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ABSTRACT

Introduction Anticipated or actual pain in neonates
results in use of paracetamol for prolonged pain relief

in many neonatal intensive care units. Clinical trials
examining safety of paracetamol exposure in neonates
have been of short duration (1-3 days) and hepatic
biomarkers and paracetamol metabolism are rarely
reported in the same studies. We aim to investigate the
safety (hepatic tolerance) and effectiveness of prolonged
paracetamol exposure in neonates by measuring hepatic
biomarkers, plasma concentrations of paracetamol and

its metabolites and pain scores. In addition, we study a
possible interaction between ethanol and paracetamol.
Methods and analysis A multicentre interventional
cohort study. Neonates of any gestational age and

up to 44 weeks postmenstrual age, treated with oral

or intravenous paracetamol can be included. Alanine
aminotransferase (ALT) and bilirubin are measured at
baseline or within 24 hours after treatment initiation.
P-paracetamol and metabolites are measured at steady
state and every 2 days (opportunistically) together with ALT
and bilirubin and lastly after discontinuation of treatment.
COMFORT neo pain scores are collected longitudinally.
COMFORT neo pain scores and population pharmacokinetic
analysis of paracetamol samples will be analysed
simultaneously using non-linear mixed effects models. One
and two compartment models with first-order elimination
will be tested for disposition. In addition, plasma ethanol

is measured if the patient receives concomitant treatment
with intravenous or oral phenobarbital containing ethanol
as an excipient.

Ethics and dissemination Inclusion of patients can be
postponed 24 hours after the first paracetamol dose. This
is intended to make the inclusion process less stressful
for parents. This study uses standard dosing strategies.
The potential risks are additional blood samples, which are
collected opportunistically to reduce additional heel pricks.
Trial registrationnumber Ethics Comittee:
H-17027244, EudraCT no: 2017-002724-25, BFH-2017—
106, 05952.

INTRODUCTION
Adequate pain management in neonates is a
major issue in neonatal care. Anticipated or

What is already known on this topic?

» In neonatal pain paracetamol is increasingly pre-
scribed to reduce opioid use, and it has been shown
to have opioid-sparing effect.

» Prospective data suggest a good tolerability and
no major adverse events including the absence of
drug-induced hepatic toxicity when administered for
3 days or less.

» A few cases have described paracetamol overdos-
ing in neonates showing variable increase in hepatic
biomarkers. All were treated with N-acetylcysteine
and recovered without sequelae.

What this study hopes to add?

» Safety and pharmacokinetic information on pro-
longed use (>72 hours) of paracetamol in term and
preterm neonates.

» Potential changes in hepatic biomarkers (bilirubin,
alanine aminotransferase and coagulation factors I,
VIl and X) after prolonged (>72 hours) paracetamol
administration in neonates.

» Data regarding plasma paracetamol concentrations
and analgesic effect.

actual pain in neonates results in extended
use of pain medications, and paracetamol is
used for pain relief in almost every neonatal
intensive care unit (NICU).! Clinical trials
examining safety of paracetamol exposure
in neonates are primarily of short dura-
tion (1-3 days) and hepatic biomarkers and
paracetamol metabolism are seldom reported
in the same studies.** Since paracetamol
is widely used as prolonged treatment in
neonates and has a clinical significant opioid-
sparing effect,” it is highly relevant to investi-
gate safety of prolonged intravenous or oral
paracetamol. With emphasis on increased
risk of hepatic toxicity, for example, by
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Figure 1 Paracetamol and ethanol metabolism. The figure
illustrates the hepatic metabolism of paracetamol through
three different pathways: sulfation, glucuronidation and
oxidation (cytochrome P450 2E1 [CYP2E1]). In addition, the
metabolism of ethanol through CYP2E1 is shown.

induction of the CYP450 oxidative system due to long-
term exposure of paracetamol. This mechanism may be
superimposed by combination with ethanol-containing
drugs, which are metabolised by the same pathways. The
PARASHUTE study: intravenous and oral paracetamol
in neonates: safety and ethanol-drug interaction aims to
improve the knowledge on safe and effective paracetamol
treatment strategies in neonates.

