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AIMS
This study aimed to characterize the pharmacokinetics of oxycodone and its major metabolites in infants and covered the age
range between extremely preterm neonates and 2-year-old infants.

METHODS
Seventy-nine infants (gestational age 23–42 weeks; postnatal age 0–650 days) received intravenous oxycodone hydrochloride
trihydrate at a dose of 0.1 mg kg�1 during or after surgery. Three to seven blood samples were taken from each infant, and plasma
concentrations of oxycodone, noroxycodone, oxymorphone, and noroxymorphone were quantified. The unconjugated forms of
these compounds were determined in urine collected after up to 24 or 48 h from 25 infants. Pharmacokinetics was determined
using noncompartmental analysis and reported for six clinically relevant age groups based on postmenstrual age.

RESULTS
Oxycodone pharmacokinetics changed markedly with patient age. Preterm neonates were found to have the highest
pharmacokinetic variability out of the study population. In extremely preterm neonates (n = 6) median of elimination half-life was
8.8 h (range 6.8–12.5), in preterm (n = 11) 7.4 h (4.2–11.6), and in older neonates (n = 22) 4.1 h (2.4–5.8), all of which were
significantly longer than that in infants aged 6–24 months (n = 12) 2.0 h (1.7–2.6). Median renal clearance was fairly constant in
all age groups, whereas non-renal clearance markedly increased with age. Noroxycodone was the major metabolite in plasma
and urine.

CONCLUSIONS
Oxycodone elimination is slower and pharmacokinetic variability more pronounced in neonates when compared to older infants.
These findings highlight the importance of careful dose titration for neonates.

British Journal of Clinical
Pharmacology

Br J Clin Pharmacol (2017) 83 791–800 791

© 2016 The British Pharmacological Society DOI:10.1111/bcp.13164



WHAT IS ALREADY KNOWN ABOUT THIS SUBJECT
• In adults the use of oxycodone has surpassed that of morphine is several countries.
• Oxycodone is increasingly used also in children.
• The pharmacokinetics of oxycodone have been evaluated in infants aged 6months or older, but the data on newborns are
sparse and no data are available for preterm neonates.

WHAT THIS STUDY ADDS
• Pharmacokinetics of oxycodone changes markedly with age.
• The highest between-subject variability was seen in preterm and term neonates.
• Elimination to inactive noroxycodone via CYP3A seems to be the main metabolic route for infants also.

Tables of Links

TARGETS

GPCR [2] Enzymes [3]

μ receptor CYP2D6

Monoamine oxidase A

LIGANDS

Morphine Ketoconazole

Oxycodone Dextromethorphan

Oxymorphone Phenobarbital

Thiopental Midazolam

Caffeine Paracetamol

These Tables list key protein targets and ligands in this article that are hyperlinked to corresponding entries in http://www.guidetopharmacology.
org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY [1], and are permanently archived in the Concise Guide to PHAR-
MACOLOGY 2015/16 [2, 3].

Introduction

Oxycodone is extensively evaluated and increasingly used for
acute and chronic pain relief in adults and the elderly [4, 5].
The use of oxycodone has surpassed that of morphine in sev-
eral countries [6] and today oxycodone is increasingly used
also in children [5, 7, 8]. The pharmacokinetics of oxycodone
have been determined in approximately 90 infants and chil-
dren aged between 6 months and 10 years [9–11]. In this age
group the pharmacokinetics of oxycodone after intravenous
administration is fairly similar to adults, and the between-
subject variability is moderate with this administration route
[9, 10, 12]. In contrast, the pharmacokinetics of oxycodone in
infants under 6 months has not been established. In the only
published study on 22 infants aged between 0 and 6 months,
the infants under one week of age had the lowest median
clearance (CL) of oxycodone together with the longest elimi-
nation half-life (t1/2), but no clear trend in the maturation
was observed due to high between-subject variability [13].
Furthermore, there is no information on either the plasma
metabolite profile or the urinary excretion of oxycodone
and its metabolites in this age group.

In adults, oxycodone is extensively metabolized in
the liver and only approximately 10% of the dose is ex-
creted unchanged in urine [14–16]. The main metabolic
route is cytochrome (CYP) 3A-mediated N-demethylation
to noroxycodone [16, 17]. Another important pathway is
O-demethylation to oxymorphone via CYP2D6. This enzyme
is also mainly responsible for converting noroxycodone to
noroxymorphone. Noroxycodone is a weak μ-opioid receptor
agonist whereas oxymorphone and noroxymorphone are
more potent agonists than oxycodone [16, 18]. However,

oxymorphone and noroxymorphone probably do not
contribute significantly to central opioid effects as their
plasma concentrations are much lower than that of
oxycodone [16, 19, 20]. They are also more hydrophilic than
oxycodone and this feature may limit their uptake into the
central nervous system [16, 21].

In infants and children aged between 6 months and 8
years the plasma metabolite profile of oxycodone after buccal
and sublingual administration was similar to that in adults af-
ter oral administration [11]. Noroxycodone was the major
metabolite whereas the concentration of oxymorphone was
low (<7% compared to oxycodone). Noroxycodone was also
themajormetabolite formed in vitro by cryopreserved hepato-
cytes originating from infants, and its formation rate was
markedly reduced by CYP3A inhibitor ketoconazole [22].

