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Aims: To investigate the pharmacokinetics and safety of prolonged paracetamol use

(>72 h) for neonatal pain.

Methods: Neonates were included if they received paracetamol orally or intrave-

nously for pain treatment. A total of 126 samples were collected. Alanine aminotrans-

ferase and bilirubin were measured as surrogate liver safety markers. Paracetamol

and metabolites were measured in plasma. Pharmacokinetic parameters for the par-

ent compound were estimated with a nonlinear mixed-effects model.

Results: Forty-eight neonates were enrolled (38 received paracetamol for >72 h).

Median gestational age was 38 weeks (range 25–42), and bodyweight at inclusion

was 2954 g (range 713–4750). Neonates received 16 doses (range 4–55) over

4.1 days (range 1–13.8). The median (range) dose was 10.1 mg/kg (2.9–20.3). The

median oxidative metabolite concentration was 14.6 μmol/L (range 0.12–113.5) and

measurable >30 h after dose. There was no significant difference (P > .05) between

alanine aminotransferase and bilirubin measures at <72 h or >72 h of paracetamol

treatment or the start and end of the study. Volume of distribution and paracetamol

clearance for a 2.81-kg neonate were 2.99 L (% residual standard error = 8, 95%

confidence interval 2.44–3.55) and 0.497 L/h (% residual standard error = 7, 95%

confidence interval 0.425–0.570), respectively. Median steady-state concentration

from the parent model was 50.3 μmol/L (range 30.6–92.5), and the half-life was

3.55 h (range 2.41–5.65).

Conclusion: Our study did not provide evidence of paracetamol-induced liver injury

nor changes in metabolism in prolonged paracetamol administration in neonates.
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1 | INTRODUCTION

Neonates admitted to neonatal intensive care units (NICUs) are

frequently exposed to painful procedures between 7 and 17 times per

day,1 such as surgery, heel lancing for blood sampling, lumbar

punctures, insertion of chest tubes or central lines, laryngoscopy and

endotracheal intubation.2 Studies exploring the long-term conse-

quences of untreated exposure to painful procedures during the neo-

natal period have shown a negative impact on sensorimotor, cognitive

outcomes and impaired neurodevelopment later in life.3–5 This is due

to an immature nervous system and extensive neuroplasticity com-

pared to older children and adolescents.6 In the NICU, pain treatment

primarily includes opioids. As opioid exposure in the absence of pain

leads to neuronal degeneration as demonstrated in juvenile tox

studies7 it becomes prudent that neonates receive effective and safe

pain treatment regimen that reduces the amount of opioids to ensure

an optimal risk benefit balance.2,8

Paracetamol9 (N-acetyl-p-aminophenol or acetaminophen) is

frequently used as an add on analgesic in NICUs due to its clinically

significant opioid-sparing effect.10 The proposed target concentration

for pain management is 9–11 mg/L (60–73 μmol/L) at steady-

state.11–14 As Paracetamol has a variable absorption in neonates

and a higher volume of distribution (Vd) per kg compared to older

children and adults15 a loading dose is recommended at treatment

initiation.13,15

Paracetamol is primarily metabolized in the liver and undergoes

sulfation by SULT1A1, SULT1A3 and SULT1C4, the major pathway

in neonates.16 The parent compound, paracetamol, undergoes

glucuronidation by 4 UDP-glucuronosyltransferases17 (UGTs), namely

UGT1A1, 1A6, 1A9 and 2B15.18,19 Several UGT1A enzymes are only

expressed postnatally,20 which results in lower glucuronide formation

in neonates relative to sulfation.16 Oxidation by CYP2E117 to the

highly reactive N-acetyl-p-benzo quinonimine9 (NAPQI) is a minor

pathway. NAPQI is rapidly detoxified in the form of two glutathione9-

derived conjugates (cysteine- and N-acetylcysteine-paracetamol,

i.e., the oxidative metabolites), both surrogate measures for

NAPQI.21,22 CYP2E1 is expressed at low levels in the third trimester

and gradually increases during the first 90 postnatal days.23 Repeated

dosing with paracetamol in children may shift drug metabolism

towards oxidation by CYP2E1.24 Neonates can form NAPQI but

appear to have a lower incidence of liver failure than adults.25 Clinical

trials examining the safety and pharmacokinetics of paracetamol in

neonates have primarily focused on short-term use (up to 72 h).26–29

Studies have assessed paracetamol and metabolite concentrations

and liver biomarkers for a limited time.26,28 Other studies did not

include liver biomarkers28 nor metabolite concentrations.27 Previous

studies have administered 1 dose of paracetamol29 or examined pro-

pacetamol.25,30 Comprehensive information, which combines liver

biomarkers, paracetamol concentrations and metabolites from pro-

longed clinical administration, are missing. Our study included plasma

parent and metabolite concentrations, measurements of liver

biomarkers (alanine aminotransferase [ALT] and bilirubin) to assess

paracetamol treatment in neonates.

2 | METHODS

2.1 | Study population

This interventional cohort study investigated the prolonged use of

paracetamol administered for pain control in neonates. Between

10 April 2018 and 30 November 2019, patients were enrolled from

2 Danish NICUs at Aarhus University Hospital and Rigshospitalet,

which have around 800–1100 neonatal admissions annually. All neo-

nates up to 44 weeks postmenstrual age (PMA) who were intended to

be treated with intravenous paracetamol for any indication or with oral

paracetamol for fractures, intra-and extracranial haemorrhages, chest

tubes, postoperative pain or painful skin lesions were included. Both

intravenous and oral formulations of paracetamol were included as per

the standard of care. Exclusion criteria included suspected allergy to

paracetamol, failure to obtain consent or the neonate being considered

unsuitable for participation in the clinical trial by the treating physician.