Paracetamol metabolism

Paracetamol  (N-acetyl-p-aminophenol or acetami-
nophen) is used for its antipyretic and weak analgesic
effect. In children, paracetamol is metabolised mainly in
the liver through three metabolic pathways: glucuroni-
dation, sulfation and oxidation (figure 1). The contribu-
tion of each metabolic pathway differs by age. Sulfation
is considered the major pathway in young children®®
and shows no sign of saturation after up to 20mg/kg
intravenous paracetamol neonates<32 weeks gestational
age.” The glucuronidation pathway reaches adult levels
around 12 years of age.” One trial found no evidence of
glucuronidation upregulation after up to 12 repeated
paracetamol doses in neonates and infants,® which previ-
ously was the understanding in both adults and children.®
The oxidation pathway accounts for <10% in adults' "'
and occurs primarily via cytochrome P450 2E1 enzyme
(CYP2EL). The product of oxidation is N-acetyl-p-ben-
zoquinone imine (NAPQI), which is excreted in urine
as conjugates with mercapturic acid and cysteine. These
metabolites may provide an indirect estimate of NAPQI
formation.'> CYP2E1 activity is lower in neonates and
increases gradually during the first 90 days of life."”
Hepatic micro samples have shown less CYP2E1 protein
in samples from neonates compared with infants, chil-
dren and young adults.'* All metabolites are excreted
in urine and have no analgesic effect.'” Less than 4% is
excreted unchanged in the urine in all ages.7 1015 Overall
clearance is reduced in neonates, that is, very preterm:
0.090L/hour/kg, preterm 0.116L/hour/kg and term

infants 0.170 L/hour/kg4 and reaches 90% of adult
values at 1year of age.

Safety and repeated dosages

Repeated doses of paracetamol administered to neonates
could shift the metabolism towards oxidation via CYP2E1
and formation of NAPQI. In adults the sulfation pathway
is saturable and eventually the glucuronidation pathway
at supratherapeutic doses.'® '” The risk of hepatotox-
icity associated with paracetamol is caused by NAPQI
(figure 1). Conjugation with glutathione renders NAPQI
non-toxic. If glutathione becomes depleted by 70% or
more, NAPQI formation rises, leading to mitochondrial
dysfunction, cell death and necrosis.'® As suggested from
case reports of paracetamol overdosing,' neonates are
capable of forming NAPQI but appear to have a lower
incidence of hepatic failure than adults.”” This may be
explained by relative immaturity of the CYP450 oxidation
system and a larger sulfation capacity."* In addition, a
relatively larger liver volume per kilogram found in chil-
dren may contribute to the low incidence.”!

Three studies examined repeated intravenous parac-
etamol administration in neonates for: 31 hours, 48 hours
and 4 days (range 1-9 days).*™ Two of the studies
measured paracetamol, paracetamol metabolites and
hepatic biomarkers (bilirubin, alanine aminotransferase
[ALT], aspartate aminotransferase [AST])2 * and one
trial measured paracetamol concentration and hepatic
biomarkers (bilirubin, ALT, gamma-glutamyl transferase
(GGT), alkaline phosphatase and albumin).” Notably,
paracetamol was administered repeatedly for several days
despite a threefold increase in ALT in one patient and
moderate increase in three patients.” For all patients the
authors proposed that other causes could explain the
elevated enzymes, for example, total parental nutrition.”
Few studies examined multiple oral doses of paracetamol
in neonates." Anderson et al randomised 30 neonates
(gestational age at birth 31-40 weeks) and infants to
receive either paracetamol suppositories or oral solution
administered over 2 days and measured only pharmaco-
kinetic parameters.”

A review from 2018 found 19 ongoing studies exam-
ining paracetamol for persistent ductus arteriosus, with a
variable focus on safety with few studies reporting hepatic
biomarkers as secondary outcome and none measures
paracetamol metabolites.*

In one trial, a NICU database and pharmacy register
were used to examine hepatic biomarkers in 189 neonates
who had received repeated doses of paracetamol for a
median of 60hours (range 6-480hours); no significant
increase in ALT, AST or GGT was found.**

At least five cases of paracetamol overdoses in preterm
neonates have been published. Doses ranged from 136
to 446mg/kg/dose. N-acetylcysteine was administered
for up to 7 days. Increased international normalised ratio
and bilirubin were seen in some cases but no other signs
of hepatotoxicity were identified and no long-term conse-
quences were detected.'’
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Analgesic effect of paracetamol and pain scores
According to a number of studies and systematic reviews,
the way of administration, as well as, loading and mainte-
nance dose influence the target blood concentration and
hence the analgesic effect of paracetamol.' * * Existing
evidence from one clinical trial and one newer dosing
guideline supports a mean steady state target paracetamol
concentration of 9-11mg/L to achieve analgesic effect in
neonates born between 26 and 41 gestational weeks. 2%
This is based on pain scores (Leuven Neonatal Pain
Score) correlated with plasma paracetamolin 19 neonates
receiving intravenous paracetamol as single analgesic.
However, only few data exist and treatment recommen-
dations varies between countries.? Furthermore, two
studies have shown significant morphine-sparing effect
of paracetamol.”*®

Numerous pain scores are used throughout NICUs
internationally. All Danish NICUs use the COMFORT
neo pain score for evaluation of pain in neonates. The
COMFORT neo pain score has been used for preterm
and term neonates for prolonged and acute pain.w_‘%1

