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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT

• The paediatric pharmacokinetics of paracetamol are
well described as are the pharmacokinetics of a
paracetamolmicrodose in the adult population. The use
of [14C]-labelled drugs to study adult pharmacokinetics
with accelerator mass spectrometry bioanalysis has also
been documented. The current observational study was
conducted to establish if it was feasible to conduct a
paediatric (0–2 years of age) isolated microdose study
using [14C]-paracetamol and accelerator mass
spectrometry bioanalysis and to compare the
pharmacokinetic data obtained with that after a
therapeutic dose.

WHAT THIS STUDY ADDS

• This study reports that it is possible to put in place an
operational plan to permit paediatric microtracer and
microdose [14C]-paracetamol administration in the
0–2 year old age group. The paracetamol microdose
used of 6 ng kg–1 is lower than any other isolated
microdose reported in the literature and yet the
pharmacokinetics were still approximately dose
proportional with therapeutic doses for both
enteral and intravenous administrations. The
methods reported here need to be extended to
other drugs to establish the general utility of the
microdose approach.
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The aims of the study were to compare [14C]-paracetamol ([14C]-PARA)
paediatric pharmacokinetics (PK) after administrationmixed in a therapeutic dose
or an isolated microdose and to develop further and validate accelerator mass
spectrometry (AMS) bioanalysis in the 0–2 year old age group.
METHODS
[14C]-PARA concentrations in 10–15 μl plasma samples were measured after
enteral or i.v. administration of a single [14C]-PARAmicrodose ormixed inwith
therapeutic dose in infants receiving PARA as part of their therapeutic regimen.
RESULTS
Thirty-four infants were included in the PARA PK analysis for this study: oral
microdose (n = 4), i.v. microdose (n = 6), oral therapeutic (n = 6) and i.v.
therapeutic (n = 18). The respective mean clearance (CL) values (SDs in
parentheses) for these dosed groups were 1.46 (1.00) l h–1, 1.76 (1.07) l h–1, 2.93
(2.08) l h–1 and 2.72 (3.10) l h–1, t1/2 values 2.65 h, 2.55 h, 8.36 h and 7.16 h and
dose normalized AUC(0-t) (mg l–1 h) valueswere 0.90 (0.43), 0.84 (0.57), 0.7 (0.79)
and 0.54 (0.26).
CONCLUSIONS
All necessary ethical, scientific, clinical and regulatory procedures were put in
place to conduct PK studies using enteral and systemic microdosing in two
European centres. The pharmacokinetics of a therapeutic dose (mg kg–1) and a
microdose (ng kg–1) in babies between 35 to 127weeks post-menstrual age. [14C]-
PARA pharmacokinetic parameters were within a two-fold range after a thera-
peutic dose or amicrodose. Exploratory studies using doses significantly less than
therapeutic doses may offer ethical and safety advantages with increased
bionalytical sensitivity in selected exploratory paediatric pharmacokinetic studies.
acol / 80:1 / 157–167 / 157
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Introduction GC/MS or LC/MS are currently the main methods of
bioanalysis to study paediatric PK [19, 20] but insensitivity
Paediatric drug treatment is frequently based on ‘best-
guess’ modifications of adult dosage regimens without
detailed knowledge of pharmacokinetics (PK) in children
[1]. PK data are pivotal in understanding a drug’s safety
and efficacy and are essential to determine therapeutic
dosages in specific age groups [2, 3]. The ontogeny of
many enzymes and physiological processes involved in
PK are reflected in age-specific effects on drug
disposition [4, 5]. US and European regulations require
the separate investigation of new medicines in children
as well as investigations into already existing medicines
used in paediatric care [6]. As a consequence of these
regulations, new medicines are now being more
regularly evaluated in children as part of clinical develop-
ment plans.

When there is no prior knowledge of the appropriate
dosage in children, an empiric choice is often made
based on allometry and/or paediatric physiologically
based pharmacokinetic modelling (PBPK) [7]. This ap-
proach may lead to over- or under-dosage which does
not provide a complete picture of the PK situation while
running the risk of exposure to toxic concentrations of
parent drug or metabolites [8]. This problem can arise be-
cause extrapolation from adults or animals does not take
into account gaps in our knowledge of the ontogeny of
drug disposition (for example the activity of drug metab-
olizing enzymes in the liver) [9, 10].

An alternative approach is to obtain exploratory PK
data using doses that are substantially below the antici-
pated therapeutic dose, see for example ICH M3 R2 [11].
Microdosing or human phase 0 studies have been widely
used to obtain adult PK data [12–14] but infrequently in in-
fants. Microdose studies assess drug metabolism and
PK/PD parameters as a basis for future therapeutic dose
determination. These studies involve limited human expo-
sure to the drug, have no therapeutic intent and are not
designed to examine clinical tolerability [11]. In children
this approach could overcome the issues with dose selec-
tion by providing directly relevant PK data, as long as the
PK are approximately dose-proportional between a
microdose and a therapeutic dose.

