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ABSTRACT

Background Fentanyl is frequently used off-label in
preterm newborns. Due to very limited pharmacokinetic
and pharmacodynamic data, fentanyl dosing is

mostly based on bodyweight. This study describes the
maturation of the pharmacokinetics in preterm neonates
born before 32 weeks of gestation.

Methods 442 plasma samples from 98 preterm
neonates (median gestational age: 26.9 (range
23.9-31.9) weeks, postnatal age: 3 (range 0-68) days,
bodyweight 1.00 (range 0.39-2.37)kg) were collected
in an opportunistic trial and fentanyl plasma levels

were determined. NONMEM V.7.3 was used to develop
a population pharmacokinetic model and to perform
simulations.

Results Fentanyl pharmacokinetics was best described
by a two-compartment model. A pronounced non-linear
influence of postnatal and gestational age on clearance
was identified. Clearance (L/hour/kg) increased threefold,
1.3-fold and 1.01-fold in the first, second and third
weeks of life, respectively. In addition, clearance (L/
hour/kg) was 1.4-fold and 1.7-fold higher in case of

a gestational age of 28 and 31 weeks, respectively,
compared with 25 weeks. Volume of distribution
changed linearly with bodyweight and was 8.7 L/kg. To
achieve similar exposure across the entire population, a
continuous infusion (pg/kg/hour) dose should be reduced
by 50% and 25% in preterm neonates with a postnatal
age of 0—4 days and 5-9 days in comparison to 10 days
and older.

Conclusion Because of low clearance, bodyweight-
based dosages may result in fentanyl accumulation in
neonates with the lowest postnatal and gestational
ages which may require dose reduction. Together with
additional information on the pharmacodynamics, the
results of this study can be used to guide dosing.

INTRODUCTION
The treatment of preterm infants is related to an
impressively high frequency of painful procedures
and to periods of severe prolonged pain.! It is crucial
to protect hospitalised preterm neonates from pain
for ethical reasons but also with regard to possible
negative short-term and long-term consequences of
untreated pain.”® A number of studies have shown
that early stress and pain may influence the devel-
oping brain and thereby neurodevelopment, and
change the stress and pain response later in life.**
Although pain is a major stressor in preterm
infants,’ the discussion on how to adequately treat

What is already known on this topic?

» Itis crucial to protect preterm neonates from
pain for ethical reasons but also to prevent
possible negative short-term and long-term
consequences of untreated pain.

» Pain is most likely undertreated in preterm
neonates due to the lack of pharmacokinetic
and pharmacodynamic data, especially in the
youngest preterm infants.

» Fentanyl is an opioid used off-label in preterm
infants for the relief of severe pain and it seems
effective in this population.
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What this study adds?

» Fentanyl clearance in preterm neonates
increases with gestational as well as with
postnatal age, reflecting both intrauterine and
extrauterine maturation, respectively.

» Fentanyl clearance is very low during the first
days of life which can lead to accumulation of
the drug.

> Bodyweight-based fentanyl dose needs to be
reduced during the first days of life to achieve
comparable exposure across all preterm infants.

pain is ongoing.®” Pain assessment is extremely
difficult and often inaccurate.® Due to this and to
the fear of potential side effects of analgesics, pain
remains likely undertreated in preterm neonates.'
One of the most important reasons is that phar-
macokinetic (PK) and pharmacodynamic data are
still lacking, especially in the youngest preterm
neonates.

Fentanyl is an opioid that is used off-label in
neonatal intensive care units (NICU) for the relief
of severe procedural and prolonged pain. It seems
effective in preterm infants® but data on the effect
of fentanyl on pain scores are sparse and hetero-
geneous. While Guinsburg et al reported reduced
physiological and behavioural pain scores in 22
neonates after single dose administration,” Ancora
et al only saw a significant reduction of prema-
ture infant pain profile scores during the first 3
days of a 7-day continuous fentanyl infusion in 67
neonates. '

Data on the PK of fentanyl in preterm infants
born before 32 weeks of gestation are sparse'' '
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Table 1 Characteristics (median (range)) of fentanyl patients
included into the DINO study (n=98)