Ethanol-paracetamol interaction

A number of excipients can interact with drug metabo-
lism and neonates might be more susceptible to this type
of interaction.*? Ethanol (alcohol) is an excipient used
in many intravenous and oral formulations, for example,
phenobarbital, to increase solubility or act as a preserv-
ative. The pharmacokinetics and safety of ethanol in
neonates are poorly described.”” In one trial, ethanol
and the metabolite acetaldehyde were measured in 49
preterm infants receiving iron and furosemide compared
with a control group. They found that blood ethanol in
the exposed group was low, but the acetaldehyde level
was consistent with moderate alcohol exposure.”” Both
paracetamol and ethanol is metabolised by CYP2EI and
the two substrates may compete for the limited capacity
of the enzyme.'” Alcohol may modify CYP2EI activity
and deplete glutathione stores in adults.”* Addition-
ally, phenobarbital inhibit glucuronidation and poten-
tiate oxidation in vitro while human studies suggest a

protective role in paracetamol-induced hepatotoxicity
with no clear mechanism described."”

Objectives

We aim to explore if prolonged (>72hours) treatment
with intravenous or oral paracetamol administered to
neonates is associated with hepatotoxicity assessed by
hepatic biomarkers (ALI, bilirubin and coagulation
factor II, VII and X), paracetamol metabolites and
paracetamol concentration (table 1).

Secondary aims are: first, to collect COMFORT neo
pain scores and associate these with paracetamol concen-
trations. Second, to examine if ethanol-containing drugs
(intravenous/oral phenobarbital) are associated with
higher plasma ethanol and if the presence of ethanol
may interact with paracetamol (table 1).

METHODS AND ANALYSIS
Design and population
The study is a multicentre interventional cohort study.

Neonates with any gestational age at birth and up to
44 weeks postmenstrual age admitted to the two largest
NICUs in Denmark, Rigshospitalet, Copenhagen Univer-
sity Hospital and Aarhus University Hospital, are eligible
for enrolment. The neonatal patients can be included
when they are expected to receive paracetamol (oral or
intravenous) for >72 hours.

A recent audit of medical records from the NICU at
Rigshospitalet revealed that approximately 10% of the
patients received intravenous paracetamol and 5% oral
paracetamol for >3 days (unpublished data, see online
supplementary table S1). Hence, the patient is treated
at the clinician’s discretion and the therapeutic strategy
is not decided by a protocol. The duration of treatment
and dose and administration (intravenous or oral) of
paracetamol will follow the prescription by the attending
physicians in the NICU (oral paracetamol was included
in Amendment A approved March 2018). Only standard
medicines are used. Eligible patients can be enrolled
before or after administration of paracetamol according

Table 1

Objectives and outcomes measures in the PARASHUTE study

Primary objective

Primary outcome

To explore if long-term (>72 hours) treatment with intravenous
or oral paracetamol administered to neonates leads to risk

of hepatotoxicity assessed by ALT, bilirubin, paracetamol
metabolites and paracetamol concentration.

Secondary objective

COMFORT neo pain scores

To examine if ethanol-containing drugs (phenobarbital) causes
a measurable rise in p-ethanol and if the presence of ethanol
interact with paracetamol in neonates.

Concentration-time data on plasma paracetamol,
paracetamol-sulfate, paracetamol-glucuronide, oxidative
metabolites and hepatic biomarkers (ALT, bilirubin) in
neonates before, during and after multiple administrations
of intravenous or oral paracetamol with focus on long-term
(>72hours) treatment.

Secondary outcome
COMFORT neo pain scores
Levels of paracetamol metabolites and levels of p-ethanol in

patients receiving an ethanol-containing drug compared with
the patients not receiving an ethanol-containing drug.

ALT, alanine aminotransferase.
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Table 2 Inclusion and exclusion criteria for the
PARASHUTE study

Inclusion criteria Exclusion criteria

» Neonates any gestational age
and weight of both sexes.
» Postmenstrual age up to 44 full

» The responsible
clinician finds the
patient unsuitable

weeks at inclusion. for the study.

» Intended treatment with » Hypersensitivity
intravenous paracetamol for any ~ towards
indication or intended treatment paracetamol.

with oral paracetamol for one
of the following indications:
fractures, intracranial or
extracranial haemorrhages,
chest tubes, postoperative pain
or painful skin lesions.
» Informed written consent from
both parents or legal guardian.
» Inclusion can be postponed
24 hours after treatment start.

Withdrawal criteria.
The responsible clinician finds that it is no longer appropriate for a
patient to continue in the study.