Microdosing can be conducted with a microtracer
[14C] label as is required for AMS bioanalysis [15] or with
a trace of cold drug and LC/MS analysis [16]. For defini-
tions of microtracer and microdose see reference [15]. A
comparison of PK between a microtracer [14C]-labelled
therapeutic dose and a microdose can be used to estab-
lish whether or not PK are dose-proportional across the
doses used. In adult microdose validation studies, dose
proportionality was assumed if the PK parameters be-
tween a microdose and a therapeutic dose were within
a two-fold margin [17, 18], a margin routinely used when
making allometry comparisons to establish PK equiva-
lency between animal models and humans.
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(low pg ml–1) in analyzing drug concentrations in small
volume blood samples after microdose administration
could be a significant barrier to use in paediatric PK stud-
ies. Furthermore because only small blood volumes can
be withdrawn from babies, sparse sampling methods are
generally used [21]. An alternative methodology is acceler-
ator mass spectrometry (AMS) capable of measuring a
drug’s plasma concentration in the atto- to zeptogram
ml–1 range (10�18 to 10�21 g ml–1) [22, 23]. This provides
up to a million-fold increase in sensitivity over LC/MS.
Furthermore AMS can detect [14C]-labelled drug concen-
trations when the drug is labelled at the level of back-
ground radiation exposures. AMS has been extensively
demonstrated to be an effective methodology to study
drug metabolism and PK in the adult population [24, 25].
However, only two examples in limited numbers of
children have been reported for the paediatric population
[26, 27]. Gordi et al. demonstrated the utility of
microdosing and microtracing research in paediatric
research using 14C-ursodiol [26]. The microdose varied
between 3–30 ng kg–1 and in total eight patients were
included. Mooij et al., in a preliminary communication, re-
ported on a fundamentally different study design to that
described here (see Discussion section). They focused on
intestinal and hepatic drug disposition of 14C-PARA using
an absolute bioavailability study design of an oral
paracetamol microdose administered together with a
concomitant i.v. therapeutic paracetamol dose. The Mooij
et al. study dosed approximately 3 ng kg–1 and nine
patients were included, up to the age of 6 years. No group
PK data were presented in this short communication.

This paper reports the results of a European-wide col-
laborative research programme known as the Paediatric
Accelerator Mass Spectrometry Evaluation Research Study
(PAMPER). The collaborators put together an operational
plan in two European countries viz. the United Kingdom
and Estonia to address the necessary legal/ethical, regula-
tory, clinical and scientific procedures required to permit
the application of AMS in paediatric microdose studies.
The study involved a well-characterized and regularly
used drug in paediatric medicine, paracetamol (PARA)
(paracetamol) whose PK have been reported in this popu-
lation (paediatric PK studies summarized in [28]. Here we
aimed to examine the feasibility of giving an isolated
microdose in young children through an assessment of
whether PK parameters of PARA in infants and neonates
following a therapeutic dose (using [14C]-PARA mixed in
a therapeutic dose as a microtracer) are similar to PK pa-
rameters for the single isolated microdose of [14C]-PARA
not administered at the same time as a therapeutic dose,
to determine dose-linearity of the approach. The results
highlight the potential to use an AMS microdosing
approach also for (new) less characterized compounds
than PARA in the paediatric population.
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The objectives of this proof of concept exploratory
study were:

1. To prepare all the necessary ethical, regulatory and sci-
entific documentation to permit a [14C]-microtracer
and an isolated microdose paediatric study using
PARA as a model drug, in two European countries.

2. To conduct a microtracer/isolated microdose compar-
ison study in children up to the age of 2 years.

3. To establish the PK of a microtracer of [14C]-PARA
ncorporated in a therapeutic dose using non-
compartmental analysis (NCA) and extant data.