Patient data

26.9 (23.9-31.9)
906 (390-1905)
3 (0-68)

3 (1-80)

1000 (390-2370)

Gestational age (weeks)

Birth weight (g)

Postnatal age (at first fentanyl dose) (days)

Duration on study™ (days)

Actual bodyweight (g)

Indication for fentanyl administration (number of patients)

Preintubation 28
Analgosedation 43
Preintubation and analgosedation 27

*Defined as the time between the first and the last blood samples contributing to
the analysis of fentanyl.
DINO, Drug dosage Improvement in Neonates

while few studies report on term neonates.'*™** In adults, fentanyl
is mainly cleared by hepatic biotransformation via cytochrome
P450 (CYP) 3A4.'"'® In neonates, this enzyme is known to show
much lower activity, while its activity rapidly increases to values
comparable to those in adults during the first weeks of life."

Population PK and pharmacodynamic modelling has increas-
ingly been applied to data from preterm infants as this advanced
statistical approach can efficiently handle sparse and infrequently
collected data.”” 2! Besides quantifying PK parameters, it offers
the possibility to quantify interindividual variability and to iden-
tify factors driving the PK, so-called covariates such as weight or
postnatal age (PNA), and can thereby be used to optimise drug
dosing. > %

Within a multicentre study in four NICUs in the Netherlands,
we prospectively collected data on fentanyl dosages and plasma
levels during routine care using scavenge sampling. These were
used to develop a population PK model in which the influence
of covariates was studied, and to subsequently evaluate different
dosing regimens across the age range of this special population.

METHODS

Data/study

The Drug dosage Improvement in Neonates (DINO) study
(NL47409.078.14, MEC-2014-067, NCT02421068) prospec-
tively studied a total of nine drugs, including fentanyl, in
preterm infants born before 32 weeks of gestation in four
different centres in the Netherlands. DINO aimed to develop
evidence-based individualised dosing regimen for commonly
used off-label drugs in preterm neonates. From September 2014
to July 2017, a total of 442 plasma samples from 98 neonates
(42 female, 56 male) containing fentanyl were available for anal-
ysis (table 1). These neonates received 776 fentanyl doses either
as bolus (n=504, median: 2.1 pug/kg, IQR: 1.49-3.70 ng/kg) or
as continuous infusion (n=272, median: 1.0 pg/kg/hour, IQR:
0.998-2.00 pg/kg/hour) preintubation or for continuous anal-
gosedation (table 1).

Bioanalytical analysis, population PK analysis and model
evaluation

Fentanyl was quantified using an liquid chromatography-tandem
mass spectrometry assay developed in the Department of Phar-
macy at the Erasmus Medical Center in Rotterdam.** Concen-
tration measurements below the lower limit of quantification
(14.9% of the concentrations) were reported by the laboratory
and used in the analysis.

The population PK analysis was performed using
NONMEM V.7.3 (ICON Development Solutions, Ellicott City,
MD, USA), supported by Perl-speaks-NONMEM (PsN) V.3.4.2
and Xpose V.4.3.5. Model development was performed in
four steps: (1) selection of a structural model, (2) selection of
an error model, (3) covariate analysis, and (4) internal valida-
tion of the model. The first-order conditional estimation with
interaction method was used throughout model development.
In case of missing covariate information, the last value observed
in the subject was carried forward. For bodyweight, linear inter-
polation between available measurements was performed. The
objective function value (OFV) was used to compare models,
while a lower OFV indicated a better fit of the model to the data.
A drop in OFV of more than 3.8 was considered statistically
significant (p<0.05) for structural model selection. SEs obtained
from NONMEM and the Cls of the bootstrap analysis in PsN
(n=1000) were used to evaluate the precision of the estimated
parameters.

The covariates birth weight, actual bodyweight, gestational
age (GA), PNA, postmenstrual age and gender were evaluated
using a stepwise covariate modelling procedure testing linear,
exponential and power functions. A significance level of p<0.01
was used for the forward inclusion and a significance level
of p<0.001 for the backward elimination.

