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Abstract

Background and Objective Fentanyl is an opioid commonly used to prevent and treat severe pain in neonates; however, its
use is off label and mostly based on bodyweight. Given the limited pharmacokinetic information across the entire neonatal
age range, we characterized the pharmacokinetics of fentanyl across preterm and term neonates to individualize dosing.
Methods We pooled data from two previous studies on 164 newborns with a median gestational age of 29.0 weeks (range
23.9-42.3), birthweight of 1055 g (range 390-4245), and postnatal age (PNA) of 1 day (range 0-68). In total, 673 plasma
samples upon bolus dosing (69 patients; median dose 2.1 pg/kg, median 2 boluses per patient) or continuous infusions (95
patients; median dose 1.1 pg/kg/h for 30 h) with and without boluses were used for population pharmacokinetic modeling
in NONMEM® 7.4.

Results Clearance in neonates with birthweight of 2000 and 3000 g was 2.8- and 5.0-fold the clearance in a neonate with
birthweight of 1000 g, respectively. Fentanyl clearance at PNA of 7, 14, and 21 days was 2.7-fold, 3.8-fold, and 4.6-fold the
clearance at 1 day, respectively. Bodyweight-based dosing resulted in large differences in fentanyl concentrations. Depend-
ing on PNA and birthweight, fentanyl concentrations increased slowly after the start of therapy for both intermittent boluses
and continuous infusion and reached a maximum concentration at 12—48 h.

Conclusions As both prenatal and postnatal maturation are important for fentanyl exposure, we propose a birthweight- and
PNA-based dosage regimen. To provide rapid analgesia in the first 24 h of treatment, additional loading doses need to be

considered.

1 Introduction

Neonates frequently experience repetitive or prolonged
pain in neonatal intensive care units (NICUs), where they
undergo many diagnostic, surgical, and therapeutic proce-
dures [1]. Until the late 1980s, it was widely unrecognized
that neonates may be capable of perceiving pain [2]. Nowa-
days, evidence suggests that neonates are more sensitive
to pain than adults [3], and insufficient pain treatment in
neonates is associated with short-term complications and
long-term problems in cognitive and motor development [4,
5]. Opiates have become the mainstay analgesia in the NICU
for the treatment of severe pain. Compared with morphine,
fentanyl has advantages such as a faster onset, less histamine
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release, and minimal effect on hemodynamics [6, 7]. There-
fore, it is used for neonates undergoing mechanical ventila-
tion and extracorporeal membrane oxygenation therapy [8,
9] and to provide rapid and strong analgesia during and after
painful procedures and surgeries [6, 10]. Despite the wide-
spread use of fentanyl in neonates, it has not been formally
approved for this population. Although most guidelines
recommend bodyweight-based dosing [1, 11] for neonates,
these dosage regimens do not consider the fast nonlinear
developmental changes on drug disposition in early life [12]
and may not be optimal for neonatal use.

In adults, fentanyl is a high extraction-ratio drug that is
primarily metabolized in the liver through N-dealkylation
via cytochrome P450 3A4 (CYP3A4). Only a small frac-
tion of fentanyl is excreted unchanged in the urine [13,
14]. Neonates have lower hepatic blood flow and CYP3A4
activity than adults [15-18], which may lead to immature
fentanyl clearance and metabolism in neonates. In addition,
during the first days and months of life, neonatal physiology
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Published neonatal pharmacokinetic studies showed
large variability in fentanyl pharmacokinetics; how-
ever, this variability has not been extensively quantified
throughout different gestational and postnatal ages.

This population pharmacokinetic study indicated that
a large extent of this pharmacokinetic variability in
preterm and term newborns could be attributed to both
prenatal (birthweight) and postnatal (postnatal age)
patient characteristics.

The common practice of bodyweight-based dosing
results in varying concentrations over time across
newborns. A comparable exposure can be achieved by
postnatal- and birthweight-based dosage regimens.