4. To compare NCA PARA PK parameters for an isolated
microdose not administered at the same time as a
therapeutic dose.
Methods

Test substances and reagents
Oral PARA syrup (Efferalgan, 30 mg ml–1; Bristol Myers
Squibb or Pharmacopoiea grade equivalent) and PARA
(Perfalgan, Bristol Myers Squibb or European
Pharmacopoiea grade) for intravenous administration were
used for this study. [14C]-PARA (Moravek Biochemicals Inc,
Brea, USA), specific radioactivity 2.85 GBq mmol–1 was
repurified and certificated by the Pharmaceutical Research
Institute, Warsaw, Poland to a purity of 99.9% w/w, (1.1 ml
ethanol solution contained approximately 5.55 MBq [14C]-
PARA concentration 0.27 mg ml–1, 5.032 MBq ml–1) and
shipped to Cambridge University Hospitals NHS Founda-
tion Trust, Cambridge, UK for GMP i.v. formulation. Stability
testing of the ethanol stock solution of [14C]-PARA when
stored at �20°C showed no degradation over a 12 month
period. PARA standards for HPLC were USP grade or equiv-
alent. All other chemicals and reagents used were pharma-
copoeia grade or equivalent.

For UPLC method development and AMS validation
[14C]-PARA purchased from American Radiolabeled
Chemicals Inc (ARC Inc, United Kingdom) was used. 12C-
PARA was purchased from Sigma-Aldrich (Zwijndrecht,
The Netherlands). Blank human EDTA-plasma was ob-
tained from Bioreclamation Inc (USA). All plasma samples
were screened for background PARA concentrations.
Only blank plasma samples, negative for PARA, were in-
cluded in the study. A pool of blank plasma was prepared
by mixing equal volumes from six individuals.

Dose formulation and administration
An intravenous sterile formulation of [14C]-PARA in 5%
w/v glucose solution (0.22 ml containing 111Bq [14C]-
PARA, specific radioactivity 2.85 GBq mmol–1 equivalent
to 5.91 ng PARA) was prepared in the MHRA GMP
accredited Radiopharmacy Department, Cambridge Uni-
versity Hospitals NHS Foundation Trust, Cambridge, UK.
This sterile formulation was used both for enteral or
intravenous administration to paediatric patients. The
sterile formulation was stored at 2–8°C and showed no
degradation over the study period nor was there any
evidence of non-specific binding to the filtration appara-
tus or storage vials.

Administration of [14C]-PARA was either enterally or
intravenously (111 Bq kg–1) in one of two scenarios. Sce-
nario 1 (microtracer dose) involved administration of the
sterile [14C]-PARA formulation alongside either an enteral
or i.v. therapeutic PARA dose. The latter dose was deter-
mined by the baby’s body weight and is documented
in Table 1. Scenario 2 involved administration of the ster-
ile [14C]-PARA formulation (111 Bq kg–1, 5.91 ng kg–1)
either enterally or intravenously alone (microdose). Sce-
nario 1 dosing was part of normal clinical practice with
[14C]-label administration occurring alongside a sched-
uled therapeutic dose of PARA. Scenario 2 dosing was
only in infants not given PARA, providing information
on dose linearity. All details of the dosing procedures
can be found in Table 1.

Paediatric patients
Children were eligible to be included in this study if they
were preterm neonates (32–36 gestational weeks at birth)
up to 2 years of age and had intravenous lines in place (for
i.v. administration) or were able to tolerate enteral admin-
istration of [14C]-labelled PARA and had suitable vascular
access for blood sampling. Exclusion criteria were a history
of allergy or hypersensitivity to PARA, serious hepatic or re-
nal impairment, haemofiltration, peritoneal/haemodialysis
or ECMO (extracorporeal membrane oxygenation). Ethical
approval was obtained from the relevant Research Ethics
Committees for the hospitals where patient enrolment oc-
curred and all parents or an adult who carried parental re-
sponsibility provided fully informed consent for their child
to be included as defined in the Declaration of Helsinki
[29]. No radioactive substance administration approval
was required as the administered radioactive dose was be-
low 1 μSievert, the UK Administration of Radioactive Sub-
stances Advisory Committee (ARSAC) exemption level.
The clinics participating in this study were Paediatric Inten-
sive Care Unit (PICU), Alder Hey Children’s NHS Foundation
Trust, Liverpool, UK and Tartu University Hospital, Tartu,
Estonia.

All i.v. microdosed children received i.v. therapeutic
PARA prior to the microdose at varying preceding time
intervals. Two out of the four enterally microdosed
babies had no preceding PARA.