The Intravenous and Oral Paracetamol in Neonates: Safety and

Ethanol-Drug Interactions (PARASHUTE) study targeted the enrol-

ment of 60 patients, as outlined in previously published work.31

2.2 | Dosing and sampling schedule

Paracetamol treatment typically consisted of a loading dose of

20 mg/kg followed by a maintenance dose depending on PMA:

7,5-mg dose/kg every 8 h for neonates with a PMA of 28–32 weeks;

What is already known about this subject

• Due to frequent painful procedures and conditions asso-

ciated with continuous pain, paracetamol is often admin-

istered to neonates treated in the neonatal intensive care

unit.

• The pharmacokinetic profile for paracetamol has been

examined before in short-term use (<72 h), and some

studies have included liver biomarkers.

What this study adds

• This study examined liver biomarkers and the pharmaco-

kinetics of prolonged use of paracetamol (>72 h) for

neonatal pain.

• No differences were found in liver biomarkers between

short (<72 h) and prolonged (>72 h) dose administration

and the oxidative metabolism remained active. Thus, this

study did not provide evidence for paracetamol-induced

liver injury or changes in metabolism in prolonged para-

cetamol administration.

2 HASLUND-KROG ET AL.
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10-mg dose/kg every 8 h (PMA = 33–36 weeks); 10-mg dose/kg

every 6 h (PMA = 37–44 weeks). Intravenous doses were adminis-

tered as an infusion over 2 min. Baseline ALT and bilirubin measure-

ments were collected prior to treatment, within 24 h after the initial

dose, and within 24 h after treatment discontinuation. This extended

timeslot for baseline sampling was a pragmatic approach to allow

more time for obtaining parental consent. Paracetamol parent and

metabolite concentrations were measured 18–36 h after initial dosing

(at steady-state as outlined by Allegaert et al.11) hereafter every sec-

ond day. In total, 10 samples deviated from this schedule. ALT, biliru-

bin and drug concentrations were collected opportunistically during

the remaining treatment to limit skin punctures.31,32

2.3 | Data collection and analysis

Data collected on each subject included weight, head circumference,

length, postnatal age (PNA), PMA, gestational age (GA), Apgar score

(1, 5 and 10 min), birth method (e.g., vaginal, c-section), sex, diagnosis,

plasma creatinine (start and end trial), number of paracetamol doses

and administration time, treatment length, and pain scores. Comedica-

tions were collected for all patients without dosing details at the

beginning and end of the trial.

The liver biomarkers were analysed in the respective hospitals, in

the Departments of Clinical Biochemistry, which use comparable ana-

lytical equipment accredited by the same standards. Normal neonatal

ranges used for ALT were 1–40 U/L. The limit was individually deter-

mined for bilirubin using weight, gestational age and comorbidities.

2.4 | Analytical methods for paracetamol

Blood samples were centrifuged at 1500 �g for 9 min at 20�C within

2 h of collection. Plasma was transferred to a cryovial and stored at a

minimum of �60�C before shipment to the laboratory. The plasma

samples were analysed by a validated assay by high-performance

liquid chromatography–electrospray ionization–tandem mass spec-

trometry for simultaneous quantification of paracetamol paracetamol-

glucuronide, paracetamol-sulfate, paracetamol-glutathione, paraceta-

mol-cysteine, and paracetamol-N-acetylcysteine in 10 μL human

plasma.33 Parent or metabolite concentrations above the upper limit of

quantification (n = 33) were diluted and re-analysed. The lower limit of

quantification (LLOQ) was defined as 0.05 mg/L for all analytes. The

molar sum of paracetamol-cysteine and paracetamol-N-acetylcysteine

are the oxidative metabolites. Paracetamol-glutathione was not included

in the model as only 10 (7.8%) samples had concentrations above the

LLOQ. One subject was excluded due to improper sampling schedule.

2.5 | Model development

The base structural model, not including covariate relationships, was

developed based on a previously published model by Cook et al.28,34

Model development for the parent compound was conducted using a

nonlinear mixed-effects model (NONMEM, version 7.4, ICON plc,

Dublin, Ireland) interfaced with PsN 5.0.0. The first-order conditional

estimation with the interaction method was used for parameter esti-

mation. Processing and visualization of the NONMEM output was

conducted in R 4.0.1. Data below the limit of quantification (BQL)

were considered categorical and the likelihood of the BQL sample

value was quantified using the probability that an observation was

below LLOQ, a common technique for handling BQL data.35 Weight

(WT) was included in the base model as in Cook et al.,28,34 centred on

the mean WT and with a power relationship, where the effect of WT

on clearance (CL) and WT on Vd were estimated. Typically, allometric

scaling is inappropriate for patients younger than 2 years due to

immature kidneys and development maturation and was not used.36

A 1-compartment model was tested.28,34 The addition of a lag

time, absorption and bioavailability component for oral doses or a sec-

ond compartment for paracetamol distribution were tested. Bioavail-

ability was assumed to be 100%, which is consistent with previous

adult literature.37 Parameters were estimated using the ADVAN1 and

TRANS2 subroutines and the first-order conditional estimation

method with interaction. Akaike information criterion (AIC) was used

to compare non-nested models. Prediction corrected, compartment-

stratified and binned visual predictive checks were performed for the

observed data to plasma concentrations from 1000 model-simulated

datasets.38 Nonparametric bootstrap was also performed.

Random effects were considered either unexplained residual

variability (RUV) or between-subject variability (BSV). Three RUV

models were evaluated, additive, proportional and combined. RUV

was estimated as a standard deviation.39,40 In addition, BSV was

modelled exponentially, as BSV was assumed to be log-normally

distributed (Equation 1). Therefore, BSV estimation was attempted on

total parent CL.