8

to eligibility criteria (tables 2 and 3). Inclusion and
measurement of ALT and bilirubin may be postponed
for 24hours (figure 2 and table 3). The subsequent
blood sample for measuring paracetamol or its metab-
olites is drawn 18-36hours or in close proximity after
consecutive administrations of paracetamol. This time
interval is chosen as steady state is expected to occur
approximately 18-36hours after administration of the
drug with or without loading dose, shown by Allegaert
et al™ The blood sample will be repeated 0-24hours
after treatment discontinuation. After the first sample,
plasma paracetamol, metabolites, ALT and bilirubin
will be measured opportunistically” every second day.
After 6 days of consecutive paracetamol treatment
samples are taken every third day to reduce the number
of samples and to ensure feasibility of blood sampling
during long treatment periods. Coagulation factors will
be measured in addition if ALT increases to more than
three times the upper normal value, this is standard
in the NICUs involved. ALT, bilirubin and coagulation
factors measured after treatment discontinuation will be
collected until normalisation. Discontinuation of treat-
ment and potential follow-up are done at the discretions

Table 3 Time schedule for participants in the PARASHUTE study

If the patient

Baseline Measurements receives
(first liver Opportunistic after treatment intravenous or oral
Visit Screening biomarkers) Steady state = sampling stop phenobarbital
Timeframe Before 18-36 hours 24 hours Maximum 24 hours
treatment after treatment after phenobarbital
start or within ~ start or as is administered
24 hours close to as
possible
Eligibility Informed consent X
Inclusion and X X
exclusion criteria
Information to X X
parents
Other Other medicine x* x*
BRI Assessment of X X X
serious adverse
events
Weight and length X* X* X X
Effect parameters Hepatic xF X X
biomarkers (ALT,
coagulation
factorst, bilirubin)
P-paracetamol X X X
and metabolites
Secondary P-ethanol X
parameters
COMFORT neo x§ x§ x§ x§
scores

*Joint values.

TIn case of ALT increase >threetimes UNL according to age, coagulation factors are measured.
INot necessary if liver biomarkers have been measured within 24 hours before inclusion. The biomarkers should preferably be taken before
treatment start, if this is not possible a 24 hours delay is accepted, and they are then classified as “first liver biomarkers’.

§Measured at normal routines timepoints at the two sites.
ALT, alanine aminotransferase.
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PHARMACOKINETICS AND SAFETY

TO Baseline blood

Neonates treated with
intravenous/oral paracetamol

sample or first liver

biomarkers#
ALT*, BILI

T18-36 Steady state blood

sampled

P-paracetamol + metabolites Opportunislic
blood sampling
ALT*, BIL
P-paracetamaol +
metabolites

Treatment stop

Final blood sample
ALT*®, BIL
P-paracetamol + metabolites

DRUG-EXCIPIENT INTERACTION
 Concomitant p-ethancl measurementin
patients treated with phenobarbital

*Coagulation time is measured if ALT is elevated three timas the

normal valus

#Can be postponed 24 hours referred to as “first liver biomarkers”

+0r as close to this time as possible

Figure 2 Study design. ALT, alanine aminotransferase; BILI, bilirubin.

of the responsible clinician. All paracetamol doses are
collected, other medicines are permitted and registered
together with diagnosis, weight, length, head circumfer-
ence, Apgar score and birth method. This study does not
include data on perinatal exposure of paracetamol since
paracetamol is an over-the-counter drug in Denmark and
is used frequently. The nature of the study will therefore
not reliably be able to backtrack during which part of the
perinatal period the neonate has been exposed and to
which extend. Al COMFORT neo scores are collected
during paracetamol treatment and all nurses are certified
with a kappa value >0.65.

Patient involvement
Patients were not directly involved in the design of this
study.

Analysis

Samples will be analysed by high-performance liquid chro-
matography-electrospray ionisation-tandem mass spec-
trometry (HPLC-ESI-MS/MS) for simultaneous quantifi-
cation of acetaminophen, acetaminophen-glucuronide,
acetaminophen-sulfate, acetaminophen-glutathione,
acetaminophen-cysteine and acetaminophen-N-ace-
tylcysteine in small volumes of human plasma and
urine.”” Acetaminophen-d4 and acetaminophen-d3-sul-
fate are used as internal standards (IS). Analytes and
IS are recovered from human plasma or serum (10 pL)
by protein precipitation with acetonitrile. Calibration
concentration ranges are tailored to literature values
for each analyte for the biological matrix. Prepared
plasma samples are analysed on an Agilent 1260 Infinity
HPLC system (inline solvent micro-degasser, binary LC

pump, high-performance thermostatted autosampler
and 1290 Infinity thermostatted column compartment)
interfaced with an Agilent 6460 triple-quadrupole mass
spectrometer (Agilent Technologies, Santa Clara, Cali-
fornia, USA). MassHunter Workstation software (Agilent
Technologies) is used for instrument control, data acqui-
sition and ESI-MS/MS parameter optimisation and
data analysis. Chromatographic separation is achieved
through use of an Agilent Poroshell 120 EC-C18 column
with a 20 min run time per injected sample. The analytes
can be accurately and precisely quantified with multiple
reaction monitoring over 2.0-3.5 orders of magnitude.
Mean intra-assay and inter-assay accuracies range from
85% to 112%), and intra-assay and inter-assay imprecision
do not exceed 15% for any analyte.