This study aimed to characterize the maturation of oxyco-
done pharmacokinetics in infants and covered the age range
between extremely preterm neonates and 2-year-old infants.
Oxycodone and its major metabolites were determined from
plasma and urine. This information is needed for efficient
and safe use of oxycodone in infants.

Methods
This study was funded by a governmental research grant
number 507A002 from the Hospital District of Northern
Savo, Kuopio, Finland. The study protocol was approved by
the Research Ethics Committee of the Hospital District of
Northern Savo, Kuopio, Finland (No. 6/2012), registered with
EudraCT (2011-005612-28, principal investigator HK), and
conducted in accordance with the Declaration of Helsinki.
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The Finnish Medicines Agency was notified (No. 6/2012) and
the study was registered in Clinical Trials database
(NCT02564003). The study received institutional approval.

The study was carried out at the Kuopio University Hospi-
tal, Finland, and patients were recruited between January
2012 and June 2013. The study design was a prospective,
open label clinical trial on the pharmacokinetics of oxyco-
done in neonates and infants. Some restrictions were set to
the design for ethical and logistical reasons. The total number
of preterm neonates was limited to 20, and the number of
blood samples from preterm neonates and older infants
during the first 12 h after dosing was limited to two and five,
respectively, with a maximum of three samples/24 h for pre-
term and seven samples/24 h for older infants. The summary
of the study design is presented in Table 1.

Infants scheduled for surgery with planned perioperative
or postoperative opioid analgesia were screened if their gesta-
tional age (GA) was at least 23 weeks and postnatal age (PNA)
below 2 years. We enrolled an infant if the parents gave in-
formed written consent. The infant was excluded if he/she
had allergy or hypersensitivity to oxycodone or had received
monoamineoxidase-, CYP3A- or CYP2D6-inhibitors during
the previous month or other reason that was considered to
contraindicate participation. A total of 92 children’s parents
were asked, of whom 13 declined. The reasons for not want-
ing to participate included not wanting any extra treatment
(n = 5) or additional stress to the child (n = 1), and parents
of seven children did not given any specific reason.

The intravenous dose of 0.1 mg kg�1 of oxycodone hydro-
chloride trihydrate (Oxanest® 10 mg ml�1, Oy Leiras Takeda
Pharmaceuticals Ab, Helsinki, Finland) was diluted with sa-
line up to 0.5–1 ml in the preterm neonates and 2–5 ml in
other infants. The dose selection was based on published
pharmacokinetic and pharmacodynamic data of oxycodone
in infants [9–13]. The dose was injected over 1 min into a
venous line. The dose corresponded to 0.078 mg kg�1

oxycodone base and 0.087 mg kg�1 oxycodone hydrochlo-
ride. Oxycodone was given either before or right after surgery,
or before other painful procedures that required opioid
analgesia.

Blood samples were taken into EDTA tubes at baseline be-
fore oxycodone administration and at predetermined times
after drug administration (Table 1). An arterial cannula was
inserted in the radial artery to monitor blood pressure, and
this cannula was used for blood sampling from preterm

neonates and children who required arterial cannulation for
clinical reasons. The sample volume was adjusted to patient
size. In preterm neonates, sample volume was 200–500 μl,
in term neonates 1 ml and in older infants 3 ml, respectively.
Blood samples were centrifuged at 21°C and 1200 g for
10 min, and the separated plasma samples were stored at
�70°C until analysis.

Urine was collected from 25 children up to 24 or 48 h.
Urine was collected only if the subject had a urine catheter
for clinical reason. A new collection device, but not a
urine catheter, was changed after 24 h if urine collection
was continued. The urine volume collected at 0–24 h and
24–48 h was measured and recorded, and paired urine sam-
ples (5–10 ml) were taken into polypropene tubes and stored
at �70°C.

The concentrations of oxycodone, noroxycodone,
oxymorphone and noroxymorphone in plasma and urine
were determined using liquid chromatography–mass spec-
trometry (LC–MS). All the concentrations of oxycodone and
its metabolites are reported as free bases.

In the sample preparation, 100 μl of plasma was mixed
with 25 μl of internal standard solution (54 nM dextrome-
thorphan in ultrapure water), mixed vigorously, pipetted into
Waters Sirocco precipitation plate (Waters Oasis MCX,
Waters Corp., Milford, MA, USA) containing 200 μl acetoni-
trile, vortex-mixed for 5 min, centrifuged for 20 min at
2952 g and pipetted into UPLC-96 well plate to wait for anal-
ysis. The standard and quality control samples were prepared
by spiking external standard solution into blank plasma and
otherwise processed as the samples.