θind ¼ θpop�eƞi ð1Þ

where θind is the pharmacokinetic parameter of an individual, θpop is

the typical value for the parameter and ƞi is normally distributed with

a mean of 0 and a variance of ω. Half-life was calculated using esti-

mates of volume and clearance for the parent drug (Equation 2).

t1=2 ¼0:693�V
CL

ð2Þ

2.6 | Covariate analysis

Covariates were assessed with a stepwise forward addition and back-

ward elimination procedure. Potential covariates included GA, PNA,

PMA, sex, ALT levels, total bilirubin levels at four different time points

and creatinine on the first and last days of the trial, Apgar score at

1 min and birthing method. Serum creatinine values on the first and

last days of the trial were used to estimate the glomerular filtration

HASLUND-KROG ET AL. 3
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rate using the modified Schwartz equation. Subjects with missing

information for a covariate undergoing evaluation had their values

imputed to population medians or the subject's previous measure-

ment, depending on the covariate. The objective function value (OFV)

was used to compare the nested models, and covariate–parameter

plots were used to visually select potential covariates for further test-

ing. During forward addition, changes in OFV were considered signifi-

cant below an alpha value of 0.05 (χ2 distribution, 1 degree of

freedom, ΔOFV > 3.84), while during backward elimination, changes

below an α value of 0.01 (χ2 distribution, 1 degree of freedom,

ΔOFV > 6.63) were considered significant. The goodness of fit plots

are stratified by compartment, including DV vs. IPRED, DV vs. PRED,

CWRES vs. TAD, CWRES vs. PRED, logDV vs. logPRED and logDV vs.

logIPRED were also used to assess model fit. Categorical covariates

were tested for inclusion via a linear relationship (Equation 3), where

θind is the individual pharmacokinetic parameter, θpop is the population

level value for the pharmacokinetic parameter when COVi is 0, WT is

the individuals weight, WTmean is the mean weight for the sample

population, θWT�θpop is the estimated effect of WT on the population

level pharmacokinetic parameter and θcov is the proportional change

in θpop when COVi is 1. Clearances were scaled with the effect of

weight on CL fixed to 1.1, as estimated by the parent model and

similar to the previously published model.28

θind ¼ θpop� WT
WTmean

� �θWT�θpop

� 1þθcovCOVið Þ ð3Þ

Continuous covariates were assessed for inclusion with an

exponential relationship (Equation 4), where θind is the individual phar-

macokinetic parameter, θpop is the population level value for the phar-

macokinetic parameter when COVi is equal to the population

covariate value COVavg, WT is the individual's weight, WTmean is the

mean weight for the sample population and θcov is the covariate effect

and was included as part of the base model as described above.

θind ¼ θpop� WT
WTmean

� �θWT�θpop

� exp
θcovCOVi

COVmean

� �
ð4Þ

2.7 | Statistical analyses

Study data were managed using Research Electronic Data Capture

(REDCap) tools hosted in the Capital Region of Denmark.41,42 Data

were analysed in R 4.0.1 (R Foundation for Statistical Computing,

Vienna, Austria) for further analysis and visualization. Demographic

data were presented as median (range) or numbers (percentages).

Model estimates were reported with confidence interval, residual

standard error (RSE) and shrinkage. To present the change in paracet-

amol concentrations throughout the study, a rolling median using

sample windows of 15 was used to construct Figure 3. In addition, the

Wilcoxon Rank test was used to compare the liver biomarkers via an

unpaired 2-sample t-test.

2.8 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, and

are permanently archived in the Concise Guide to PHARMACOLOGY

2019/20.9,17

3 | RESULTS

3.1 | Patient characteristics

Sixty-two neonates were screened for inclusion, with a total of

48 being completed (Figure 1). No serious adverse events correlating

to the paracetamol treatment were reported during the study. The

characteristics of the study population are shown in Table 1. A total

of 126 plasma concentration samples were available for measurement

of the parent and the 3 metabolites in each of the 48 neonates who

received intravenous or oral paracetamol. Nine observations were

below the LLOQ of 0.05 mg/L. The number of samples per patient

was median 3, range (1–6; Table 2). Thirty-eight neonates received

paracetamol for ≥72 h. In total, 865 doses of paracetamol were

administered with a median of 16 doses (range 4–55) per participant

over a treatment length of 4.1 days (range 1–13.8), Table 2. The

median (range) dose was 10.1 mg/kg (2.9–20.3) Paracetamol was

administered orally (n = 218), intravenous (n = 642) or via an intrave-

nous formulation is given orally (n = 5). The median observed concen-

tration of oxidative metabolite was 14.6 μmol/L (range 0.12–113.5),

the glucuronide metabolite concentrations was 18.7 μmol/L (range

0.12–123.1) and sulfate metabolite concentration was 63.1 μmol/L

(range 0.04–261.2). The metabolite concentrations over time are

shown in Figure 2. The majority of patients were neonates in need of

gastrointestinal surgery, e.g., for gastroschisis, oesophageal or anal

atresia. The complicated surgical patients and severe asphyxia

patients received most paracetamol doses (Figures S1 and S2). For

information on the birthing method and APGAR scores, see Table 1.

3.2 | Liver biomarkers

ALT and total bilirubin did not change over time, and there was no sig-

nificant difference (P > .05) between measures at <72 or >72 h of

paracetamol treatment or the start and end of the study (Figure 3).

ALT values increased >3 times the normal range for 9 patients with

values above 100 U/L. Bilirubin median was 67 μmol/L (range 20–

256) at inclusion and 39 μmol/L (range 5–296) at the end of the study,

with no difference <72 or >72 h of paracetamol treatment (P > .05).

3.3 | Comedication

Out of 48 neonates, 44 received at least 1 comedication at inclusion.

By the end of the study, 32 received comedication. The most

4 HASLUND-KROG ET AL.
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frequently coadministered medicine at inclusion was morphine

(62.5%), gentamicin (47.9%), metronidazole (41.7%), fentanyl (37.5%),

ampicillin (37.5%), total parental nutrition (TPN; 35.4%) and caffeine

citrate (29.2%; Figure 4). No medications with a known inducing or

inhibitory influence on paracetamol were coadministered.43

3.4 | Population estimates

For the paracetamol parent model, a 1-compartment intravenous

model fit the data well. Population estimates for the parent drug for a

2.81 kg (mean WT) neonate for paracetamol were Vd = 2.99 L (%

RSE = 8) and CL = 0.497 L/h (%RSE = 7). Total paracetamol clear-

ance increased with weight and PMA (Figure 5). Formation and renal

clearances estimated from the final parent model are presented in

Table 3. The estimate of BSV for the formation of the sulfate metabo-

lite was calculated with a shrinkage of 11%. A proportional error

model was superior to additive and combined error models. Only BSV

on CL was estimated in the model. The median steady-state concen-

trations as estimated by the model (50.3 μmol/L, range 30.6–92.5),

were outside of the reported therapeutic range. Half-life was 3.55 h

(range 2.41–5.65). Weight was the only significant covariate. No addi-

tionally covariates were found to be statistically significant.