Blood collection
Blood samples were obtained from an arterial line, cen-
tral venous line or capillary sample. A predose sample
was obtained before administration of the [14C]-PARA
and subsequently up to five post dose samples at se-
lected time points (typical sampling times: enteral dosing
0.5, 1, 2, 3 and 8 h; i.v. dosing 0.1, 0.25, 5, 5.5 and 6 h)
Br J Clin Pharmacol / 80:1 / 159



Table 1
Detailed patient information with individual pharmacokinetic parameters (AUC(0,t) and CL) for APAP

Patient number Route of administration *Dose kg
–1

Post-menstrual age (weeks) Body weight (kg) Gender †AUC(0-t) (ng ml
–1

h) †‡CL (l h
–1
)

AH15 i.v. 6 ng 44.9 3.0 M 0.0261 0.6848

AH17 i.v. 6 ng 73.7 8.0 F 0.0234 2.0815

AH19 i.v. 6 ng 36.3 2.6 F 0.0255 0.6166

AH21 i.v. 6 ng 127.0 9.8 F 0.0200 2.8451

AH23 i.v. 6 ng 42.9 5.1 F 0.0234 1.2721

AH35 i.v. 6 ng 35.6 3.0 M 0.0058 3.0660

AH14 Oral 6 ng 39.1 2.3 M 0.0174 0.7941

AH16 Oral 6 ng 75.4 5.5 F 0.0111 2.9355

AH18 Oral 6 ng 44.1 2.9 M 0.0211 0.8228

AH20 Oral 6 ng 77.0 6.3 F 0.0294 1.2887

AH01 i.v. 7.4mg 41.0 3.4 F 18964.88 1.3182

AH03 i.v. 14.9mg 57.7 6.7 F 46125.36 2.1680

AH05 i.v. 14.1mg 75.4 7.1 M 53037.72 1.8855

AH08 i.v. 15.0mg 76.3 8 M 63645.26 1.8855

AH09 i.v. 15.0mg 86.0 10 M 50845.19 2.9501

AH10 i.v. 15.0mg 79.3 5.9 M 55117.83 1.6329

AH12 i.v. 20.0mg 38.6 2.6 F 15527.7 1.2880

AH13 i.v. 7.8mg 39.9 3.2 M 30322.2 0.8245

AH24 i.v. 14.1mg 66.9 6.4 F 43440.96 2.0718

AH25 i.v. 14.8mg 52.0 4.1 F 21867.59 2.7438

AH26 i.v. 7.1mg 40.1 3.5 M 13069.82 1.9128

AH27 i.v. 7.0mg 41.3 3.6 M 8119.676 3.0789

AH28 i.v. 7.4mg 38.6 3.2 M 11855.91 2.0243

AH29 i.v. 15.2mg 49.1 3.3 M 19569.3 2.5550

AH31 i.v. 7.3mg 41.9 3.7 F 11848.15 2.2788

TP09 i.v. 8.0mg 36.0 3.9 F 2069.503 14.4962

TP13 i.v. 9.0mg 36.0 2.3 F 18410.7 1.0863

AH02 Oral 7.2mg 38 2.5 M 134629.9 0.4457

AH04 Oral 15.4mg 79.4 7.8 F 41954.4 2.8602

AH06 Oral 15.0mg 68.7 6.0 M 40109.02 2.2439

AH11 Oral 13.6mg 52.1 4.4 M 11495.91 1.5658

AH32 Oral 15.0mg 50.9 5.0 F 15655.72 4.7906

AH33 Oral 15.0mg 43.6 4.0 M 12051.86 4.9785

*Infants were administered either a) 111 Bq kg
–1

[
14
C]-PARA as a microdose (6 ng kg

–1
) or b) a microtracer dose alongside the therapeutic dose listed in the table. †Individual AUC

(0-t) and CL values based on dose of PARA administered. ‡Apparent clearance (CL/F) was obtained for oral route.

R. C. Garner et al.
which had previously been determined from PARA PK
modelling using literature data as likely to provide the
most informative PK data. Blood 100–250 μl was col-
lected in Microtainers (Becton Dickenson) containing
EDTA and centrifuged shortly after collection to obtain
plasma. Aliquots (10 or 15 l) of plasma were saved into
small cryotubes (usually 2–3 per sample) and immedi-
ately frozen for storage at a minimum of�20°C. The total
volume of blood obtained from each baby did not ex-
ceed 1.1 ml, a volume well within the European Medi-
cines Agency recommended limits for blood sampling
for all age groups included in the study [30]. Samples
were shipped on dry ice to TNO Zeist, The Netherlands
for UPLC and AMS bioanalysis.
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Plasma [14C]-PARA measurement by UPLC-AMS
Plasma 10 or 15 μl was diluted with 0.9% w/v NaCl to 45
μl and subsequently extracted using 175 μl 100% v/v
methanol containing 6.6 μg ml–1 PARA in 96-well protein
precipitation plates. The pellet was washed with 100 μl
0.9% NaCl : 100% methanol (1 : 4 v/v). Resulting filtrates
were evaporated to dryness and redissolved in 30 μl 10
mM ammonium phosphate pH 3.4 (Eluent A) of which
25 μl was used for UPLC analysis. A PARA solution, spe-
cific radioactivity = 3700 Bq [14C]-PARA 100 μg–1 PARA
in blank pooled plasma was used to prepare eight cali-
brator levels and three quality control sample levels from
0.4 to 180 mBq ml–1, and from 1.7 to 131 mBq ml–1,
respectively.
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Calibrators (duplicate), QCs (triplicate) and sample ex-
tracts were injected onto a UPLC coupled to a PDA.
Chromatograpic conditions can be found in Table 2.
PARA in 100% methanol was added to each collected
fraction to increase the [12C] carbon content to 25 μg.
Fractions were transferred to a tin foil cup and evapo-
rated to dryness.