The concentrations of oxycodone, noroxycodone,
oxymorphone and noroxoymorphone in plasma were deter-
mined using a LC–MS (Waters Acquity UPLC and Waters
Xevo TQ-S triple quadrupole MS, Waters Corp., Milford,
MA, USA) method. A column with 1.7 μm particle size
(Waters BEH C18, Waters Corp., Milford, MA, USA) with
precolumn filter was used at 35°C and sample injection vol-
ume was 4 μl. A gradient elution system with 0.5 ml min�1

flow rate of 1–1–80–90% of methanol in 0–1–2.5–3.5 min in
5mM ammonium bicarbonate (pH 9.8) was applied, followed
by 1 min equilibration. The data for plasma samples were col-
lected using selected ionmonitoring (SRM) with positive ion-
ization mode and capillary voltage of 500 V. Nitrogen was
used as a cone gas at 150 l h�1, desolvation gas at 1200 l h�1

and as a nebulizer gas at full rate. Desolvation and source

Table 1
Patient groups in study design and data analysis

Study design Data analysis

Group code
Postmenstrual
age (weeks) n

No. of
blood samples

Blood sampling
times (h) Group code

Postmenstrual
age (weeks) n

A 24–36.9 20 3 0.57, 12 and 24 A1 24–27.9 6

A2 28–36.9 11

B 37–52.9 42 5 0.033, 0.25, 4.85, 8.63 and 9.57 B1 37–43.9 22

B2 44–52.9 13

C 53–65.9 5 5 0.033, 0.58, 4.9, 8.12 and 9.8 C 53–65.9 12

D 66–144 5 5 0.033, 0.53, 4.3, 8.33 and 9.93 D 66–144 12

Oxycodone and its metabolites in neonates and infants
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temperatures were 650°C and 150°C, respectively.
Argon was used as a collision gas at 0.18 ml min�1

flow
rate. The monitored SRM transition reactions were m/z
288 > 213(collision energy 25 eV, cone voltage 40 V) for
noroxymorphone, 302> 284 (16 eV, 40 V) for noroxycodone
and oxymorphone, m/z 316 > 241 (30 eV, 40 V) for oxyco-
done and m/z 272 > 215 (20 eV, 40 V) for internal standard
dextromethorphan. Dwell time of 10 ms was applied and
the precursor ions were chosen with one mass unit
resolution. Quantitation was based on the peak area ratios
of the analytes and the internal standard. The mass
spectrometer and ultra-performance liquid chromatography
system were operated with the Masslynx 4.1 software (Waters
Corp., Milford, MA, USA). The method was linear,
accurate and precise in the range of 0.05 (used as limit of
quantification)–500 ng ml�1 for oxycodone, 0.1–200 ng ml�1

for oxymorphone, 0.2–500 ng ml�1 for noroxycodone and
0.2–200 ng ml�1 for noroxymorphone in plasma samples.
The intraday and interday accuracies ranged between 88
and 111% and the coefficients of variation were less than
20%. The quality control samples containing all of these
compounds at 1, 10 and 50 ng ml�1 were prepared in blank
plasma and analysed as duplicates in each analytical batch.
All the measured concentrations were within 85–115% of
the nominal concentration, and therefore, all batches were
considered acceptable.

The urine samples were prepared with the same method
as used earlier for cerebrospinal fluid samples [21]. The con-
centrations of oxycodone, noroxycodone, oxymorphone
and noroxymorphone (unconjugated without enzymatic
hydrolysis) in urine were acquired using a quadrupole
time-of-flight mass spectrometer (Waters Xevo G2
Q-TOF-MS, Waters Corp., Milford, MA, USA) in positive ioni-
zation mode and with capillary voltage of 500 V. Nitrogen
was used as a cone gas and as a desolvation gas at 50 and
1000 l h�1

flow rate, respectively. Desolvation temperature
of 600°C and source temperature of 150°C was applied. The
acquisition was performed inMSemode with collision energy
ramp of 15–35 eV. Leucine encephalin was used as a lockmass
compound at amass range ofm/z 100–1000. Acquisition time
was 100 ms and the ion chromatogram window applied in
quantification was 20 mDa. The method used was linear,
accurate and precise in urine samples in the range of 0.2 (used
as limit of quantification)–500 ng ml�1 for oxycodone,
1–500 ng/mL for oxymorphone, 1–500 ng ml�1 for
noroxycodone and 2–500 ng ml�1 for noroxymorphone, re-
spectively. The intraday accuracies ranged between 92 and
156% at the limit of quantification and 85–111% above the
limit of quantitation. The coefficients of variation were less
than 30%.

The elimination half-life (t1/2), CL and volume of distribu-
tion at steady-state (Vss) were determined with
noncompartmental analysis (WinNonlin version 6.3;
Pharsight Corp., St. Louis, MO, USA) using at least three data
points from the terminal log-linear phase. The observed
highest concentration (Cmax) is also reported. From urine
data, the percentage of unconjugated oxycodone and uncon-
jugated metabolites from the oxycodone dose was calculated
on mole basis for 0–24 and 0–48 h urine collection periods,
and renal and non-renal (hepatic) clearance of oxycodone
were determined. Oxymorphone or noroxymorphone

concentrations in 0–24 h urine was below the limit of quanti-
fication of the metabolite in 6 and 13 infants of the total 25
infants, respectively. In these cases, the minimum percentage
of the metabolite required for quantification was calculated
based on the limit of quantification of each metabolite and
the subject’s oxycodone dose and urine volume. These
calculated values were 0.04–0.26% and they (and not zero)
were used in descriptive statistics of oxymorphone and
noroxymorphone in 0–24 h urine samples, respectively.