3.5 | Model evaluation

The goodness of fit plots were qualitatively assessed for model fit.

RSE and shrinkage in the final model were within acceptable limits for

a model developed in a neonatal population (Table 3). Nonparametric

bootstrap (n = 1000) showed that the model's stability, uncertainty

and bias were acceptable (Figure S3).

4 | DISCUSSION

This study investigated the pharmacokinetics and safety of prolonged

paracetamol use (>72 h) for pain associated with procedural or post-

operative pain treatment in neonates. The median duration of treat-

ment was 4.1 days (range 1–13.8), making this the most prolonged

F IGURE 1 Flow chart of the screening and inclusion of patients. AUH, Aarhus University Hospital; RH, Rigshospitalet.

HASLUND-KROG ET AL. 5
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exposure data published to date. In addition, the study included liver

biomarkers and the concentration measurements of both paracetamol

parent and metabolite compounds in plasma, allowing examination of

elimination pathways. Overall, this study reported steady-state con-

centration, half-life and surrogate safety measures for this specialized

patient population.

One of the most significant findings in this study was that the

median steady-state concentration was below the target concentra-

tion of 9–11 mg/L (60–73 μmol/L), as proposed in the literature11,13

and below that reported in similar published studies.26,27 One possible

explanation is that the mean dose of 10.6 ± 2.3 mg/kg was lower than

in the Palmer et al. and Cook et al. studies with comparable popula-

tions with respect to GA/PMA and weight.27,28 Likewise, the

suggested dosing for this population would be a loading dose of

20 mg/kg followed by 10 mg/kg for 6 h for neonates GA 32–

44 weeks,12,13 whereas some neonates in our study received treat-

ment every 8 h. Our reported half-life of 3.55 h was longer than the

1.5–2.5 h reported in adults44 and 0.9–2.6 h reported by Wang et al.

in a population with a weight range of 0.5–50 kg.45 Similar to other

studies, the increased Vd and prolonged half-life in this study supports

the use of a loading dose to attain a given target concentration ear-

lier.13,15 Total paracetamol CL increased with PMA and weight as in

Cook et al.,28 although they used PNA. The metabolite concentration

was not directly quoted in the study by Cook et al.28; however, the

results show an oxidative metabolite 50th percentile concentration

between 1 and 2 mg/L (�3–6 μmol/L) with observed 5th and 95th

percentiles of 0–6 mg/L (0–20 μmol/L) compared to the median

14.6 μmol/L (range 0.12–113.5) found in our study. When comparing

the visual plots for the observed metabolite concentrations, both

Cook et al. and our study have outliers, and the reported 50th and

median concentrations are comparable for the sulfate metabolite but

with a higher median and wider range for the glucuronide metabolite

in our study. Oxidative metabolites were measurable > 30 h after the

dose. Being surrogate measures for the detoxification of NAPQI, the

oxidative metabolite concentration show that the metabolism remains

active in prolonged paracetamol administration.

Reporting of liver biomarkers in relation to paracetamol treatment

differs between studies. Palmer et al. reported that 4 out of 50 neo-

nates had an elevated ALT range of 86–174 U/L. Two were associ-

ated with hyperbilirubinaemia, 1 with hypoproteinaemia and 3 of

4 received TPN.27 Ganzewinkel et al. found no ALT levels above

50 U/L in 15 neonates.26 It is difficult to assess the elevated ALT

results since neonates may have multiple causes of ALT elevations,

e.g., asphyxia, therapeutic hypothermia and TPN (35.4% received TPN

TABLE 1 Population characteristics of included neonates.

Characteristics n (%) Median (range)

Male 31 (64.6) -

Female 17 (35.4)

Site

Rigshospitalet 25 (52.1) -

Aarhus University Hospital 23 (47.9)

Age, weight and length

Gestational age (weeks) 48 (100) 37.9 (24.9–42)

Postmenstrual age (weeks) 48 (100) 38.5 (25–42)

Postnatal age (days) 48 (100) 1.5 (0–51)

Weight, inclusion (g) 48 (100) 2953.5 (713–4750)

Weight, end trial (g) 48 (100) 3061 (830–4610)

Length, inclusion (cm) 47 (97.9) 51 (32–56)

Length, end trial (cm) 48 (100) 51 (33–56)

Head circumference, inclusion

(cm)

45 (93.8) 34 (22.7–39.5)

Birthing method and Apgar score

Vaginal birth 21 (43.8) -

Assisted vaginal birth 9 (18.8)

Acute C-section 9 (18.8)

Planned C-section 4 (8.3)

Subacute C-section 5 (10.4)

Apgar 1 min 47 (97.9) 8 (0–10)

Apgar 5 min 46 (95.8) 9 (0–10)

Apgar 10 min 35 (72.9) 9 (0–10)

TABLE 2 Biomarkers and paracetamol doses.

n (%) Median (range)

Number of paracetamol doses 865 doses 16 (4–55)

mg/kg - 10.1 (2.9–20.3)

Intravenous 642 -

Oral 218

Intravenous given as oral 5

Treatment length (days) 48 (100) 4.1 (1–13.8)

No of blood samples 126a 3 (1–6) per patient

Diagnosis

Gastrointestinal surgery 21 (43.7)

Pulmonary disease 9 (18.7)

Central nervous system 12 (25)

Others 6 (12.5)

Alanine aminotransferase (U/L)

Total 169 (88) 17 (5–431)

Inclusion 48 (100) 15 (6–431)

End of study 47 (98) 18 (7–338)

Bilirubin (μmol/L)

Total 156 (81) 60.5 (5–316)

Inclusion 48 (100) 67 (20–256)

End of study 48 (100) 39 (5–296)

Creatinine (μmol/L)

Inclusion 48 (100) 99 (28–147)

End of study 48 (100) 64 (17–116)

aOne subject was excluded from the model due to improper sample timing

due to hospital transfer. In total we collected 128 samples, however 126

was included in the model.
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F IGURE 2 Observed parent and
metabolite plasma molar concentrations
in relation to time after dose. A loess
curve was used to visualize changes in
concentration over time of parent and
each metabolite. (A) Parent concentration,
(B) glucuronide concentration, (C) sulfate
concentration, (D) oxidative metabolite
concentration. One patient was excluded

from this figure for readability, due to a
time after most recent dose (TAD) of
80 h.