Sample size
Because of limited knowledge about paracetamol metab-
olites in neonates and since the correlation between
these metabolites and threshold for hepatotoxicity is
unknown, sample size calculation is impossible, that is,
this is an explorative and hypothesis generating study.
Previous studies,” investigating intravenous parac-
etamol administrations up to 3 days, included 15, 35
and 50 patients, respectively. It was therefore decided
to include a minimum of 60 patients and a maximum
of 120 patients. The study is stopped when 120 patients
who receive paracetamol for >3 days are included or on
30 April 2019.

Data
Data will be managed by an electronic data capture tool
(REDCap) hosted at the Capital Region of Denmark.
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REDCap is a secure, web-based application designed to
support data capturing for research.” REDCap provides
an intuitive interface for validated data entry; second,
trails for tracking data manipulation and export proce-
dures, and automated export procedures for seamless
data downloads to common statistical packages and ulti-
mately, procedures for importing data from external
sources. For analyses the data will be exported to SAS
and the software R V.3.5.1 to create a comma-separated
input data file that is readable for software for non-linear
mixed effect modelling, NONMEM.

Pharmacokinetic and pharmacodynamics modelling

Structural and stochastic model development

During the data compilation, the paracetamol plasma
concentrations will be logarithmically transformed prior
to modelling, and concentration-time data will be fitted
to both one and two compartment models with first-
order elimination for the disposition. Different models to
characterise the absorption will be tested for the oral-ad-
ministrated paracetamol. Interindividual variability and
interoccasion variability will be tested in relationship
to the pharmacokinetic parameters. Both exponential,
proportional and combined residual error models will be
tested.

Covariate model

Once the base model (structural and stochastic model
combined) have been identified, the influence of the
different covariates (eg, weight, length, body mass
index) will be tested on the pharmacokinetic parame-
ters, possible correlation will be identified through visual
inspection. If possible, relevant covariates will be tested
on relevant parameters, as judged by visual inspection, in
stepwise forward and backward deletion using the step-
wise covariate model tool (PsN).

Simulation

COMFORT neo pain scores and population pharmacoki-
netic analysis of paracetamol samples will be analysed
simultaneously. An E max model with lag time will be
tested for pain. The pharmacodynamics relationship
with the paracetamol concentration and COMFORT
neo scores will only be assessed in the periods where
the patients receive paracetamol as the only analgesic.
However, the longitudinally COMFORT neo scores might
hold important data on the pain history over time.

Model evaluation

Selection criteria for final model will be evaluated using
prediction-corrected visual predictive checks and boot-
strap analysis, a statistic significantlevel of p<0.05improve-
ment of fit will be used.

ETHICS AND DISSEMINATION

As this study follows normal dosing strategies, the poten-
tial risks relate to the additional blood samples (0.2mL
for paracetamol and metabolites and 0.4 mL for ALT and

bilirubin). Blood samples from heel pricks are consid-
ered low risk® when performed by experienced staff.
Blood samples will be drawn from indwelling catheters
whenever possible to minimise pain or taken by heel
prick by experienced NICU staff. Blood loss will not
exceed 3% of total blood volume (which corresponds
to 2.4-2.7mL/kg) over a 4-week period or 1% of total
blood volume at any single blood draw.*” The loss will be
monitored closely. Clinical samples will be given priority
over study-specific samples. The samples are stored until
they can be shipped for analyses at the Center for Human
Toxicology, University of Utah.

Informed consent will be signed by both parents or legal
guardian (s). To reduce parental stress following the process
of consent and to provide more time for information, inclu-
sion can be postponed 24 hours from the first dose of parac-
etamol has been administered. ALT and bilirubin should
preferably be measured before first administration of parac-
etamol. However, it is accepted that they are obtained within
24hours from first administration (inclusion after treat-
ment start and delay of hepatic biomarkers was included in
Amendment B approved August 2018).

Normal procedures apply for reporting adverse events
and adverse reactions to the Danish Medicines Agency.
In relation to the study, only unknown or serious adverse
events, and reactions and unexpected serious adverse
reactions will be reported to the Danish Medicines
Agency and the Ethics Committee.

PERSPECTIVES

At present, few hepatic safety data exist on prolonged
paracetamol treatment. All results from the current
study will be published in peer-reviewed scientific jour-
nals regardless of the findings. After publication, the
main results will be available at clinicaltrialsregister.
eu. Furthermore, the study may generate information
used in future national and international guidelines for
prolonged treatment of pain in neonates.