Key models as well as the final model were evaluated using
goodness-of-fit plots and normalised prediction distribution
errors’’ based on 1000 simulations of the model and a bootstrap
analysis based on 1000 samples of the data. More information
on the internal validation is supplied in online supplementary
material 1.

Evaluation of different dosing regimens

Using the final model 1000 simulations of typical dosing regimen
were performed for three hypothetical preterm neonates with a
birth weight of 0.75, 1 and 1.5kg and a GA of 25, 28 and 31
weeks, respectively. The weight of these neonates was simulated
to develop according to the preterm growth curves published by
Anchieta et al.”® Both bolus doses and continuous infusions were
evaluated according to clinical practice at the time of the study.
For the bolus dose, a single bolus dose of 2 ug/kg was adminis-
tered at PNA days 1, 10, 20 and 30. For the infusion, a contin-
uous infusion of 1ug/kg/hour starting on PNA days 1, 10, 20
and 30 was administered over a duration of 10 days with doses
being adjusted to the changing bodyweight of the patient. As no
target concentration has yet been defined for fentanyl in preterm
neonates, different dose regimens were evaluated for their ability
to achieve comparable exposure (eg, steady-state concentrations)
across infants with different GA and PNA.

RESULTS

Population PK analysis and model evaluation

PNA and GA were found as best predictors for clearance within
the context of a two-compartment model (p<0.001 (116 points
in OFV) and p<0.001 (46 points in OFV), respectively). The
combination of these two covariates was superior to post-
menstrual age (p<0.001). Bodyweight was identified as best
predictor for volume of distribution (p<0.001, 49 points in
OFV). No other covariates were found.

Figure 1 shows how clearance changes with PNA for a newborn
with a GA of 25, 28 and 31 weeks with clearance expressed in
L/hour in figure 1A and in L/hour/kg in figure 1B (lines). The
figure shows that the observed individual clearance values (dots)
are in good agreement with the model (line) (figure 1).
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(A) Clearance (L/hour) versus postnatal age (days), depicted as population values (dashed lines) for children with a gestational age of 25,

28 and 31 weeks, and individual post hoc clearance (CL) values (dots). (B) Clearance (L/hour/kg) versus postnatal age (days), depicted as population
values (dashed lines) for children with a gestational age of 25, 28 and 31 weeks.

The parameter estimates and their respective bootstrap esti-
mates are provided in table 2. Figure 2 shows the goodness-of-fit
plots of the final model. Model evaluation showed no trends
towards a model misspecification and no other remaining trends
with respect to time, concentration, GA or PNA (online supple-
mentary material 1).

Evaluation of different dosing regimens

Figure 3 illustrates how concentration time profiles of preterm
neonates change with different GA and PNA, when dosed
according to their bodyweight. Figure 3A shows that for a bolus
dose (2pg/kg), median maximal plasma concentrations are
comparable in all age groups and around 0.25 pg/L. However,

Table 2  Parameter estimates of the final model and their
corresponding bootstrap estimates

Final model:
estimate
(RSE %)

Parameter Bootstrap estimate (95% Cl)

Fixed effects
CL (Uhour)=CL, 0415(8)  0.413(0.337 10 0.489)
CL=CL * (PNA/median PNA)*™** (GA/median GA)°**

6, (exponent for influence  0.528 (1)~ 0.534 (0.418 to 0.661)
of PNA on CL)
©,, (exponent for influence  5.43 (13) 5.34 (3.90 to 6.74)
of GA on CL)
Vb=V, 8.68 (13) 8.75 (6.56 t0 11.18)
V,=V,, *(WT/median WT)
Q (L/hour) 0.533 (41) 0.775 (0.163 to 3.00)
V,(L) 3.15 (23) 3.30 (1.90 to 4.86)
Interindividual variability (eta)
On CL (%) 45.7 (8) 45.0 (37.3 t0 52.2)
OnV (%) 59.5 (14) 60.6 (37.4 t0 79.4)
Residual variability
Proportional (%) 12.6 (15) 12.5(8.85t0 16.9)
Additive (pg/L) 0.0368 (19)  0.0341 (0.0125 to 0.0481)