Fentanyl concentrations increase slowly after continu-
ous infusion begins. Additional loading doses need to be
considered to provide rapid analgesia in the first 24 h of
treatment.

undergoes major age-related changes [19]. As a result, in
the newborn population, clearance may be influenced by
differences in prenatal and postnatal maturation, resulting
in extensive intra- and interpatient variability in pharma-
cokinetic profiles [20].

Previous pharmacokinetic reports have attributed the
variability in fentanyl clearance to birthweight (BW), ges-
tational age (GA), current bodyweight (CW), and postnatal
age (PNA) [21, 22]. Nevertheless, because of the limited
number of patients included in earlier research, and the
fact that few authors used a population pharmacokinetic
approach, the exact influence of these factors remains to be
identified and quantified throughout different GA and PNA
[23]. Population pharmacokinetic analysis techniques are
well capable of dealing with sparse sampling in neonates and
at the same time explaining and quantifying the variability
between patients [24, 25]. Until now, only one population
pharmacokinetic study that included neonates with a GA
<32 weeks was performed that indicated that fentanyl clear-
ance was related to both PNA and GA [26]. Because this
study only included very preterm neonates with GA < 32
weeks, whether this relationship also holds true for less pre-
term and term neonates remains unclear.

The aim of this study was to develop a pooled population
pharmacokinetic study to characterize fentanyl pharmacoki-
netics in preterm and term neonates (GA 24-42 weeks) and
to understand the maturation in pharmacokinetic parameters
along the whole neonatal age range. Using this model, we
evaluated current bodyweight-based dosing regimens for
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their performance in preterm and term neonates and provide
optimized dosing regimens.

2 Methods
2.1 Study Population

Fentanyl plasma concentration data originated from two
datasets. The first dataset (dataset 1) originally included 83
mechanically ventilated patients in the hospital for children
and adolescents, University of Helsinki, and was published
as a noncompartmental pharmacokinetic study [6, 21].
During data processing, ten patients without plasma sam-
ples were excluded. Four additional patients were excluded
because their samples were all below the limit of quantifica-
tion (BLOQ). One patient was excluded because of consecu-
tive BLOQ samples during infusion, which can most likely
be attributed to a sampling or documentation error. Two
patients who had all samples collected during blood plasma
exchange were removed. One sample had an implausibly
high concentration (8.8 pg/L) during an infusion of 1 pg/
kg/h (59 h after the start of the infusion; previous sample at
47 h was 3.14 pg/L) and was also removed from the dataset.
Remaining samples that were BLOQ (15.6%) were substi-
tuted with half the value of lower limits of quantification
(LLOQ) (0.5 pg/L). In the elimination phase, only the first
BLOQ sample was replaced by 0.5 pg/L and the subsequent
samples deleted [27]. Finally, dataset 1 contained 232 obser-
vations from 66 patients.

The second dataset (dataset 2) included 98 preterm
infants who were treated preintubation or for analgoseda-
tion in four NICUs in the Netherlands (Erasmus MC—
Sophia, Maxima Medical Center [Veldhoven], Maastricht
University Medical Center, and Radboud University Medi-
cal Center [Nijmegen]), and was previously published
(NL47409.078.14, MEC-2014-067, NCT02421068) [26].
One abnormal sample (317 h after the end of the infusion
when fentanyl concentration was still detected) was deleted,
resulting in 98 patients with a total of 441 observations.

Combining the datasets resulted in a total of 673 obser-
vations from 164 patients. The characteristics of both final
datasets are summarized in Table 1.

2.2 Dosing and Sampling Schedule

For dataset 1, all neonates were scheduled to receive an ini-
tial 1-h infusion of 10.5 pg/kg, followed by a continuous
infusion at a median constant rate of 1.5 pg/kg/h (interquar-
tile range [IQR] 0.7-1.5) for a median duration of 58 h (IQR
37-82). A median of 2 (IQR 1-4) additional boluses of fen-
tanyl 1.5 pg/kg were given to 11 of these patients. Arterial
blood samples were drawn at 2, 12, 24, 48, and 60 h after the
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start of the infusion to capture the whole concentration—time
curve [21].