A novel AMS sample introduction method was used
in this study [31]. Briefly, a tin foil cup was combusted
using an elemental analyzer (Vario Micro, Elementar, Ger-
many), and the resulting CO2 was captured on a zeolyte
trap. CO2 was released by heating of the trap and
transferred to a vacuum syringe using helium. The
resulting 6% v/v gas mixture of CO2 with helium was in-
fused at a pressure of 1 bar at 60 μl min–1 into the tita-
nium target in the SO110 ion source of a 1 MV
Tandetron AMS (High Voltage Engineering Europe B.V.,
The Netherlands).

The scientific method of validation for the LC/AMS anal-
ysis was based on the recommendation of the European
Bioanalytical Forum [32]. Details of the validation results
are presented in the supporting information.
AMS data processing
The combustion-CO2-AMS method uses a calibration line
(CAL) procedure in which the individual baby’s PARA
plasma concentration is determined by extrapolating from
the CAL line. Results are expressed as mBq ml–1 plasma
which is then converted to the PARA concentration from
the specific radioactivity of the dose administered to each
baby. For the microdose arm of the study (Scenario 2) a
dose value of 6 ng kg–1 paracetamol was assumed. Con-
centrations of PARA in plasma were calculated from the
Table 2
UPLC conditions for recovery of [14C]-PARA from plasma extracts

Eluent A
10 mM ammonium
phosphate pH 3.4

Eluent B 100 % v/v methanol

UPLC column Aquity UPLC (Waters), BEH C18 1.7 μm
2.1 × 100 mm column

Flow rate 0.3 ml min
–1

Column temperature 30°C

Chromatography conditions 0–1 min 100% A and 0% B

1–10 min linear gradient from 100% A and 0% B

to 95% A and 5% B

10–12 min 95% A and 5% B

12–15 min linear gradient from 95% A and 5% B

to 0% A and 100% B

15–20 min 0% A and 100% B

20–20.10 min linear gradient from 0% A and

100% B to 100% A and 0% B

20.10–20.50 min 100% A and 0% B

20.50–28 min 100% A and 0% B at a flow rate of

0.4 ml min
–1

28–29 min 100% A and 0% B
concentration in the UPLC fraction, the volume of plasma
extracted and the volume of extract analyzed.

Pharmacokinetics
PK parameters were calculated using a non-
compartmental model with WinNonLin software version
6.3 (Certara, St Louis, Missouri, USA). The input data were
the plasma concentration values of PARA in ng ml–1,
sampling times (h) and doses administered. Output pa-
rameters were time to Cmax, terminal half-life, clearance,
apparent volume of distribution and area under the
curve (AUC). AUCs were calculated by use of a combina-
tion of linear and log trapezoidal approximations.
Results

Study setup
The UK Medicines and Healthcare products Regulatory
Agency (MHRA) agreed that this was a physiological
study of a medicine used within the terms of its market-
ing authorization to validate a new methodology and so
was not a Clinical Trial of an Investigational Product
(CTIMP). Radiation dose calculations were undertaken
using ICRP’s recommended model [33] where the body
is regarded as a single compartment with a biological
half-life of 40 days. Assuming an administered dose of
1387 Bq (111 Bq kg–1 to a 12.5 kg infant) this gave a
whole body effective dose value of 0.8 μSieverts or 0.3
μSieverts using an alternative model [34]. Based on the
ICRP conservative estimate this radioactive dose equates
to less than 10% of background exposure. 50% of parents
approached about the trial agreed to the participation of
their child.

The study recruited at two paediatric clinics between
January 2013 and December 2013 in Liverpool, United
Kingdom (Alder Hey Children’s NHS Foundation Trust)
and Tartu, Estonia (Tartu University Hospital). The youngest
baby recruited was 35.6 weeks and the oldest 127 weeks
post-menstrual age (see Tables 1 and 3). In general it was
not possible to administer an isolated microdose of PARA
to PARA naïve infants because PARA therapy is a normal
part of treatment for sick babies in intensive care. PARA
microdose administration was separated in time from the
pre- and post-therapeutic PARA dose administration.