F IGURE 3 Comparison of alanine
aminotransferase (ALT) and bilirubin at
trial initiation and end of study in patients
treated with observed paracetamol
plasma concentrations for <72 or >72 h.
Wilcoxon rank test was used for
comparison.
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F IGURE 4 Comedication. Percentage
of patients receiving comedication at
2 time points. Information on
comedication was collected at start of
study (at inclusion) and at the end of
study (after last paracetamol treatment).
*Possible interaction with the
anaesthetics such as sevoflurane,
halothane, enflurane and isoflurane since

they are also substrates for CYP2E1. No
inducers or inhibitors to paracetamol have
been coadministered. According to Drug
Interactions Flockhart Table.

F IGURE 5 The relationships between
total paracetamol clearance and weight
and postmenstrual age (PMA).
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at inclusion and 39.6% at the end of this study). We found that

1 patient had a 3-fold increase in ALT during the trial period and

received TPN. However, the increase happened post-trial when the

paracetamol treatment was already discontinued. One patient had an

ALT >300 U/L with a primary diagnosis of cranial haemorrhages and

meningitis, and the ALT decreased to 24 U/L post-trial. Three patients

with severe neonatal asphyxia had ALT values >200, 1 received TPN

and 2 received therapeutic hypothermia. All ALT values fell below

75 U/L during the trial. The other 5 outliers were briefly above

100 U/L but below 200 and fell during the trial, 1 received TPN and

1 had therapeutic hypothermia.

TPN and caffeine citrate are administered almost equally at the

inclusion and end of the trial, which is logical given the inclusion of

premature neonates and neonates in need of surgery. Anaesthetics

such as sevoflurane, halothane, enflurane and isoflurane are also sub-

strates for CYP2E1 and could theoretically compete with the metabo-

lism of paracetamol. However, these substrates have a noticeably

short half-life and are used within an extremely limited timeframe.

4.1 | Limitations

In general, this population of neonates were of an acceptable size

(compared to previous studies, see Table S1), with a similar number

included from each site, 23 and 25, respectively. The amount of intra-

venous and oral dosing was unequal, with 3 times as many intrave-

nous doses as oral. A randomized (intravenous/oral) treatment design

is optimal; however, this was not feasible due to extensive set up and

resources. We included the oral treatment in an amendment because

this was the clinical practice at 1 site. An oral dose compartment was

included in the model but did not improve the fit of the data. A few

samples were available per individual; however, previous studies were

of shorter duration, and we had to consider the total blood volume

taken in the design. ALT and bilirubin might not be the most sensitive

biomarkers for liver injury. We discussed the possibility of measuring

protein adducts to detect paracetamol-induced liver injury.46

However, we did not have sufficient plasma remaining to measure

protein adducts. Indeed, there are newer biomarkers, e.g., microRNAs,

mitochondrial and nuclear DNA.47 We did not collect dosing or

administration details for the comedication.

5 | CONCLUSION

This study included 48 neonates and is the largest study to date

measuring both paracetamol parent and metabolite concentrations

and liver biomarkers. The observed median steady-state concentra-

tion was below the target concentration reported in the literature,

possibly explained by longer time between doses and lower dosing

regimen compared to other studies. Notably, oxidative metabolites

were measurable >30 h after the dose, showing that the metabolism

remains active in prolonged paracetamol administration. In addition,

liver biomarkers did not differ from inclusion to end of the study nor

between short-term and prolonged paracetamol treatment. Accord-

ingly, this study did not find evidence for paracetamol-induced liver

injury nor changes in metabolism.
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Abbreviations: BSV, between-subject variability; CI, confidence interval; CL, clearance; CV, coefficient of

variation; RSE, residual standard error; Vd/V, volume of distribution; WT, weight.
aVolume was assumed constant for all compounds.
bThe effects of WT on CL and V were included in the model as θpop� WT

WTmean

� �θWT�θpop
where θpop is CL or V.

cThe unexplained residual variability is presented as the square root of the residual variance.

HASLUND-KROG ET AL. 9

 13652125, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.15834 by W

right State U
niversity D

unbar L
ibrary A

cquisitions, W
iley O

nline L
ibrary on [02/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



initial contact for the collaboration. Diana Wilkins provided the

sample analysis. Sissel Haslund-Krog drafted the first version of the

manuscript. All authors participated in writing different sections in the

revision and approval of the final version of the manuscript prior to

submission.

ACKNOWLEDGEMENTS

We would like to thank Steen Hertel, former Head of the Department

of Neonatology in Rigshospitalet. He was a huge inspiration for the

conception of the study and participated as primary investigator in

the first part of the study before he retired.

To the project nurses in the NICUs—Christel Friborg, Madeleine

Borgen and Lene Bøjgaard Bak—we could not have done this without

you. Thank you for your dedication and the talented way you con-

nected the study with the 2 sites. The bioanalytical staff from both

sites also contributed with very valuable insights and practical help

with samples. This study was funded by the Danish Regions.

CONFLICT OF INTEREST STATEMENT

The authors declare that they have no conflicts of interest.

DATA AVAILABILITY STATEMENT

Upon reasonable request to the corresponding author data can be

procured for future research.