All subjects were monitored by the attending nurses and
physicians and any incidences were recorded on patients’ re-
cords. Any occurrences of suspected adverse effects were also
sought at every blood sampling point and before discharge.
This was done by interviewing the neonatal intensive care
unit nurses and physicians, paediatric surgical ward nurses,
and patients’ parents. The patients’ charts were also evalu-
ated to improve the robustness of the data. The subjects were
followed up to 24 h after oxycodone administration. Heart
rate, breathing frequency, blood pressure, and carbon dioxide
end tidal concentration were measured routinely during an-
aesthesia, surgery and followed up a minimum of 10–24 h
after drug administration. Severe unexpected adverse events
(see below) were reported to the Finnish Medicine Agency
and research ethics committee within 24 h of the incident.

Statistical analysis
The infants were divided into six clinically relevant age
groups based on postmenstrual age (PMA) for descriptive
summary of the plasma concentration curves and pharmaco-
kinetic parameters (Table 1). The groups A, preterm neonates,
and B, term neonates and infants under 53 weeks PMA, in the
study design were divided into two data analysis groups each.
Data are given for each group as median and range. The
between-group differences in pharmacokinetic parameters
obtained with individual noncompartmental analysis were
tested using Kruskal-Wallis with Dunn’s method for pairwise
comparisons (SigmaPlot version 13.0, Systat Software, Inc.,
San Jose, CA, USA).

Results
Oxycodone was given to 79 infants but data from three sub-
jects were excluded from data analysis groups. The dose of
oxycodone hydrochloride trihydrate ranged between 0.086
and 0.126mg kg�1 (median, 0.1). The total number of plasma
samples in 76 infants was 397 and the number of blood sam-
ples taken from each subject ranged between two and seven
(median, five). Oxycodone plasma concentration was below
the limit of quantification in two 24-h plasma samples (one,
see below). The demographics for the subjects in the data
analysis groups are presented in Table 2. All concomitant
medications are presented in Table 3.

There were some protocol deviations. The blood sampling
was terminated earlier than planned in four subjects. In study
design group A, preterm, the first scheduled sample (0.57 h)
was taken after a significant delay from two subjects. In
groups B–D, older infants, the first scheduled sample
(2 min) was not taken from six subjects. Oxycodone was
given to four preterm neonates who were receiving
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fluconazole (CYP3A inhibitor) for prophylaxis of candidiasis
and for one who had received phenobarbital (CYP3A inducer)
since birth to prevent epileptic seizures; he was given oxyco-
done at PNA of 22 days.

Data from three subjects were excluded from data analysis
groups. The data of the extremely preterm (GA 27.6 weeks)

who had received phenobarbital was excluded because the
elimination of oxycodone was very rapid for his age (P-oxyco-
done at 0.57 h 16.6 ng ml�1, at 12.1 h 0.86 ng ml�1, and at
24 h below the limit of quantification (0.05 ng ml�1), respec-
tively. The terminal half-life calculated from 0.57 and 12.1 h
data was 2.7 h). One subject (GA 27.9 weeks, PNA 7 days,

Table 2
Patient characteristics, indication of oxycodone and type of surgery for the data analysis groups

Groups

A1 (n = 6) A2 (n = 11) B1 (n = 22) B2 (n = 13) C (n = 12) D (n = 12)

Postmenstrual age (weeks) 25.9 [24.3–26.9] 31.0 [28.0–36.9] 39.5 [37.4–43.0] 47.7 [44.4–51.9] 56.7 [53.4–65.0] 98.8 [68.6–132.9]

Gestational age (weeks) 25.4 [23.3–26.3] 29.9 [27.1–36.9] 38.2 [30.0–41.6] 39.9 [31.3–41.9] 39.8 [36.0–40.6] 40.0 [31.4–40.0]

Postnatal age (days) 5 [1–15] 1 [0–27] 2 [0–85] 51 [22–144] 122 [96–175] 412 [213–650]

Weight (kg) 0.79 [0.65–1.05] 1.6 [0.52–3.0] 3.4 [2.4–5.2] 5.2 [3.8–6.9] 6.8 [5.0–8.2] 10.7 [7.3–14.0]

Sex (male/female) 3/3 5/6 14/8 12/1 9/3 7/5

ASA I/II/III/IV �/�/4/2 �/1/7/3 �/5/14/3 �/11/2/� 1/11/�/� 11/1/�/�
Indication for oxycodone

Sedation 4 8 4

Surgery 1 3 15 12 12 12

Painful procedure 1 3 1

Type of surgery

Gastrointestinal 2 10 9 11 4

Neurosurgery 1 3 1

Cardiac surgery 1

Uro-/Gynecological 1 3

Other 1 3 5

Data are median (minimum–maximum) or number of cases. ASA, American Society of Anesthesiologists Physical Status Classification.