For dataset 2, the attending physician determined the
dosing schedule according to the treatment protocol (bolus
doses ranged between 0.5 and 3 pg/kg for intubation and
analgosedation, and continuous infusion ranged between 0.5
and 3 pg/kg/h for analgosedation). The individual dosage
was adjusted according to the severity of pain and regis-
tered pain scores. In total, 98 preterm infants received a total
of 776 fentanyl doses as bolus and/or continuous infusion.
Among them, 69 infants only received boluses, nine infants
only received continuous infusion, and 20 of those infants
received both bolus and infusion. The median dosage for
boluses was 2.1 pg/kg (IQR 1.5-3.7) given in a median of
3 minutes (IQR 2-3). The median dosage for continuous
infusion was 1.0 pg/kg/h (IQR 1.0-2.0). The median dura-
tion of continuous infusion was 23 h (IQR 7-55) [26]. Blood
samples were collected during routine care using scavenge
sampling.

Table 1 Summary of patient characteristics

2.3 Analytical Method

The samples from dataset 1 (0.5 mL) were collected in an
EDTA Microtainer® tube (BD, Franklin Lakes, NJ, USA)
and were analyzed by radioimmunoassay. The LLOQ was
1 pg/L [21]. The numeric values of BLOQ samples were
not reported by the laboratory and were therefore treated
as mentioned. The samples from dataset 2 were also col-
lected in an EDTA Microtainer® tube and were analyzed
using liquid chromatography-tandem mass spectrometry
assay. The LLOQ was 0.3 pg/L. BLOQ values in dataset 2
were reported as their detected values and were used in this
analysis [28].

2.4 Population Pharmacokinetic Model
Development

A population pharmacokinetic model was developed using
NONMEM V7.4.3 (ICON Development Solutions, Ellicott
City, MD, USA), supported by Per-speaks-NONMEM 4.9.0,
and interfaced by Pirana 2.9.9 (Certara). Processing and

Characteristic Dataset 1 [21]

Dataset 2 [26] Combined dataset

Subjects (n) 66 98 164
Male (%) 68 57 61.6
GA (weeks) 31.25 (25.30-42.30) 27.10 (23.90-31.90) 28.95 (23.90-42.30)
Gestational status (n)
Extreme preterm (GA < 28 weeks) 12 59 71
Very preterm to late preterm (GA 28-36 weeks) 42 39 81
Full term (GA 37-42 weeks) 12 0 12

Birthweight (g)
Extreme preterm (GA < 28 weeks)
Very preterm to late preterm (GA 28-36 weeks)
Full-term (GA 37-42 weeks)

Current bodyweight (at the start of treatment) (g)
Extreme preterm (GA < 28 weeks)
Very preterm to late preterm (GA 28-36 weeks)
Full-term (GA 37-42 weeks)

Postnatal age by GA subgroup (at the start of treat-
ment) (days)
Extreme preterm (GA < 28 weeks)
Very preterm to late preterm (GA 28-36 weeks)
Full term (GA 37-42 weeks)
Sample number (1)
Samples per subjects (n)
Concentration (pg/L)
Indications

Sampling route

1632 (760-4245)
928 (760-1200)
1632 (795-3260)
3365 (2770-4245)
1632 (760-4245)
928 (760-1200)
1632 (795-3260)
3365 (2770-4245)
0.46 (0.06-7.43)

0.64 (0.06-1.68)
0.44 (0.09-7.43)
0.44 (0.12-1.84)
232

4 (1-5)