ORCID

Sissel Haslund-Krog https://orcid.org/0000-0001-9003-7816

Angela K. Birnbaum https://orcid.org/0000-0002-3969-4906

Catherine M. T. Sherwin https://orcid.org/0000-0002-0844-3207

REFERENCES

1. Cruz MD, Fernandes AM, Oliveira CR. Epidemiology of painful proce-

dures performed in neonates: a systematic review of observational

studies. Eur J Pain. 2016;20(4):489-498. doi:10.1002/ejp.757

2. Anand KJ, International Evidence-Based Group for Neonatal Pain.

Consensus statement for the prevention and management of pain in

the newborn. Arch Pediatr Adolesc Med. 2001;155(2):173-180. doi:10.

1001/archpedi.155.2.173

3. Schiller RM, Allegaert K, Hunfeld M, van den Bosch GE, van den

Anker J, Tibboel D. Analgesics and sedatives in critically ill newborns

and infants: the impact on long-term neurodevelopment. J Clin Phar-

macol. 2018;58(Suppl 10):S140-S150. doi:10.1002/jcph.1139

4. Schwaller F, Fitzgerald M. The consequences of pain in early life:

injury-induced plasticity in developing pain pathways. Eur J Neurosci.

2014;39(3):344-352. doi:10.1111/ejn.12414

5. Burnett AC, Cheong JLY, Doyle LW. Biological and social influences

on the neurodevelopmental outcomes of preterm infants. Clin Perina-

tol. 2018;45(3):485-500. doi:10.1016/j.clp.2018.05.005

6. Williams MD, Lascelles BDX. Early neonatal pain—a review of clinical

and experimental implications on painful conditions later in life. Front

Pediatr. 2020;8:30. doi:10.3389/fped.2020.00030

7. van den Hoogen NJ, de Kort AR, Allegaert KM, et al. Developmental

neurobiology as a guide for pharmacological management of pain in

neonates. Semin Fetal Neonatal Med. 2019;24(4):101012. doi:10.

1016/j.siny.2019.05.004

8. Anand KJS, Eriksson M, Boyle EM, et al. Assessment of continuous

pain in newborns admitted to NICUs in 18 European countries. Acta

Paediatr (Oslo, Norway: 1992). 2017;106(8):1248-1259. doi:10.1111/

apa.13810

9. Alexander S, Kelly E, Mathie A. THE CONCISE GUIDE TO PHARMA-

COLOGY 2019/20: introduction and other protein targets. Br J Phar-

macol. 2019;176 Suppl 1:S1-S20. doi:10.1111/bph.14747

10. Ceelie I, de Wildt S, van Dijk M, et al. Effect of intravenous paraceta-

mol on postoperative morphine requirements in neonates and infants

undergoing major noncardiac surgery: a randomized controlled trial.

JAMA. 2013;309(2):149-154.

11. Allegaert K, Naulaers G, Vanhaesebrouck S, Anderson BJ. The para-

cetamol concentration-effect relation in neonates. Paediatr Anaesth.

2013;23(1):45-50. doi:10.1111/pan.12076

12. Mian P, Knibbe CA, Tibboel D, Allegaert K. What is the dose of intra-

venous paracetamol for pain relief in neonates? Arch Dis Child. 2017;

102(7):649-650. doi:10.1136/archdischild-2017-312870

13. Mian P, Knibbe CAJ, Calvier EAM, Tibboel D, Allegaert K. Intravenous

paracetamol dosing guidelines for pain management in (pre)term neo-

nates using the paediatric study decision tree. Curr Pharm Des. 2017;

23(38):5839-5849. doi:10.2174/1381612823666170921143104

14. Gibb IA, Anderson BJ. Paracetamol (acetaminophen) pharmacody-

namics: interpreting the plasma concentration. Arch Dis Child. 2008;

93(3):241-247. doi:10.1136/adc.2007.126896
15. Pacifici GM, Allegaert K. Clinical pharmacology of paracetamol in neo-

nates: a review. Curr Ther Res Clin Exp. 2015;77:24-30. doi:10.1016/j.

curtheres.2014.12.001

16. Ladumor MK, Bhatt DK, Gaedigk A, et al. Ontogeny of hepatic sulfo-

transferases and prediction of age-dependent fractional contribution

of sulfation in acetaminophen metabolism. Drug Metab Dispos. 2019;

47(8):818-831. doi:10.1124/dmd.119.086462

17. Alexander S, Fabbro D, Kelly E, Mathie A. THE CONCISE GUIDE TO

PHARMACOLOGY 2019/20: enzymes. Br J Pharmacol. 2019;176-

(Suppl 1):S297-S396. doi:10.1111/bph.14752
18. Court MH, Duan SX, von Moltke LL, et al. Interindividual variability in

acetaminophen glucuronidation by human liver microsomes: identifi-

cation of relevant acetaminophen UDP-glucuronosyltransferase iso-

forms. J Pharmacol Exp Ther. 2001;299(3):998-1006.

19. Mutlib AE, Goosen TC, Bauman JN, Williams JA, Kulkarni S,

Kostrubsky S. Kinetics of acetaminophen glucuronidation by UDP-

glucuronosyltransferases 1A1, 1A6, 1A9 and 2B15. Potential implica-

tions in acetaminophen-induced hepatotoxicity. Chem Res Toxicol.

2006;19(5):701-709. doi:10.1021/tx050317i
20. Bhatt DK, Mehrotra A, Gaedigk A, et al. Age- and genotype-

dependent variability in the protein abundance and activity of six

major uridine diphosphate-glucuronosyltransferases in human liver.

Clin Pharmacol Ther. 2019;105(1):131-141. doi:10.1002/cpt.1109

21. Raucy JL, Lasker JM, Lieber CS, Black M. Acetaminophen

activation by human liver cytochromes P450IIE1 and P450IA2. Arch

Biochem Biophys. 1989;271(2):270-283. doi:10.1016/0003-9861(89)

90278-6
22. Chen W, Koenigs LL, Thompson SJ, et al. Oxidation of acetaminophen

to its toxic quinone imine and nontoxic catechol metabolites by

baculovirus-expressed and purified human cytochromes P450 2E1

and 2A6. Chem Res Toxicol. 1998;11(4):295-301. doi:10.1021/

tx9701687

23. Johnsrud EK, Koukouritaki SB, Divakaran K, Brunengraber LL,

Hines RN, McCarver DG. Human hepatic CYP2E1 expression during

development. J Pharmacol Exp Ther. 2003;307(1):402-407. doi:10.