This study was approved by the Regional Ethics
Committee case no.: H-17027244, the Danish Medicines
Agency EudraCT: 2017-002724-25 and the Danish Data
Protection Agency: BFH-2017-106, I-Suite no.: 05952.

The two sites were initiated by the Good Clinical Prac-
tice (GCP) units at Copenhagen University and Aarhus
University in February 2018. The first patient was included
in April and June 2018, respectively. The GCP units will
monitor the study in accordance with the ICH Harmon-
ised Tripartite Guideline for GCP.

Author affiliations

'Department of Clinical Pharmacology, Bispebjerg Hospital, Copenhagen, Denmark
“Neonatal Intensive Care Unit, Rigshospitalet, Copenhagen, Denmark

®Department of Pediatrics, Neonatal Intensive Care Unit, Aarhus
Universitetshospital, Aarhus, Denmark

“Department of Pathology, University of Utah School of Medicine, Salt Lake City,
Utah, USA

SDivision of Clinical Pharmacology, Children's National Health System, Washington,
DC, USA

6 Haslund-Krog SS, et al. BMJ Paediatrics Open 2019;3:6000427. doi:10.1136/bmjpo-2018-000427



®Djvision of Pediatric Pharmacology and Pharmacometrics, Universitat Basel, Basel,
BS, Switzerland

Contributors HH, SH, TBH and SSH-K were involved in the conception of the
study. HH, SH, TBH, SSH-K, JvdA and KD contributed to the design of the study, the
protocol and applied for all permissions. HH, TBH, SH, KD and SSH-K applied for the
funding. All authors were involved in preparing the trial sites, acquisition of data, in
writing the protocol article and in its revision prior to submission.

Funding This studywas supported by the Danish Regions grant no. 1332.
Competing interests None declared.

Patient consent for publication Not required.

Provenance and peer review Not commissioned; externally peer reviewed.

Open access This is an open access article distributed in accordance with the
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which
permits others to distribute, remix, adapt, build upon this work non-commercially,
and license their derivative works on different terms, provided the original work is
properly cited, appropriate credit is given, any changes made indicated, and the
use is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

REFERENCES

1. Pacifici GM, Allegaert K. Clinical pharmacology of paracetamol in
neonates: a review. Curr Ther Res Clin Exp 2015;77:24-30.

2. Cook SF, Stockmann C, Samiee-Zafarghandy S, et al. Neonatal
Maturation of Paracetamol (Acetaminophen) Glucuronidation,
Sulfation, and Oxidation Based on a Parent-Metabolite Population
Pharmacokinetic Model. Clin Pharmacokinet 2016;55:1395-411.

3. Palmer GM, Atkins M, Anderson BJ, et al. |.V. acetaminophen
pharmacokinetics in neonates after multiple doses. Br J Anaesth
2008;101:523-30.

4. van Ganzewinkel C, Derijks L, Anand KJ, et al. Multiple intravenous
doses of paracetamol result in a predictable pharmacokinetic profile
in very preterm infants. Acta Paediatr 2014;103:612-7.

5. Ceelie |, de Wildt SN, van Dijk M, et al. Effect of intravenous
paracetamol on postoperative morphine requirements in neonates
and infants undergoing major noncardiac surgery: a randomized
controlled trial. JAMA 2013;309:149-54.

6. Peterson RG, Rumack BH. Pharmacokinetics of acetaminophen in
children. Pedlatrics 1978;62:877-9.

7. Miller RP, Roberts RJ, Fischer LJ. Acetaminophen elimination
kinetics in neonates, children, and adults. Clin Pharmacol Ther
1976;19:284-94.

8. Krekels EH, van Ham S, Allegaert K, et al. Developmental
changes rather than repeated administration drive paracetamol
glucuronidation in neonates and infants. Eur J Clin Pharmacol
2015;71:1075-82.

9. Flint RB, Roofthooft DW, van Rongen A, et al. Exposure to
acetaminophen and all its metabolites upon 10, 15, and 20mg/kg
intravenous acetaminophen in very-preterm infants. Pediatr Res
2017;82:678-84.

10. Prescott LF. Kinetics and metabolism of paracetamol and
phenacetin. Br J Clin Pharmacol 1980;10 Suppl 2:291S-8.

11. American Academy of Pediatrics. Committee on Drugs.
Acetaminophen toxicity in children. Pediatrics 2001;108:1020-4.

12. JiP,Wang, Li Z, et al. Regulatory review of acetaminophen
clinical pharmacology in young pediatric patients. J Pharm Sci
2012;101:4383-9.

13. Blake MJ, Castro L, Leeder JS, et al. Ontogeny of drug metabolizing
enzymes in the neonate. Semin Fetal Neonatal Med 2005;10:123-38.