1.8 (0.5-6.2)
Ventilation

Arterial blood samples

906 (390-1905)
830 (390-1280) 840 (390-1280)
1285 (760-1905) 1390 (760-3260)
- 3365 (2770-4245)
986 (390-2087) 1165 (390-4245)
854 (390-2020) 880 (390-2020)
1323 (760-2087) 1425 (760-3260)
- 3365 (2770-4245)

1055 (390-4245)

4.5 (0-68) 1.1 (0-68)

8 (0-68) 6 (0-68)

2 (0-40) 1 (0-40)

_ 0.435 (0.12-1.84)
441 673

4 (1-20) 4 (1-20)

0.52 (0.003-8.85) 1.14 (0.003-8.85)
Reintubation or analgosedation -

Arterial and capillary blood samples -

Data are shown as median (range), unless otherwise specified

GA gestational age
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visualization of output from NONMEM were performed in
R 4.0.2 (CRAN.R-project.org). Parameters were estimated
using the first-order conditional estimation with interaction
method.

Both one- and two-compartment models were tested as
structural models. For the statistical model, the interindivid-
ual variability (IIV) of the model parameters was assumed
to be log-normally distributed using Eq. 1.

Pi=Pp><e'7", 1)

where Pi is the individual estimate for the ith individual, P,
is the population parameter value for parameter P, and #; is
the random variable for the ith individual and was assumed
to have a normal distribution with a mean of zero and a vari-
ance of w?. For residual errors, we compared an additive,
proportional, and combined additive and proportional error
model. Objective function value (OFV) and goodness-of-fit
plots were used for model selection. For hierarchical mod-
els, a drop of more than 6.63 in OFV (p <0.01; degrees of
freedom = 1) based on a likelihood ratio test was considered
significant.

The following covariates were evaluated: BW, CW, GA,
PNA, postmenstrual age (PMA), sex, and being small for
gestational age (SGA). In dataset 1, CW over the different
treatment days was not reported and all samples were col-
lected within the first week of age, so we assumed that CW
was equal to BW. No subject had missing information, other
than CW, in dataset 1. In case of missing CW information at
a certain PNA in dataset 2, linear interpolation was used for
CW between two existing CW measurements. For continu-
ous covariates (BW, CW, GA, PNA, PMA), linear, power,
and exponential functions were tested to describe the rela-
tionship between covariates and parameters. The impact of
CW on parameters was also tested by a bodyweight-depend-
ent exponent (BDE) function [29]. For categorical covariates
(sex, SGA), additive shift models were tested. For highly
correlated covariates, all plausible combinations (i.e., BW
and PNA; GA and PNA; CW and PMA; CW and PNA; BW
and PMA) in different aforementioned functions were tested
beforehand to select the best one for each parameter. Doing
so meant that highly correlated covariates were not included
at the same time. These covariates or their combinations
were kept, and other uncorrelated covariates (sex and SGA)
were added in a stepwise manner. For the forward inclusion,
a drop of more than 6.64 points in OFV was considered sig-
nificant (p < 0.01); for the backward exclusion, an increase
of more than 10.83 points in OFV was considered significant
(p < 0.001). In addition to the significance, the decision
to include a covariate was also based on goodness-of-fit
plots split by different covariates, deviations of independent
parameters from the typical mean (ETA) plots, and reduction
in IV on the parameter of interest.
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2.5 Model Evaluation

Goodness-of-fit plots and normalized prediction distribution
errors (NPDEs) based on 1000 simulations were used for
model evaluation. Each observed concentration was com-
pared with the simulated concentrations using the NPDE
package in R [30]. Additionally, bootstrapping (rn =1000)
was performed to assess the stability of the final model.