1124/jpet.102.053124

24. Cuzzolin L, Antonucci R, Fanos V. Paracetamol (acetaminophen) effi-

cacy and safety in the newborn. Curr Drug Metab. 2013;14(2):

178-185.
25. Krekels EHJ, van Ham S, Allegaert K, et al. Developmental changes

rather than repeated administration drive paracetamol glucuronida-

tion in neonates and infants. Eur J Clin Pharmacol. 2015;71(9):

1075-1082. doi:10.1007/s00228-015-1887-y

10 HASLUND-KROG ET AL.

 13652125, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.15834 by W

right State U
niversity D

unbar L
ibrary A

cquisitions, W
iley O

nline L
ibrary on [02/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0001-9003-7816
https://orcid.org/0000-0001-9003-7816
https://orcid.org/0000-0002-3969-4906
https://orcid.org/0000-0002-3969-4906
https://orcid.org/0000-0002-0844-3207
https://orcid.org/0000-0002-0844-3207
info:doi/10.1002/ejp.757
info:doi/10.1001/archpedi.155.2.173
info:doi/10.1001/archpedi.155.2.173
info:doi/10.1002/jcph.1139
info:doi/10.1111/ejn.12414
info:doi/10.1016/j.clp.2018.05.005
info:doi/10.3389/fped.2020.00030
info:doi/10.1016/j.siny.2019.05.004
info:doi/10.1016/j.siny.2019.05.004
info:doi/10.1111/apa.13810
info:doi/10.1111/apa.13810
info:doi/10.1111/bph.14747
info:doi/10.1111/pan.12076
info:doi/10.1136/archdischild-2017-312870
info:doi/10.2174/1381612823666170921143104
info:doi/10.1136/adc.2007.126896
info:doi/10.1016/j.curtheres.2014.12.001
info:doi/10.1016/j.curtheres.2014.12.001
info:doi/10.1124/dmd.119.086462
info:doi/10.1111/bph.14752
info:doi/10.1021/tx050317i
info:doi/10.1002/cpt.1109
info:doi/10.1016/0003-9861(89)90278-6
info:doi/10.1016/0003-9861(89)90278-6
info:doi/10.1021/tx9701687
info:doi/10.1021/tx9701687
info:doi/10.1124/jpet.102.053124
info:doi/10.1124/jpet.102.053124
info:doi/10.1007/s00228-015-1887-y


26. van Ganzewinkel C, Derijks L, Anand KJS, et al. Multiple intravenous

doses of paracetamol result in a predictable pharmacokinetic profile

in very preterm infants. Acta Paediatr. 2014;103(6):612-617. doi:10.

1111/apa.12638

27. Palmer GM, Atkins M, Anderson BJ, et al. I.V. acetaminophen pharma-

cokinetics in neonates after multiple doses. Br J Anaesth. 2008;

101(4):523-530. doi:10.1093/bja/aen208

28. Cook SF, Stockmann C, Samiee-Zafarghandy S, et al. Neonatal matu-

ration of paracetamol (acetaminophen) glucuronidation, sulfation, and

oxidation based on a parent-metabolite population pharmacokinetic

model. Clin Pharmacokinet. 2016;55(11):1395-1411. doi:10.1007/

s40262-016-0408-1

29. Flint RB, Roofthooft DW, van Rongen A, et al. Exposure to acetamin-

ophen and all its metabolites upon 10, 15, and 20 mg/kg intravenous

acetaminophen in very-preterm infants. Pediatr Res. 2017;82(4):

678-684. doi:10.1038/pr.2017.129

30. Allegaert K, de Hoon J, Verbesselt R, Vanhole C, Devlieger H,

Tibboel D. Intra- and interindividual variability of glucuronidation of

paracetamol during repeated administration of propacetamol in neo-

nates. Acta Paediatr. 2005;94(9):1273-1279. doi:10.1111/j.1651-

2227.2005.tb02088.x

31. Haslund-Krog SS, Hertel S, Dalhoff K, et al. Interventional cohort

study of prolonged use (>72 hours) of paracetamol in neonates: pro-

tocol of the PARASHUTE study. BMJ Paediatr Open. 2019;3(1):

e000427. doi:10.1136/bmjpo-2018-000427

32. EMA guideline on the investigation of medicinal products in the term

and preterm neonate 2009. Ref. EMEA/536810/2008. Accessed

October 8, 2020. https://www.ema.europa.eu/en/documents/

scientific-guideline/guideline-investigation-medicinal-products-term-

preterm-neonate-first-version_en.pdf

33. Cook SF, King AD, van den Anker JN, Wilkins DG. 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. doi:10.1016/j.jchromb.2015.10.013

34. Cook SF, Roberts JK, Samiee-Zafarghandy S, et al. Population

pharmacokinetics of intravenous paracetamol (acetaminophen) in pre-

term and term neonates: model development and external evaluation.

Clin Pharmacokinet. 2016;55(1):107-119. doi:10.1007/s40262-015-

0301-3

35. Beal SL. Ways to fit a PK model with some data below the quantifica-

tion limit. J Pharmacokinet Pharmacodyn. 2001;28(5):481-504. doi:10.