Table 3
Concomitant medications. Data are number of subjects

Group A1
n = 6

Group A2
n = 11

Group B1
n = 22

Group B2
n = 13

Group C
n = 12

Group D
n = 12

Antibiotics 6 6 8 4 4 5

Fluconazole 2 2 — — — —

Caffeine 6 7 — — — —

Vasoactive drugs 3 6 — — — —

Non-steroidal anti-inflammatory
analgesic

1 1 — 5 8 8

Paracetamol 1 3 4 9 9 9

Midazolam — — 18 13 12 12

Thiopental — — 16 13 12 12

Local anaesthetics — — 11 11 11 10

Most subjects were given several medications. Thiopental and midazolam were used for general anaesthesia or sedation for surgical operations or
other minor interventions.

Oxycodone and its metabolites in neonates and infants
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weight 0.44 kg) died (not oxycodone-related) after ductus
arteriosus surgery. Oxycodone concentration in his plasma
at 0.57 h was 16 ng ml�1. Data from a third subject (GA 42
weeks, PNA 1 day, weight 2.7 kg) were excluded because of ex-
ceptionally high oxycodone concentrations throughout the
study period (593 ng ml�1 at 3 min and 15 ng ml�1 at 14.6 h).

Oxycodone in plasma
Oxycodone pharmacokinetics changed markedly with age
(Table 4 and Figure 1). There was a significant decrease in
the elimination half-life with increasing PMA, and the
between-subject variability was highest in the preterm neo-
nates, groups A1 and A2 (Figure 2). The infants receiving pro-
phylactic fluconazole therapy (n = 4) had similar oxycodone
pharmacokinetics to other infants in the same age group
(Figure 1).

Metabolites in plasma
Noroxycodone was the major metabolite in plasma with
most of the observed peak concentrations between 3 and
10 ngml�1 (Figure 3). The shape of the noroxycodone plasma
curve changed with age. In older infants, noroxycodone
peaked earlier and the elimination was more rapid. The
preterm neonates receiving fluconazole had similar plasma
concentrations of CYP3A-mediated noroxycodone to other
preterm neonates (Figure 3). Oxymorphone and
noroxymorphone plasma concentrations were usually below
1.5 ng ml�1 (Figure 4).

Oxycodone and metabolites in urine
Urine was collected from 25 infants for 24 h, and in 18 of
these infants the collection was continued up to 48 h. Signif-
icant fractions of unconjugated oxycodone (median for the
first 24 h 12% [minimum–maximum, 0.01–50] and median
for the first 48 h 13% [0.01–56]) and noroxycodone
(median24h 6.5% [0.2–12] and median0-48h 7.6% [0.4–17])
were found in the urine of most patients. The fractions of
these compounds in urine varied widely in neonates.
The three highest fractions of unconjugated oxycodone in
0–24 h urine were 50, 40 and 32%, respectively. The fractions
of unconjugated oxymorphone and noroxymorphone in
urine were low (<3%). We had urine data in 14 full-term

neonates, groups B1 and B2. In these neonates renal and
non-renal CLwas 0.063 l h kg�1 [0.008–0.11] and 0.41 l h kg�1

[0.15–0.64] during the first 24 h (n = 14), and 0.07 l h kg�1

[0.013–0.11] and 0.41 l h kg�1 [0.35–0.64] during 0–48 h
(n = 10), respectively. In seven preterm neonates, groups A1
and A2, renal CL was similar to full-term infants, but non-
renal CL was less, 0.21 l h kg�1 [0.12–0.27] during the first
24 h (n = 7), and 0.18 l h kg�1 [0.11–0.22] during 0–48 h
(n = 5). In four older infants, groups C and D, renal CL was
similar to younger subjects, but non-renal CL was higher,
0.47 l h kg�1 [0.31–0.55] during the first 24 h (n = 4), and
0.47 l h kg�1 [0.31–0.55] during 0–48 h (n = 3).

Safety
One boy who had operation due to pyloric stenosis had post-
operative nausea and vomiting, and urinary retention. One
preterm underwent surgery for patent ductus arteriosus, and
died at the first postoperative morning. The death was not
related to the study drug. This serious adverse event was
notified to the Finnish Medicines Agency and research ethics
committee within 24 h. No other adverse events were
recorded.

Discussion
This study aimed to characterize the maturation of oxyco-
done pharmacokinetics in infants. Data were analysed from
76 infants including 17 preterm neonates. A clear trend in
the maturation was found based on a marked decrease in
the elimination half-life. In an earlier study on 22 infants
aged between 0 and 6 months, the infants under PNA of 7
days had the lowest median CL of oxycodone together with
the longest t1/2. In that study, no clear trend in the matura-
tion was observed because of marked between-subject
variability. Moreover, only four preterm neonates (GA 33–36
weeks) were enrolled in that study [13].

