clearance; Vd, volume of distribution. 
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Fig. 1. Top left: Passing–Bablok regression of rifampicin. Intercept 0.003871 [95% confidence interval (CI) -0.2606–0.1961], no significant systemic error; slope 0.9938 (95% CI 

0.9007–1.193), no significant proportional error. Top right: Passing–Bablok regression of pyrazinamide. Intercept 1.193 (95% CI -5.027–0.5064), no significant systemic error; 

slope 1.057 (95% CI 0.9773–1.186), no significant proportional error. Bottom left: Bland–Altman plot of rifampicin. Ratio of the predicted and observed rifampicin plasma 

concentrations plotted against the average of the predicted and observed plasma concentrations. Level of agreement: 95% of pairs lay between 0.6 and 1.4, and 76% of pairs 

lay between 0.80 and 1.20. Bottom right: Bland–Altman plot of pyrazinamide. Ratio of the predicted and observed pyrazinamide plasma concentrations plotted against the 

average of the predicted and observed plasma concentrations. Level of agreement: 95% of pairs lay between 0.5 and 1.6, and 77% of pairs lay between 0.80 and 1.20. 
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Such a conversion factor was not used in the authors’ previous

study in adults [17] . Despite the observed haematocrit effect for

rifampicin during method development [17] , correction for haema-

tocrit did not further improve the agreement or the predictive per-

formance in this study. Comparison between the authors’ previous

results in adults and the current findings in children is difficult,

considering that PK differences between adults and children may

have an impact on the peripheral distribution of the TB drugs, and

the sample size was limited in both studies. Unfortunately, DBS

sampling appeared to be unsuitable for ethambutol concentration

measurement. Although the bias to predict plasma concentrations

was well below 15%, the precision was not acceptable (47%). 

From a few small studies, it is known that children require

higher mg/kg body weight doses of TB drugs to attain pharmacoki-

netic targets [11,12] . Based on this observation, and the knowledge

that low plasma concentrations are associated with worse outcome

in adults, WHO recently recommended a new dosing regimen for

children, with a 3:2 ratio of rifampicin:isoniazid in tablets (instead

of 2:1). Evaluations of this dose of rifampicin suggest that even

higher doses are required [7–9] . 

This study used adult fixed-dose combinations with ri-

fampicin:isoniazid 2:1 ratios, and the number of tablets was ad-

justed to reach the recommended rifampicin dose per kg body

weight, as only this formulation is available in Paraguay. The me-

dian rifampicin dose was 14 mg/kg body weight [WHO recom-

mended dose 15 mg/kg (range 10–20 mg/kg)], while the median

isoniazid dose was 7 mg/kg [recommended dose 10 mg/kg (range

10–15 mg/kg)]. Only 25% and 29% of children reached the ri-

fampicin target C max and the AUC was reached in 38% of the chil-

C  
ren. The currently available adult formulation fixed-dose tablets

n Paraguay do not facilitate changing to the WHO-recommended

osing regimens. Based on current knowledge on the importance

f rifampicin in TB treatment outcome results in adults, investiga-

ion of a higher paediatric dosage of this TB drug is needed, with

he final aim being to shorten treatment duration. 

This study has a few limitations. First, the sample size for eval-

ation of DBS sampling was relatively small. Second, the applied

onversion factors may only be valid for this specific paediatric

araguayan population. Third, PK was described in a relatively lim-

ted group of patients ( n = 8–11). 

. Conclusions 

This study found that the DBS method for rifampicin and pyraz-

namide was accurate but less precise, and was able to assess PK

haracteristics in this group of Paraguayan children. In future pae-

iatric research with rifampicin and pyrazinamide, it will be feasi-

le to include DBS-based PK, or even apply TDM on an individual

asis, in order to optimize treatment. 
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