14. Johnsrud EK, Koukouritaki SB, Divakaran K, et al. Human hepatic
CYP2E1 expression during development. J Pharmacol Exp Ther
2003;307:402-7.

15. van der Marel CD, Anderson BJ, van Lingen RA, et al. Paracetamol
and metabolite pharmacokinetics in infants. Eur J Clin Pharmacol
2003;59:243-51.

16. Linakis MW, Cook SF, Kumar SS, et al. Polymorphic Expression of
UGT1A9 is Associated with Variable Acetaminophen Glucuronidation
in Neonates: A Population Pharmacokinetic and Pharmacogenetic
Study. Clin Pharmacokinet 2018;57:1325-36.

17. Mazaleuskaya LL, Sangkuhl K, Thorn CF, et al. PharmGKB summary:
pathways of acetaminophen metabolism at the therapeutic versus
toxic doses. Pharmacogenet Genomics 2015;25:416-26.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Sztajnkrycer MJ, Bond GR. Chronic acetaminophen overdosing

in children: risk assessment and management. Curr Opin Pediatr
2001;13:177-82.

Porta R, Sanchez L, Nicolas M, et al. Lack of toxicity after
paracetamol overdose in a extremely preterm neonate. Eur J Clin
Pharmacol 2012;68:901-2.

Bucaretchi F, Fernandes CB, Branco MM, et al. Acute liver failure in
a term neonate after repeated paracetamol administration. Rev Paul
Pediatr 2014;32:144-8.

Bond GR. Reduced toxicity of acetaminophen in children: it's the
liver. J Toxicol Clin Toxicol 2004;42:149-52.

Anderson BJ, Woollard GA, Holford NH. A model for size and age
changes in the pharmacokinetics of paracetamol in neonates, infants
and children. Br J Clin Pharmacol 2000;50:125-34.

Ohlsson A, Shah PS. Paracetamol (acetaminophen) for patent
ductus arteriosus in preterm or low birth weight infants. Cochrane
Database Syst Rev 2018;4:CD010061.

Allegaert K, Rayyan M, De Rijdt T, et al. Hepatic tolerance of
repeated intravenous paracetamol administration in neonates.
Paediatr Anaesth 2008;18:388-92.

Allegaert K, Naulaers G, Vanhaesebrouck S, et al. The paracetamol
concentration-effect relation in neonates. Paediatr Anaesth
2013;23:45-50.

Mian P, Knibbe CAJ, Calvier EAM, J KCa, M CEa, et al. Intravenous
Paracetamol Dosing Guidelines for Pain Management in (pre)term
Neonates Using the Paediatric Study Decision Tree. Curr Pharm Des
2017;23:5839-49.

Gibb IA, Anderson BJ. Paracetamol (acetaminophen)
pharmacodynamics: interpreting the plasma concentration. Arch Dis
Child 2008;93:241. -7.

Harma A, Aikio O, Hallman M, et al. Intravenous Paracetamol
Decreases Requirements of Morphine in Very Preterm Infants. J
Pediatr 2016;168:36-40.

van Dijk M, de Boer JB, Koot HM, et al. The reliability and validity

of the COMFORT scale as a postoperative pain instrument in 0 to
3-year-old infants. Pain 2000;84:367-77.

van Dijk M, Roofthooft DW, Anand KJ, et al. Taking up the
challenge of measuring prolonged pain in (premature) neonates:
the COMFORTneo scale seems promising. Clin J Pain
2009;25:607-16.

Maaskant J, Raymakers-Janssen P, Veldhoen E, et al. The clinimetric
properties of the COMFORT scale: A systematic review. Eur J Pain
2016;20:1587-611.

Marek E, Kraft WK. Ethanol pharmacokinetics in neonates and
infants. Curr Ther Res Clin Exp 2014;76:90-7.

Pandya HC, Mulla H, Hubbard M, et al. Essential medicines
containing ethanol elevate blood acetaldehyde concentrations in
neonates. Eur J Pediatr 2016;175:841-7.

Slattery JT, Nelson SD, Thummel KE. The complex interaction
between ethanol and acetaminophen. Clin Pharmacol Ther
1996;60:241-6.

Allegaert K, Palmer GM, Anderson BJ. The pharmacokinetics of
intravenous paracetamol in neonates: size matters most. Arch Dis
Child 2011;96:575-80.

Leroux S, Turner MA, Guellec CB, et al. Pharmacokinetic Studies

in Neonates: The Utility of an Opportunistic Sampling Design. Clin
Pharmacokinet 2015;54:1273-85.

Cook SF, King AD, van den Anker JN, et al. Simultaneous
quantification of acetaminophen and five acetaminophen
metabolites in human plasma and urine by high-performance

liquid chromatography-electrospray ionization-tandem mass
spectrometry: Method validation and application to a neonatal
pharmacokinetic study. J Chromatogr B Analyt Technol Biomed Life
Sci 2015;1007:30-42.