Ten babies in total received either an enteral or i.v.
microdose of [14C]-PARA alone whilst the remainder re-
ceived [14C]-PARA mixed with a therapeutic PARA dose.
The microdose route of administration was selected on
the basis of whether or not the babies might have re-
quired therapeutic PARA by this route at some stage dur-
ing their treatment. Only babies who had a) blood
collected from in-dwelling cannulae, b) a minimum of a
predose sample and three time points after [14C]-PARA
and c) valid AMS bioanalysis measurements were included
in the non-compartmental analysis making a total of 33
Br J Clin Pharmacol / 80:1 / 161



Table 3
Summary of patient details and dosing information for infants dosed
with [14C]-PARA

Dose and
dosing
route

Number of
infants
and gender
(Male/
Female)

Median
post-
menstrual
age (weeks)
(range)

Median
body
weight
(kg)
(range)

¶Age
classification –

ICH E11

i.v. microdose* 6 (2M/4F) 43.9 (35.6–127) 4.1 (3–9.8) Preterm – 2

Term – 1

Infants – 3

i.v. therapeutic

dose†

18 (10M/8F) 41.9 (36–86) 3.7 (2.3–10) Preterm – 2

Term – 7

Infants – 9

Oral

microdose‡

4 (2M/2F) 59.7 (39.1–77) 4.2 (2.3–6.3) Preterm – 1

Term – 1

Infants – 2

Oral therapeutic

dose§

6 (4M/2F) 51.5 (38–79.4) 4.7 (2.5–7.8) Preterm – 0

Term – 2

Infants – 4

*6ng kg
–1

PARA and 111 Bq [
14
C] kg

–1
PARA i.v. †i.v. therapeutic PARA dose as

appropriate for age and weight of infant plus 111 Bq [
14
C] PARA kg

–1
, 6 ng

PARA kg
–1
. ‡Oral 6ng kg

–1
PARA and 111 Bq [

14
C] PARA kg

–1
administered by

enteral tube. §Oral therapeutic PARA dose as appropriate for age and weight
of infant plus 111 Bq [

14
C] PARA kg

–1
, 6 ng kg

–1
PARA by enteral tube. ¶Based

on post-menstrual age where term is 40 weeks.

R. C. Garner et al.
babies for PK analysis. This dataset was substantially larger
with more children of a younger age group than the previ-
ously published PARA microtracer study [27]

Optimal blood sampling time windows were esti-
mated using PopDes software [35], where a structural
PK model (values of the PK parameters, the between-
subject variability of the PK parameters, the residual var-
iability and an initial sampling scheme) was specified
using literature data.

PK analysis
A summary of the PK analysis is presented in Table 4
which presents the PARA PK parameters. The Cmax and
AUC(0,t) values are presented non-normalized and
dose-normalized. Table 4 shows that for both enteral
and i.v. routes the microdose tmax, clearance and half-life
Table 4
PARA pharmacokinetic parameters in neonates and infants

*Dose and route
tmax

(h)
†Cmax

(mg l
–1
)

†AUC(0,t)
(mg l

–1
h)

i.v. therapeutic 0.93 (1.84) 0.16 (0.06) 0.54 (0.26) 28.

i.v. microdose 0.47 (0.72) 0.30 (0.19) 0.84 (0.57) 2.0

Oral therapeutic 1.05 (0.74) 0.14 (0.12) 0.70 (0.79) 21.

Oral microdose 0.65 (0.36) 0.24 (0.1) 0.90 ((0.43) 1.9

Data are presented as mean and (SD). tmax, time to maximum concentration; t1/2, half-life; C
point t (last time point was ~ 6 h in i.v. and ~8 h in oral PARA); Vss, apparent volume of distr
concentrations from subjects listed in Table 1 were used in the PK calculations. †Dose norm
AUC(0,t). ¶Apparent clearance CL/F. **Vss was calculated by CL × mean residence time (MR
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was approximately half the values found with the
microtracer incorporated into a therapeutic dose. The re-
sults of the PK NCA conducted with the i.v. microtracer
mixed with a therapeutic dose were similar, but not iden-
tical, to the results from a similar NCA conducted with
unlabelled PARA [31]. Time to Cmax was slightly longer
in this study and t1/2 was slightly shorter in this study.
The differences were within the two-fold variation we
used as an a priori threshold for discrepant parameters.