CL, clearance; GA, gestational age (median GA, 26.9 weeks); GA, individual GA; p,
population mean value of a parameter for an individual with PNA of 5 days and BW
of 1kg and a gestational age of 26.9 weeks; PNA, postnatal age (median PNA, 5
days); PNA, individual PNA; Q, intercompartmental clearance; RSE, relative standard
error; V1, central volume of distribution; V2, volume of distribution of the peripheral
compartment; WT, actual bodyweight (median WT=1000 g); WT,, individual WT.

the plasma concentration in the youngest age group (PNA day
1) decreases very slowly after the initial distribution phase for
all GA groups. Twenty-fourhours after bolus administration,
the predicted concentration is 0.10, 0.088 and 0.083 ug/L for a
GA of 25, 28 and 31 weeks, respectively. At a PNA of 10 days
the concentration decreases considerably faster. The plasma
concentrations 24 hours after the fentanyl bolus are 0.028,
0.015 and 0.011 pg/L for a GA of 25, 28 and 31 weeks, respec-
tively (figure 3A).

When administering a continuous infusion (1 pg/kg/hour over
10 days), considerable fentanyl accumulation occurs during the
first 10 days of life when compared with older PNAs (figure 3B).
In addition, infants with a GA of 25 weeks show higher plasma
concentrations compared with those born after 28 or 31 weeks
of gestation. Stable plasma concentrations were reached after a
PNA of approximately 15 days and were 0.98, 0.71 and 0.68 pg/L
for a GA of 25, 28 and 31 weeks, respectively (figure 3B).

When aiming for a comparable exposure across the entire
gestational and PNA range, reducing the continuous dose by
509% until PNA day 4, and by 25% from PNA day 5 to 9, will
reduce the observed high exposure in the early days (figure 3C).
Only differences as a result of GA can yet be observed, which
could be corrected for by additionally reducing the dose by 40%
and 20% for 25 and 28 weeks’” GA compared with 31 weeks
(data not shown). For a child born at 25 weeks this would mean
that a dose of 1 pg/kg/hour would have to be reduced to 0.3 ng/
kg/hour during the first 5 days of life, 0.45 ug/kg/hour during
PNA days 6-9, and 0.6 ug/kg/hour from PNA day 10 onwards.
For a child born at 28 weeks, 0.4 ug/kg/hour would be applicable
up to PNA day 5, 0.6 pg/kg/hour for PNA days 6-9 and 0.8 pg/
kg/hour from day 10 onwards.

DISCUSSION

Using opportunistic sampling, we successfully developed a
population PK model that describes the maturation of fentanyl
PK in preterm neonates born before 32 weeks of gestation. We
found a pronounced influence of postnatal and GAs on fentanyl
clearance. Clearance (L/hour/kg) was threefold and 1.3-fold
lower during the first and second weeks of life, respectively,
compared with the third week and older. In preterm infants with
a GA of 28 and 31 weeks, clearance was respectively 1.4-fold
and 1.7-fold higher compared with infants born at 25 weeks of
gestation (table 2).
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Figure 2 Goodness-of-fit plots, first row: population predicted versus observed values on a linear and on a log scale; second row: individual

predicted versus observed values on a linear and a log scale.

These findings are of particular importance because analgesia
is very difficult to measure in preterm infants, with a decreased
robustness of pain behaviours in the most prematurely born
babies in whom pain is most difficult to measure.” As fentanyl is
one of the most frequently used analgesics in NICUs,? this study
can help gain insight into whether we might overdose or under-
dose preterm neonates during different stages of maturation.

Previously, Saarenmaa et al described, using a non-compart-
mental analysis, the PK of fentanyl in term and preterm infants
with a median GA of 32 weeks (IQR: 30-36 weeks).'" While in
our study included neonates with a median gestational of 26.9
weeks, Saarenmaa also found a correlation between clearance
and GA, although without reporting an influence of PNA. It
therefore seems that the influence of GA is consistent across the
entire population of preterm neonates up to term age.