1023/a:1012299115260

36. Germovsek E, Barker CIS, Sharland M, Standing JF. Scaling

clearance in paediatric pharmacokinetics: all models are wrong, which

are useful? Br J Clin Pharmacol. 2017;83(4):777-790. doi:10.1111/

bcp.13160

37. Langford R, Hogg M, Dip G, et al. Comparative plasma and cerebro-

spinal fluid pharmacokinetics of paracetamol after intravenous and

oral administration. Anesth Analg. 2016;123(3):610-615. doi:10.1213/

ANE.0000000000001463

38. Bergstrand M, Hooker AC, Wallin JE, Karlsson MO. Prediction-

corrected visual predictive checks for diagnosing nonlinear mixed-

effects models. AAPS J. 2011;13(2):143-151. doi:10.1208/s12248-

011-9255-z

39. Proost JH. Combined proportional and additive residual error models

in population pharmacokinetic modelling. Eur J Pharm Sci. 2017;109S:

S78-S82. doi:10.1016/j.ejps.2017.05.021

40. Holford N. Censored observations with NONMEM. 2015. http://

holford.fmhs.auckland.ac.nz/docs/censored-observations-with-

nonmem.pdf

41. Harris PA, Taylor R, Minor BL, et al. The REDCap consortium: building

an international community of software platform partners. J Biomed

Inform. 2019;95:103208. doi:10.1016/j.jbi.2019.103208

42. Harris PA, Taylor R, Thielke R, Payne J, Gonzalez N, Conde JG.

Research electronic data capture (REDCap)—a metadata-driven meth-

odology and workflow process for providing translational research

informatics support. J Biomed Inform. 2009;42(2):377-381. doi:10.

1016/j.jbi.2008.08.010

43. Drug Interactions Flockhart Table: CYTOCHROME P450 DRUG

INTERACTION TABLE. Accessed December 17, 2021. https://drug-

interactions.medicine.iu.edu/MainTable.aspx

44. Prescott LF. Kinetics and metabolism of paracetamol and phenacetin.

Br J Clin Pharmacol. 1980;10(Suppl 2):291S-298S. doi:10.1111/j.

1365-2125.1980.tb01812.x

45. Wang C, Allegaert K, Tibboel D, et al. Population pharmacokinetics of

paracetamol across the human age-range from (pre)term neonates,

infants, children to adults. J Clin Pharmacol. 2014;54(6):619-629. doi:

10.1002/jcph.259

46. Xie Y, McGill MR, Cook SF, et al. Time course of acetaminophen-

protein adducts and acetaminophen metabolites in circulation of

overdose patients and in HepaRG cells. Xenobiotica. 2015;45(10):

921-929. doi:10.3109/00498254.2015.1026426

47. Siemionow K, Teul J, Drągowski P, Pałka J, Miltyk W. New potential

biomarkers of acetaminophen-induced hepatotoxicity. Adv Med Sci.

2016;61(2):325-330. doi:10.1016/j.advms.2016.05.001

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Haslund-Krog S, Barry JM,

Birnbaum AK, et al. Pharmacokinetics and safety of prolonged

paracetamol treatment in neonates: An interventional cohort

study. Br J Clin Pharmacol. 2023;1‐11. doi:10.1111/bcp.15834

HASLUND-KROG ET AL. 11

 13652125, 0, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.15834 by W

right State U
niversity D

unbar L
ibrary A

cquisitions, W
iley O

nline L
ibrary on [02/10/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

info:doi/10.1111/apa.12638
info:doi/10.1111/apa.12638
info:doi/10.1093/bja/aen208
info:doi/10.1007/s40262-016-0408-1
info:doi/10.1007/s40262-016-0408-1
info:doi/10.1038/pr.2017.129
info:doi/10.1111/j.1651-2227.2005.tb02088.x
info:doi/10.1111/j.1651-2227.2005.tb02088.x
info:doi/10.1136/bmjpo-2018-000427
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-medicinal-products-term-preterm-neonate-first-version_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-medicinal-products-term-preterm-neonate-first-version_en.pdf
https://www.ema.europa.eu/en/documents/scientific-guideline/guideline-investigation-medicinal-products-term-preterm-neonate-first-version_en.pdf
info:doi/10.1016/j.jchromb.2015.10.013
info:doi/10.1007/s40262-015-0301-3
info:doi/10.1007/s40262-015-0301-3
info:doi/10.1023/a:1012299115260
info:doi/10.1023/a:1012299115260
info:doi/10.1111/bcp.13160
info:doi/10.1111/bcp.13160
info:doi/10.1213/ANE.0000000000001463
info:doi/10.1213/ANE.0000000000001463
info:doi/10.1208/s12248-011-9255-z
info:doi/10.1208/s12248-011-9255-z
info:doi/10.1016/j.ejps.2017.05.021
http://holford.fmhs.auckland.ac.nz/docs/censored-observations-with-nonmem.pdf
http://holford.fmhs.auckland.ac.nz/docs/censored-observations-with-nonmem.pdf
http://holford.fmhs.auckland.ac.nz/docs/censored-observations-with-nonmem.pdf
info:doi/10.1016/j.jbi.2019.103208
info:doi/10.1016/j.jbi.2008.08.010
info:doi/10.1016/j.jbi.2008.08.010
https://drug-interactions.medicine.iu.edu/MainTable.aspx
https://drug-interactions.medicine.iu.edu/MainTable.aspx
info:doi/10.1111/j.1365-2125.1980.tb01812.x
info:doi/10.1111/j.1365-2125.1980.tb01812.x
info:doi/10.1002/jcph.259
info:doi/10.3109/00498254.2015.1026426
info:doi/10.1016/j.advms.2016.05.001
info:doi/10.1111/bcp.15834

	Pharmacokinetics and Safety of Prolonged Paracetamol Treatment in Neonates: An Interventional Cohort Study
	Repository Citation
	Authors

	Pharmacokinetics and safety of prolonged paracetamol treatment in neonates: An interventional cohort study
	1  INTRODUCTION
	2  METHODS
	2.1  Study population
	2.2  Dosing and sampling schedule

	What is already known about this subject
	What this study adds
	2.3  Data collection and analysis
	2.4  Analytical methods for paracetamol
	2.5  Model development
	2.6  Covariate analysis
	2.7  Statistical analyses
	2.8  Nomenclature of targets and ligands

	3  RESULTS
	3.1  Patient characteristics
	3.2  Liver biomarkers
	3.3  Comedication
	3.4  Population estimates
	3.5  Model evaluation

	4  DISCUSSION
	4.1  Limitations

	5  CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