The pharmacokinetic parameters in infants aged 6–24
months were fairly similar to those reported earlier for infants
and children over 6 months [9, 10]. Elimination half-life is
similar in the present study and studies by Kokki and col-
leagues [10, 11]. When compared against another study with
older children up to 10 years of age, the t1/2 in the present

Table 4
Pharmacokinetics of oxycodone in plasma

Parameter

Groups

A1 (n = 6) A2 (n = 11) B1 (n = 22) B2 (n = 13) C (n = 12) D (n = 12)

CL (l h kg�1) 0.27 [0.2–0.49] 0.27 [0.1–0.52] 0.50 [0.23–0.79] 0.54c [0.16–0.94] 0.53 [0.21–1.2] 0.64 [0.53–0.96]

Vss (l kg
�1) 3.1a [2.3–3.6] 2.7b [0.56–3.9] 3.0 [1.5–5.4] 2.0c [0.59–3.7] 2.2 [0.7–3.8] 1.8 [1.3–2.8]

t1/2 (h) 8.8 [6.8–12.5] 7.4 [4.2–11.6] 4.1 [2.4–5.8] 2.7 [2.1–4.2] 2.6 [2.3–3.4] 2.0 [1.7–2.6]

Data are presented as median (minimum-maximum); CL, clearance; Vss, volume of distribution at steady state; t1/2, elimination half-life. Statistical
analysis of t1/2: Groups A1 and A2 were significantly different from groups B2, C and D (P < 0.05), respectively. Group B1 was significantly different
from group D (P < 0.05).
an = 5
bn = 10
cn = 12
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study (102–156 min) was similar to the study with the older
children (73–179 min) [9].

The plasmametabolite profile in the infants was similar to
that reported for adults [23, 24]. Noroxycodone, a fairly weak
μ-opioid receptor agonist, was the major metabolite whereas
the concentrations of more potent metabolites,
oxymorphone and noroxymorphone, were very low. This
suggests that, similar to adults, oxycodone itself is mainly re-
sponsible for the central opioid effects in infants. Unconju-
gated noroxycodone was also found from urine in
significant amounts as seen earlier in adults [14–16, 25]. The
metabolite profile in plasma and urine suggests that CYP3A-
mediated N-demethylation to noroxycodone is the main
elimination route also in infants.

In the present study, median fraction of unconjugated
oxycodone in 0–24 h and 0–48 h urine was 12 and 13% of
the dose, respectively. These values represent the portion
of renal CL from the total CL. Our median values are close
to the mean values in adults (5–11%) after intravenous, in-
tramuscular and oral administration [14–16]. Renal func-
tion is immature in infants and it achieves full capacity
not before the PNA of three months, and in preterm infants
its maturation may be even more delayed [26, 27]. Our data
indicate that immature kidney function may not affect re-
nal clearance of oxycodone that much. In seven preterm
and 14 full-tern neonates, median renal clearance was
0.06–0.07 l h kg�1, that is close to the corresponding value
in adults (0.06 and 0.11 l h kg�1 based on data in [14] and
[15]). Based on our data it seems that non-renal (hepatic)
clearance is significantly decreased in preterm compared to
full-term newborns and older infants. However, we had
data only on seven preterm, two of which were extremely
preterm. Thus, further data are required before firm conclu-
sions can be drawn.

Figure 1
Oxycodone plasma concentrations versus time in different age groups. Group A1 with postmenstrual age of 24–27.9 weeks (A), group A2 with
28–36.9 weeks (B), group B1 with 37–43.9 weeks (C), group B2 with 44–52.9 weeks (D), group C with 53–65.9 weeks (E), and group D with
66–144 weeks (F). In panels A and B the observations marked with (×) and connected with dotted lines came from preterm neonates who were
receiving prophylactic fluconazole therapy

Figure 2
Correlation of postmenstrual age and terminal half-life of oxycodone
(n = 76). Terminal half-life was obtained using noncompartmental
analysis. Values marked with (×) came from preterm neonates who
were receiving prophylactic fluconazole therapy

Oxycodone and its metabolites in neonates and infants
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Regarding the very high between-subject variability of
oxycodone pharmacokinetics in the preterm neonates, we
cannot rule out the possibility that some of the extreme phar-
macokinetic parameters were partly affected by an experi-
mental error. For example, a preterm infant in group A2 had
a very low peak concentration (3.6 ng ml�1 at 0.57 h) while
having a fairly long terminal half-life (t1/2 9.9 h). This could
be explained by assuming that the actual dose delivered was
lower than the intended dose. Most of the oxycodone

dilutions were prepared by a clinical pharmacist. Unfortu-
nately, a pharmacist was present in the unit only from Mon-
day to Friday between 7 a.m. and 4 p.m., and some of the
test drug dilutions were prepared by other staff. It has been
shown that preparing recommended doses of parenteral
medications of commercially available formulations can be
challenging when the required volumes of stock solutions
are less than 0.1ml as it was in this case [28]. In addition, con-
comitant drug use is a potential reason behind the high

Figure 3
Noroxycodone plasma concentrations versus time in different age groups. Group A1 with postmenstrual age of 24–27.9 weeks (A), group A2 with
28–36.9 weeks (B), group B1 with 37–43.9 weeks (C), group B2 with 44–52.9 weeks (D), group C with 53–65.9 weeks (E), and group D with
66–144 weeks (F). In panels A and B the observations marked with (×) and connected with dotted lines came from preterm neonates who were
receiving prophylactic fluconazole therapy

Figure 4
Oxymorphone (A) and noroxymorphone (B) plasma concentrations versus time (n = 76)

M. Kokki et al.
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between-subject variability. Midazolam and thiopental were
used in most of the older infants but not in preterm, and
few drugs, caffeine and vasoactive drugs, were only used in
preterm. Moreover, the gender distribution among preterm
was equal but most of the older infants were boys. However,
we are unaware of any data indicating whether gender may
affect pharmacokinetics in infants.