Figure 1 is a semi-logarithmic plot of the PARA clear-
ance curve after i.v. administration of either a therapeutic
or a microdose (6 ng kg–1). The data are presented as a
scatter plot with the line of best fit drawn since the blood
collection times after PARA dosing were not identical be-
tween babies or between doses. Figure 2 presents clear-
ance data from the enteral therapeutic and microdosing
arm of this study also with dose-normalization.
Discussion

This European collaborative project, known as PAMPER,
was set up to develop methodology using [14C]-PARA
as a model drug to conduct a paediatric exploratory clin-
ical microdose study in the 0–2 year old age group and to
examine the relationship between PK for a microdose
given at a different time to a therapeutic dose and a
microtracer mixed in with a PARA therapeutic dose. PARA
is a widely prescribed drug whose paediatric PK have
been well-documented [36]. The feasibility of the meth-
odology has been demonstrated using a well-
characterized probe molecule. The data illustrate that
the systemic PARA PK parameters between the two
doses are comparable when dose-normalized.

Preparation and formulation of the labelled medi-
cines did not pose any practical problems. We encoun-
tered no significant barriers to the setup of this study
from ethical or radiological perspectives. This study
was conducted in the United Kingdom and Estonia and
so met the regulatory requirements for a clinical study
in two EU Member States. In other jurisdictions the
‡AUC(0,t)
(mg l

–1
h)

t1/2
(h)

§¶CL
(l h

–1
)

**††Vss

(l)

46 (19.32) 3.78 (3.09) 2.72 (3.10) 7.16

71 x 10
�5

(0.760 x 10
�6

) 1.69 (0.88) 1.76 (1.07) 2.55

326 (47.122) 2.62 (3.05) 2.93 (2.08) 8.36

75 x 10
�5

(0.766 x 10
�6

) 1.64 (1.02) 1.46 (1.00) 2.65

max, maximum concentration; AUC(0,t), Area under the curve from 0 h to last time
ibution calculated from dose/ AUC(0,t) assuming 100% bioavailability. *all plasma
alized. ‡Values not normalized. §Systemic clearance (CL) was calculated by Dose/
T). ††Apparent volume of distribution V/F.
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regulatory authorities may have different requirements.
Whilst this study did not offer any prospect of direct
benefit to the participants, the additional [14C]-labelled
PARA dose of 6 ng kg–1 was trivial in comparison with
the therapeutic dose and for the microdose represented
less than permitted API impurity levels for the glucose
vehicle. The radiological exposure was calculated using a
worst case scenario to be well below background expo-
sures. Accordingly the participants will have experienced
no harm due to participation in the study. On the other
hand, the results from the study could be of general utility
for the development of drugs for the paediatric population
and hence the study can be ethically justified.

The 50% acceptance rate among parents approached
about the study suggests that any concerns relating to
the radiation exposure for a number of families were
overcome. This acceptance rate was similar to that for
PK studies conducted on these units which do not use la-
belled probes [37]. The parents who gave a reason for not
participating most commonly said that they were con-
cerned that their child was too sick to be in any studies
and/or that they were concerned about the volume of
blood that would be sampled. None of the parents
expressed concerns about the radioactivity after the ex-
planations had been given. Our participants were in-
patients in a paediatric intensive care unit and all had
intra-arterial access. Review of the blood biochemistry
indicated that there were no clinically relevant abnormal-
ities in liver function or renal function among the
participants.

The results of the PK NCA conducted with the i.v.
microtracer mixed with a therapeutic dose were similar,
but not identical, to the results from a similar NCA
Figure 1
Semilog plots of the dose-normalized PARA plasma concentration–time profile
ng kg–1 microdose. Results are presented as mean ± 1 SD. i.v. therapeutic
conducted with unlabelled PARA [38]. Time to Cmax was
longer and the clearance was slower. The changes were
within the two-fold variation we used as an a priori
threshold for discrepant parameters. Encouragingly the
values for CL (apparent clearance for enteral route)
obtained in our study for therapeutic and microdoses
(enteral and i.v.) of PARA were broadly in agreement with
those reported by others of approximately 2.0–3.0 l h–1

[36,38, 39] accepting that our study had a relatively small
numbers of babies. In contrast the type of care received
by the participants in the Zuppa et al. study [38] was
not stated although all participants had intravenous ac-
cess. It is possible that comorbidities in our group
prolonged distribution and elimination without leading
to changes in biochemical measures of renal or hepatic
function.