We identified PNA as the most relevant covariate, with very
low clearance values at the first days after birth which are
rapidly increasing until they stabilise around 10-15 days of life
(figures 1B and 3). Similarly, Gauntlett et al found an effect of
PNA on clearance in 14 more mature preterm and term infants
(PNA: 0-71 days, GA: 32-40 weeks) with clearance stabilising
after the first 2 weeks of life.'* In addition, they found that when
giving a bolus injection to the neonates with the lowest PNA,
fentanyl concentration remained rather stable over a long period
of time indicating a very low clearance."* We observed the same
phenomenon in our study, illustrated by the simulation of a
single bolus dose of 2 ug/kg at PNA day 1 (figure 3A).

The developed model suggests that fentanyl clearance is
subject to intrauterine and extrauterine maturation as both
GA and PNA influenced clearance. This is also supported by the
fact that postmenstrual age, combining GA and PNA, did not
lead to an equally good model fit as the separate estimation of
the two covariates GA and PNA. The observed rapid increase in
fentanyl clearance might be related to a significant increase in
CYP3A4 activity during the first few weeks of life'” alongside an
increase in liver blood flow.**! This increased blood flow is due
to the increased portal vein flow and the (slow) closure of the
ductus arteriosus.’! Thus, although fentanyl clearance is mini-
mally affected by changes in CYP3A4 activity in adults because
it is a high extraction ratio drug,*?=* CYP3A activity might be of
importance in preterm infants.'” **

Our model offers the possibility to compare fentanyl expo-
sure of different dosing regimens using simulations. In case of
bodyweight-based dosing, for example, a continuous infusion of
1 ng/kg/hour, plasma concentrations during the first days of life
will be higher than in older infants (figure 3B) due to very low
clearance values (figure 1B). Therefore, undesirably high plasma
concentrations will likely be reached in these neonates and an
accumulation of the drug is more likely if the drug is administered
repeatedly. In a single bolus dose approach, the very low clear-
ance results in a slow terminal decrease of fentanyl in newborns
with low PNAs, with 40%-50% of the initial concentration still
being present after 24 hours (figure 3A). This might result in
a prolonged effect of fentanyl and an increased probability of

Voller S, et al. Arch Dis Child Fetal Neonatal Ed 2019;104:F598-F603. doi:10.1136/archdischild-2018-315920 F601

ybuAdoo Aq pa1oslold 9O-TI/1dI9 SNS.eA WNIUaD Yosipain
Ire)isIsanIuN SpIa 1. TZ0gZ ‘T Jaqwadeq uo /wodfwg-uy/:dny woiy papeojumoq "6T0Z Arenigad T Uo 0Z6STE-8TOZ-PIIUISIPY2IR/9ETT 0T Se paysiand 1siy :p3 [ereuosn [e194 pIyd sia Yyoaly


http://fn.bmj.com/

Original article

A Bolus of 2mcg/kg over 3 min

‘ 0.75 kg 25 wks 1 day 0.75kg 25 wks 10days | | 0.75kg 25 wks 20days | | 0.75 kg 25 wks 30 days

0.6

o
=

o o
o N

e || “SSSESEY ||, “SESESES

1 kg 28 wks 10 days

1 kg 28 wks 1 day 1 kg 28 wks 20 days 1kg 28 wks 30 days

=3
>

o o
o ™

— [N

‘ 1.5kg 31 wks 1 day

M

1.5 kg 31 wks 30 days

1.5kg 31 wks 10 days 1.5 kg 31 wks 20 days

o
o

Individual predicted concentration [mcg/L]
o o
I e

o o
S~

|—— (B[R

0 5 10 15 20 250 5 10 15 20 250 5 10 15 20 250 5 10 15 20 25
Time [h]

Continuous infusion of Tmcg/kg/h over 10 days

0.75 kg 25 wks 1 day 0.75 kg 25 wks 10 days 0.75 kg 25 wks 20 days 0.75 kg 25 wks 30 days

3,4
=3
g2
£y
<y r - r
S
E 1 kg 28 wks 1 day 1 kg 28 wks 10 days 1 kg 28 wks 20 days 1 kg 28 wks 30 days
c
84
53
o
e
o1
S r r ~
K
5 1.5 kg 31 wks 1 day 1.5 kg 31 wks 10 days 1.5 kg 31 wks 20 days 1.5 kg 31 wks 30 days
T,
he]
i
T 2
£