Oxycodone was well tolerated and only few adverse ef-
fects were reported. Preterm infants were treated in the neo-
natal intensive care unit and most were sedated and
mechanically ventilated, so some adverse effects may have
remained unrecognized. One child who had an operation
due to pyloric stenosis suffered from vomiting and urinary re-
tention, both well-known opioid-related adverse effects.
These symptoms were mild and self-limiting, not necessitat-
ing extra care or days in hospital. One extremely preterm ne-
onate died after intrathoracic surgery, but this was unrelated
to oxycodone administration.

One of themain limitations in our study was that the con-
centrations of oxycodone and its major metabolites in urine
were not determined after enzymatic hydrolysis. Therefore,
no information on the urinary excretion of conjugated oxy-
codone and metabolites was obtained. Another main limita-
tion was the low number of blood samples in extremely
preterm and preterm infants. However, it was considered un-
ethical to take more than three samples in 24 h. The smallest
subjects had body weight of just 500 g and an estimated total
blood volume of between 40 and 50 ml. We did not take any
blood samples from the distribution phase in preterm neo-
nates, but focused on the elimination phase. Therefore,
noncompartmental analysis likely underestimated the total
AUC in preterm neonates, which leads to a slight overestima-
tion of clearance for this patient group.

Conclusion
There is a clear trend in the maturation of oxycodone phar-
macokinetics in infants that needs to be taken into account
in dosing. If weight-based dosing is used, the dosing interval
should be longer in preterm if repeated doses are adminis-
tered. Caution is necessary in oxycodone dosing to neonates
also because of the high between-subject variability. Further
analysis of this and other published data are needed before
any dosing recommendations can be given.

Competing Interests
There are no competing interests to declare.

Contributors
M.K., P.V., H.P., V.P.R., and H.K. designed the study. M.K., M.
H., H.P., U.S. and H.K. recruited subjects and conducted the
clinical project. P.V., H.H., J.H., H.P. and V.P.R. conducted
the pharmacokinetic analysis. H.H. and J.H. contributed es-
sential reagents and assayed oxycodone and metabolites
concentrations. M.K., P.V., V.P.R. and H.K. analysed the data.

M.K., P.V., V.P.R. and H.K. drafted the manuscript. M.K., M.
H., V.P.R. and H.K. contributed equally to the study. All au-
thors critically reviewed the manuscript drafts for the intel-
lectual content and approved the final version for
submission.

References
1 Southan C, Sharman JL, Benson HE, Faccenda E, Pawson AJ,

Alexander SP, et al. The IUPHAR/BPS Guide to PHARMACOLOGY
in 2016: towards curated quantitative interactions between 1300
protein targets and 6000 ligands. Nucl Acids Res 2016; 44:
D1054–D1068.

2 Alexander SPH, Davenport AP, Kelly E, Marrion N, Peters JA,
Benson HE, et al. The Concise Guide to PHARMACOLOGY
2015/16: G protein coupled receptors. Br J Pharmacol 2015; 172:
5744–869.

3 Alexander SPH, Fabbro D, Kelly E, Marrion N, Peters JA, Benson
HE, et al. The Concise Guide to PHARMACOLOGY 2015/16:
Enzymes. Br J Pharmacol 2015; 172: 6024–109.

4 Olkkola KT, Kontinen VK, Saari TI, Kalso EA. Does the
pharmacology of oxycodone justify its increasing use as an
analgesic? Trends Pharmacol Sci 2013; 34: 206–14.

5 Kokki H, Kokki M, Sjövall S. Oxycodone for the treatment of
postoperative pain. Expert Opin Pharmacother 2012; 3: 1045–58.

6 The Report of the International Narcotics Control Board for 2015
(E/INCB/2015/1), United Nations. Available at: https://www.incb.
org/documents/Narcotic-Drugs/Technical-Publications/2015/
NAR-tech_pub_2015.pdf (last accessed 12 October 2016).

7 Kokki H. Current management of pediatric postoperative pain.
Expert Rev Neurother 2004; 4: 295–306.

8 Maxwell LG, Buckley GM, Kudchadkar SR, Ely E, Stebbins EL,
Dube C, et al. Pain management following major intracranial
surgery in pediatric patients: a prospective cohort study in
three academic children’s hospitals. Paediatr Anaesth 2014; 24:
1132–40.

9 Olkkola KT, Hamunen K, Seppälä T, Maunuksela EL.
Pharmacokinetics and ventilatory effects of intravenous
oxycodone in postoperative children. Br J Clin Pharmacol 1994;
38: 71–6.

10 Kokki H, Rasanen I, Reinikainen M, Suhonen P, Vanamo K,
Ojanperä I. Pharmacokinetics of oxycodone after intravenous,
buccal, intramuscular and gastric administration in children.
Clin Pharmacokinet 2004; 43: 613–22.

11 Kokki H, Rasanen I, Laisalmi M, Lehtola S, Ranta VP, Vanamo K,
et al. Comparison of oxycodone pharmacokinetics after buccal
and sublingual administration in children. Clin Pharmacokinet
2006; 45: 745–54.