The values for tmax and t1/2 following the administra-
tion of a microdose appear to be similar to what would
be seen following the administration of a therapeutic
dose to a PARA naïve infant. In the paper by Zuppa
et al., tmax for i.v. administration to infants was median
0.29 h, range 0.3–1.4 h which is similar to the mean
0.47 (SD 0.75) observed here for the microdose not ad-
ministered at the same time as a therapeutic dose [38].
In the light of clinical circumstances in an ICU where PARA
is routinely used and where there is little possibility of
recruiting a PARA naïve baby, the microdoses were admin-
istered a median of 4 h (range 1.5–17 h) after a previous
therapeutic dose and a median of 9 h (range 0.5–15.3 h)
before the next therapeutic dose. Given an elimination
half-life for PARA of circa 2 h the microdose time separation
from a therapeutic dose is a reasonable approximation to a
true microdose in a PARA-naïve participant.
s after administration of either i.v. single therapeutic doses or a single 6
dose; i.v. microdose
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Figure 2
Semilog plots of the dose-normalized mean PARA plasma concentration–time profiles after administration of either oral single therapeutic doses or a
single 6 ng kg–1 microdose. Results are presented as mean ± 1 SD. therapeutic dose; microdose

R. C. Garner et al.
Most of the parameters in the non-compartmental anal-
yses for microtracer and microdose were within the a priori
threshold of a two-fold difference. This threshold provides
a frame of reference for comparison between different PK
studies ([40–42] but is not intended to provide a criterion
for the acceptance or rejection of this technique. Compari-
sons also need to take into account other aspects of the
similarities and differences between dosing regimens. The
shape of the plasma clearance curve for either an enteral
or i.v. dose was similar for a microdose not administered
at the time of a therapeutic dose and a microtracer mixed
with therapeutic dose administration.

The microdose used here was administered at a dif-
ferent time from a therapeutic dose but the patients
were not PARA naïve. A true microdose would have re-
quired the recruitment of PARA naïve infants. This was
a consequence of conducting this study in infants with
appropriate vascular access and a medicine that parents
are familiar with. Since the microdose was so small (ng
kg–1), it is possible in microdose babies, that a residual
pool of PARA was present from prior therapeutic dose
PARA administration and that the [14C]-PARA microdose
pulse labelled this pool. In other words, the PK data ob-
tained were that associated with pool turnover rather
than the isolated microdose per se. This does not detract
from our demonstration of proof-of-concept for explor-
atory PK studies involving enteral and systemic
microdoses in young children.

The patient numbers in this study are still relatively
small, particularly when broken down into the separate
164 / 80:1 / Br J Clin Pharmacol
dosing groups. For example only four babies were ad-
ministered an enteral microdose. This reflected the op-
portunities available in clinical practice. Nevertheless
despite the small group size, PK parameters between a
microdose and a therapeutic dose were similar and com-
pared with literature values.

Paediatric microdosing with AMS bioanalysis may offer
some advantages over current LC/MS methods to gather
exploratory PK data including a) the use of 10–15 microliter
sample plasma volumes, which is even two to three times
lower than used in both other microdosing/tracing articles
in paediatric patients [26, 27], b) the ability to take multiple
blood samples at time points after drug administration, c)
high analytical sensitivity (attograms to zeptograms)
permitting trace drug doses to be administered and d) re-
duction or elimination of safety and pharmacology issues
since there is no chance that drug targets become satu-
rated. Conversely routine AMS bioanalysis after microdose
administration requires a) the administered drug to be
[14C]-labelled albeit at background levels of radioactivity,
b) that there is wide availability of AMS instruments for
bioanalysis and c) that there is dose-proportionality be-
tween a microdose and a therapeutic dose. A preliminary
report of the PAMPER study after five babies were recruited
was presented at the European Society for Developmental,
Perinatal and Paediatric Pharmacology in Salzburg, Austria
in June 2013. A short communication, published by Mooij
et al. [27], appeared whilst our manuscript was under
review and differs substantially from this study. Our study
reports on the PK of an isolated microdose given either
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orally or i.v. whereas the Mooij et al. communication re-
ported on an oral microdose given at the same time as an
i.v. therapeutic dose [43].

This observational study has demonstrated that an oper-
ational plan can be put in place to meet the scientific, legal,
regulatory and ethical challenges in order to conduct paedi-
atric microdose studies with AMS bioanalysis. The proce-
dures developed here, when extended to other drugs,
could be used to establish if microdosing has general utility
for routine paediatric development of appropriate drugs,
such as those which are not transporter dependent and
which aremetabolized before elimination. This could permit
new drugs to enter into the neonate and infant population
earlier than currently practised. Microdose PK data, obtained
after intensive blood sampling, could be used to compare
PK parameters calculated from paediatric PBPK modelling
studies in order to determinemore accurately the therapeu-
tic dose for clinical efficacy studies. Furthermore microdose
PK data alongside PBPK modelling studies [44] should give
greater confidence that modelling data truly reflects a
drug’s metabolism in this sensitive population. Finally we
suggest that further microdose/therapeutic dose paediatric
PK studies should be undertaken with other model drug
substrates to establish when these methods could be used
in selected Paediatric Investigation Plans.
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