Harris PA, Taylor R, Thielke R, et al. Research electronic data capture
(REDCap)--a metadata-driven methodology and workflow process
for providing translational research informatics support. J Biomed
Inform 2009;42:377-81.

Ethical considerations for clinical trials om medicinal products
conducted with minors. http://ec.europa.eu/health//sites/health/files/
files/clinicaltrials/2016_06_pc_guidelines/gl_1_consult.pdf (accessed
6 Apr 2017).

Guideline on the investigation of medicinal products in the term and
preterm neonate. http://www.ema.europa.eu/docs/en_GB/document_
library/Scientific_guideline/2009/09/WC500003754.pdf (accessed 13
Oct 2016).

Haslund-Krog SS, et al. BMJ Paediatrics Open 2019;3:6000427. doi:10.1136/bmjpo-2018-000427 7


http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.1016/j.curtheres.2014.12.001
http://dx.doi.org/10.1007/s40262-016-0408-1
http://dx.doi.org/10.1093/bja/aen208
http://dx.doi.org/10.1111/apa.12638
http://dx.doi.org/10.1001/jama.2012.148050
http://www.ncbi.nlm.nih.gov/pubmed/364399
http://dx.doi.org/10.1002/cpt1976193284
http://dx.doi.org/10.1007/s00228-015-1887-y
http://dx.doi.org/10.1038/pr.2017.129
http://dx.doi.org/10.1111/j.1365-2125.1980.tb01812.x
http://dx.doi.org/10.1002/jps.23331
http://dx.doi.org/10.1016/j.siny.2004.11.001
http://dx.doi.org/10.1124/jpet.102.053124
http://dx.doi.org/10.1007/s00228-003-0608-0
http://dx.doi.org/10.1007/s40262-018-0634-9
http://dx.doi.org/10.1097/FPC.0000000000000150
http://dx.doi.org/10.1097/00008480-200104000-00016
http://dx.doi.org/10.1007/s00228-011-1165-6
http://dx.doi.org/10.1007/s00228-011-1165-6
http://dx.doi.org/10.1590/S0103-05822014000100021
http://dx.doi.org/10.1590/S0103-05822014000100021
http://dx.doi.org/10.1081/CLT-120030940
http://dx.doi.org/10.1046/j.1365-2125.2000.00231.x
http://dx.doi.org/10.1002/14651858.CD010061.pub3
http://dx.doi.org/10.1002/14651858.CD010061.pub3
http://dx.doi.org/10.1111/j.1460-9592.2008.02535.x
http://dx.doi.org/10.1111/pan.12076
http://dx.doi.org/10.2174/1381612823666170921143104
http://dx.doi.org/10.1016/j.jpeds.2015.08.003
http://dx.doi.org/10.1016/j.jpeds.2015.08.003
http://dx.doi.org/10.1016/S0304-3959(99)00239-0
http://dx.doi.org/10.1097/AJP.0b013e3181a5b52a
http://dx.doi.org/10.1002/ejp.880
http://dx.doi.org/10.1016/j.curtheres.2014.09.002
http://dx.doi.org/10.1007/s00431-016-2714-x
http://dx.doi.org/10.1016/S0009-9236(96)90050-8
http://dx.doi.org/10.1136/adc.2010.204552
http://dx.doi.org/10.1136/adc.2010.204552
http://dx.doi.org/10.1007/s40262-015-0291-1
http://dx.doi.org/10.1007/s40262-015-0291-1
http://dx.doi.org/10.1016/j.jchromb.2015.10.013
http://dx.doi.org/10.1016/j.jchromb.2015.10.013
http://dx.doi.org/10.1016/j.jbi.2008.08.010
http://dx.doi.org/10.1016/j.jbi.2008.08.010
http://ec.europa.eu/health//sites/health/files/files/clinicaltrials/2016_06_pc_guidelines/gl_1_consult.pdf
http://ec.europa.eu/health//sites/health/files/files/clinicaltrials/2016_06_pc_guidelines/gl_1_consult.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003754.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500003754.pdf

	Interventional cohort study of prolonged use (>72 hours) of paracetamol in neonates: protocol of the PARASHUTE study
	Abstract
	Introduction﻿﻿﻿﻿
	Paracetamol metabolism
	Safety and repeated dosages
	Analgesic effect of paracetamol and pain scores
	Ethanol-paracetamol interaction
	Objectives

	Methods and analysis
	Design and population
	Patient involvement
	Analysis
	Sample size
	Data
	Pharmacokinetic and pharmacodynamics modelling
	Structural and stochastic model development
	Covariate model
	Simulation
	Model evaluation


	Ethics and dissemination
	Perspectives
	References