12 El-Tahtawy A, Kokki H, Reidenberg BE. Population
pharmacokinetics of oxycodone in children 6 months to 7 years
old. J Clin Pharmacol 2006; 46: 433–42.

13 Pokela ML, Anttila E, Seppälä T, Olkkola KT. Marked variation in
oxycodone pharmacokinetics in infants. Paediatr Anaesth 2005;
15: 560–5.

14 Pöyhiä R, Seppälä T, Olkkola KT, Kalso E. The pharmacokinetics
and metabolism of oxycodone after intramuscular and oral

Oxycodone and its metabolites in neonates and infants

Br J Clin Pharmacol (2017) 83 791–800 799

 13652125, 2017, 4, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.13164 by U

N
IV

E
R

SIT
Y

 O
F E

A
ST

E
R

N
 FIN

L
A

N
D

, W
iley O

nline L
ibrary on [14/12/2024]. 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



administration to healthy subjects. Br J Clin Pharmacol 1992; 33:
617–21.

15 Kirvelä M, Lindgren L, Seppälä T, Olkkola KT. The
pharmacokinetics of oxycodone in uremic patients undergoing
renal transplantation. J Clin Anesth 1996; 8: 13–8.

16 Lalovic B, Kharasch E, Hoffer C, Risler L, Liu-Chen LY, Shen DD.
Pharmacokinetics and pharmacodynamics of oral oxycodone in
healthy human subjects: role of circulating active metabolites.
Clin Pharmacol Ther 2006; 79: 461–79.

17 Lalovic B, Phillips B, Risler LL, Howald W, Shen DD. Quantitative
contribution of CYP2D6 and CYP3A to oxycodonemetabolism in
human liver and intestinal microsomes. DrugMetab Dispos 2004;
32: 447–54.

18 Thompson CM, Wojno H, Greiner E, May EL, Rice KC, Selley DE.
Activation of G-proteins by morphine and codeine congeners:
insights to the relevance of O- and N-demethylatedmetabolites at
mu- and delta-opioid receptors. J Pharmacol Exp Ther 2004; 308:
547–54.

19 Lemberg KK, Heiskanen TE, Neuvonen M, Kontinen VK,
Neuvonen PJ, Dahl ML, et al. Does co-administration of
paroxetine change oxycodone analgesia: an interaction study in
chronic pain patients. Scand J Pain 2010; 1: 24–33.

20 Klimas R, Witticke D, El Fallah S, Mikus G. Contribution of
oxycodone and its metabolites to the overall analgesic effect after
oxycodone administration. Expert Opin Drug Metab Toxicol
2013; 9: 517–28.

21 Kokki M, Välitalo P, Kuusisto M, Ranta VP, Raatikainen K,
Hautajärvi H, et al. Central nervous system penetration of

oxycodone after intravenous and epidural administration. Br J
Anaesth 2014; 112: 133–40.

22 Korjamo T, Tolonen A, Ranta VP, Turpeinen M, Kokki H.
Metabolism of oxycodone in human hepatocytes from different
age groups and prediction of hepatic plasma clearance. Front
Pharmacol 2012; 2: 87.

23 Pöyhiä R, Olkkola KT, Seppälä T, Kalso E. The pharmacokinetics
of oxycodone after intravenous injection in adults. Br J Clin
Pharmacol 1991; 32: 516–8.

24 Nieminen TH, Hagelberg NM, Saari TI, Pertovaara A, Neuvonen
M, Laine K, et al. Rifampin greatly reduces the plasma
concentrations of intravenous and oral oxycodone.
Anesthesiology 2009; 110: 1371–8.

25 Cone EJ, Heltsley R, Black DL, Mitchell JM, Lodico CP, Flegel RR.
Prescription opioids. I. Metabolism and excretion patterns of
oxycodone in urine following controlled single dose
administration. J Anal Toxicol 2013; 37: 255–64.

26 Gubhaju L, Sutherland MR, Horne RS, Medhurst A, Kent AL,
Ramsden A, et al. Assessment of renal functional maturation and
injury in preterm neonates during the first month of life. Am J
Physiol Renal Physiol 2014; 307: F149–F158.

27 Rhodin MM, Anderson BJ, Peters AM, Coulthard MG, Wilkins B,
Cole M, et al. Human renal function maturation: a quantitative
description using weight and postmenstrual age. Pediatr Nephrol
2009; 24: 67–76.

28 Uppal N, Yasseen B, Seto W, Parshuram CS. Drug formulations
that require less than 0.1 mL of stock solution to prepare doses for
infants and children. Can Med Assoc J 2011; 183: E246–E248.

M. Kokki et al.

800 Br J Clin Pharmacol (2017) 83 791–800

 13652125, 2017, 4, D
ow

nloaded from
 https://bpspubs.onlinelibrary.w

iley.com
/doi/10.1111/bcp.13164 by U

N
IV

E
R

SIT
Y

 O
F E

A
ST

E
R

N
 FIN

L
A

N
D

, W
iley O

nline L
ibrary on [14/12/2024]. 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