2.6 Evaluation of Current Dosing Regimens

Using the final model, simulations were performed to gen-
erate concentration—time profiles in typical patients with
different BW and PNA. To generate CW at different PNA
for neonates with different BW, CW was assumed to follow
the percentage change from BW of the growth curves pub-
lished by Anchieta et al. [31]. Because the growth curves
only described the CW—PNA profiles of neonates up to BW
2499 g, the percentage change in CW for neonates with BW
2251-2499 g was used for those with BW > 2499 ¢ [31].
Dosing regimens used for simulation were taken from the
clinical practice where the data were collected (see Sect. 2.2)
and were in accordance with the recommendation of the
Dutch Children’s Formulary [32]. Regimen 1 was continu-
ous infusion of 1 pg/kg/h for 7 days. Regimen 2 was 2 pg/
kg bolus of fentanyl every 4 h for 2 days. Lastly, a dosage
recommendation for continuous infusion was provided that
aimed to achieve a comparable concentration between 0.6
and 1.2 pg/L across infants with different BW and PNA.

3 Results

3.1 Population Pharmacokinetic Analysis
and Model Evaluation

The combined dataset was best described by a two-compart-
ment structural model with first-order elimination. Separated
combined additive and proportional error functions for the
different datasets resulted in the best fit judged by the best
goodness of fit and the lowest OFV.

In the covariate analysis, implementation of the com-
bination of PNA and BW on clearance was superior to
implementation of PMA (AOFV = —91). The relationship
between BW, PNA, and clearance was best described by a
power function according to Eq. 2.

1.57

BW,
CL, =TVCLX — X (PNA, + 0.01)* x ¢,  (2)

1055
where CL,; is the clearance in L/h for individual i, TVCL is
the typical value of clearance for a patient with BW 1055 g
and PNA 0.99 days, and #; is the between-subject random
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effect on clearance of individual i. Fig. 1 shows how clear-
ance changes with BW and PNA. For neonates with the same
BW, the clearance at 7, 14, and 21 days of PNA is 2.66-fold,
3.77-fold, and 4.63-fold the value at 1 day, respectively. For
the same PNA, clearance for a neonate with BW 2000 g is
2.77-fold the clearance with BW 1000 g; BW 3000 g is 5.03-
fold the clearance of BW 1000 g (Fig. 1).

Central distribution volume (V1) was significantly influ-
enced by CW. However, linear, power, and exponential func-
tions of CW were not able to fully describe its variability.
Therefore, a BDE function [29] (Eq. 3) was used and yielded
the lowest OFV and most optimal ETA plots (p <0.01).

BDE; M

' e and BDE, = L1 x (1)
i an = —L
¢ i 1165

3)
where V1, is the V1 in liters for individual i, TVV1is the
typical value of V1 for a patient with CW 1165 g, BDE, is
the BDE for individual i, #; is the between-subject random
effect on V1 for individual 7, L1 is the intercept in the scal-
ing exponent, and M is the exponent that allows the scaling
exponent to change with CW. The relationship between BDE
and CW, and the relationship between V1 and CW, is plotted
in Fig. S1 in the electronic supplementary material (ESM).

After including the covariates, the IIV for clearance
and V1 decreased from 74.5 and 82.3% to 44.4 and 45.6%,
respectively. The plots illustrating the IV of clearance and
V1 (ETA plots) versus covariates for both the structural

V1, = TVV1 X (—
i (1165)
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Fig.1 A Clearance (L/h) vs. postnatal age (days) for the first 30 days
of life, depicted as individual post hoc clearance (CL) values (dots)
and population values (lines) for neonates with a birthweight of
850, 1500, 2500, and 3000 g. B Clearance (L/h/kg) vs. postnatal age

model and the final model are shown in Fig. S2 in the ESM.
The pharmacokinetic parameters of the final model are listed
in Table 2. All parameter estimates had relative standard
errors below 40%.