0 r ~ r

00 25 50 75 10000 25 50 75 10000 25 50 75 10000 25 50 75 100

Time [days]

C Continuous infusion 1 mcg/kg/h, 50% reduction PNA up to
5 days, 25% reduction for PNA 6-9 days

[ 075kg 25wk 1day

3 et | snm— (

[ tkg28wks1aay

0.75 kg 25 wks 10 days 0.75 kg 25 wks 20 days 0.75 kg 25 wks 30 days

1 kg 28 wks 10 days 1 kg 28 wks 20 days 1 kg 28 wks 30 days

1.54
1.04
| il | & 5 r

‘ 1.5kg 31 wks 1 day

1.5kg 31 wks 10 days 1.5kg 31 wks 20 days. 1.5kg 31 wks 30 days

204
1.54

10-r\,\_,—
054
r r r
00 25 50 75 10000 25 50 75 10000 25 50 75 10000 25 50 75 100
Time [days]

Individual predicted concentrati

Figure 3  Fentanyl concentration time profiles (n=1000) with blue
line representing median and grey shaded areas representing 90% Cls
for preterm neonates with a birth weight of 0.75, 1 and 1.5kg at a
postnatal age of 1, 10, 20 and 30 days. (A) A single bolus dose of 2 pg/
kg over an observation period of 24 hours. (B) A continuous infusion
of 1 pg/kg/hour given over a period of 10 days. (C) A 50% reduction in
the continuous infusion dose until postnatal age (PNA) day 4, a 25%
reduction in the continuous infusion dose up to PNA day 9, full dose
starting at day 10.

side effects. Furthermore, when administering multiple boluses
within the time frame of 24 hours, this low clearance may lead to
a considerable drug accumulation in the youngest subjects. One
may therefore consider administering lower additional bolus
doses in these cases. As can be observed from figure 1, limited
data were available for children with PNA above 30 days, espe-
cially for children with higher GAs. Due to this, the model might
have limited predictive capacity for children older than 30 days
in this group.

With the sparse available evidence from literature,® * it seems
difficult to give dosage advices for fentanyl in preterm infants,
especially as target concentrations are still lacking. Further-
more, target concentrations might vary between different indi-
cations such as acute pain relief during painful procedures or
continuous analgesia.® *” As the blood-brain barrier in preterm
neonates differs substantially from that in older children and
adults,*** different concentrations could be present at the site
of action during different stages of prematurity and thereby lead
to different (side) effects. Opioid receptor ontogeny may further
add to this.

In absence of known target concentrations we aimed for
comparable exposure across the whole studied age range when
simulating potential dosing regimens. Based on this, the main-
tenance dose of a continuous infusion needs to be reduced for
newborns with low PNAs, for example, by 50% during the
first 4 days of life and by 25% from day 5 to 9, as simulated
in figure 3C. With regard to the PK variability observed in the
population, correcting for GA might be less relevant. If a child
with a low GA, however, shows signs of oversedation this might
give rise to considering a dose reduction due to possibly higher
concentrations. A loading dose of two times the maintenance
dose from day 10 onwards led to a substantially quicker increase
in plasma concentration (data not shown) and might help reach
a more immediate effect of the drug. It has to be emphasised
that the proposed dose adjustments are based on exposure and
have not been externally validated, but that, in the absence of
better data on PK and effect, they seem to be an improvement
compared with the current uniform bodyweight-based dosing.

CONCLUSION

Because of the very low clearance during the first days of life,
fentanyl dosing based on bodyweight alone does not result in
comparable exposure in preterm infants with a GA of 24-32
weeks and a PNA of 1-80 days. Therefore, a single bolus dose
in early life will be slowly removed. To prevent accumulation
and to reach equal fentanyl exposure during continuous infu-
sion, infusion rates need to be reduced by 25% and 50% during
days 5-9 and days 0-4, respectively. These results should be
considered for clinical practice and when studying the relation-
ship between fentanyl concentration and pain relief in order to
distinguish between maturational differences in pain relief and
the differences in plasma levels caused by dosing that has not
been adjusted for maturational changes.
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