The goodness-of-fit plots (Fig. 2) indicate that the final
model adequately described fentanyl concentrations for the
different GA groups. The goodness-of-fit plots for differ-
ent datasets are provided in Fig. S3 in the ESM. The mean
NPDE from the model-building dataset was 0.07 with a
variance of 0.97. These values were not significantly dif-
ferent from the expected mean of 0 and variance of 1. No
trend was observed in NPDEs when plotted against time
after dose and individual predicted concentrations (Fig. S4
in the ESM). The bootstrap results (Table 2, convergence
rate 80.3%) underline the robustness of the final model. All
bootstrap estimates were close to the parameter estimates of
the final model. The final model NONMEM control stream
is provided in the ESM.

3.2 Model-Based Dosage Evaluations
3.2.1 Infusion Regimen

Figure 3 shows the concentration—time profiles for neonates
with different BW and different PNA at the start of infusion
when an infusion of 1 pg/kg/h is given. The figure shows that
there is an obvious variation in concentration—time profile
between neonates with different BW and different PNA. For
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Birth Weight (g)
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0 10 20 30
Postnatal age [days]

(days), depicted as population values (lines) for neonates with a birth-
weight of 850, 1500, 2500, and 3000 g. The dotted line means that we
extrapolated clearance because of a lack of data for neonates beyond
a birthweight of 2100 g and with a postnatal age beyond 1 week
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neonates with the same PNA, concentration decreases as
BW increases (i.e., after 48 h of infusion, neonates with BW
850 g and PNA 0.5 day at the start of the infusion have a
median concentration of 2.1 pg/L, whereas it is 1.29 pg/L for
neonates with BW 3000 g and PNA 0.5 days at the start of
infusion). Within the same neonate, concentration decreases
as PNA increases (i.e., neonates with BW 850 g and PNA
0.5 day at the start of the infusion have a median concentra-
tion of 2.1 pg/L, whereas it is 0.68 pg/L for neonates with
BW 850 g and PNA 21 days at the start of the infusion). For
all neonates, the concentrations first increase until a “peak
concentration” is reached, which then decreases over time
as a result of increasing CW and PNA affecting the disposi-
tion. The time to reach peak concentration ranges from 12
to 48 h depending on BW and PNA, i.e., it takes around 48
h for a neonate with BW 850 g and PNA 0.5 days, whereas
it only takes around 12 h for a neonate with BW 3000 g and
PNA 21 days.

To prevent this variation as a result of BW and PNA, we
propose a new PNA- and BW-adjusted dosing regimen. The
details of this regimen are shown in Table 3. Figure 4 shows
the concentration—time profiles of the proposed regimen.
Comparable concentrations (0.6—1.2 pg/L after 24 h of infu-
sion) and area under the plasma concentration—time curve
(at first day of infusion: 9-16 pgeh/L; at 4th day of infusion:

Table 2 Parameter estimates of the final model and bootstrap estimates

12-26 pgeh/L; at 7th day of infusion: 11-24 pgeh/L) (see
Fig. S5 in the ESM) were achieved across the entire neonatal
population in this study. We did not include neonates with
BW > 2500 g and PNA > 7 days in our dosage simulation
because of a lack of data for this population.

3.2.2 Bolus Regimen

Figure 5A shows concentration—time profiles that can be
expected upon intermittent bolus (2 pg/kg every 4 h) dosing.
Compared with the continuous infusion doses (1 pg/kg/h),
this regimen leads to a lower exposure as the daily dose is
12 pg/kg instead of 24 pg/kg for the continuous infusion.
To provide rapid analgesia, Fig. 5B shows the concentra-
tion—time profiles for a loading dose of fentanyl 5 pg/kg
to neonates with different BW and PNA. With this dose, a
fentanyl concentration of around 0.75-1.2 pg/L is reached
immediately in neonates with BW 850 g, whereas the con-
centration is around 0.5 pg/L in larger neonates.

Parameter Final model estimate (RSE %) Bootstrap estimate (95% CI)
Fixed effects
CL (L/h) =TVCL x (%)GB“’ X (PNA+0.01)%rxa

TVCL 0.31 (10%) 0.31 (0.25-0.37)

O 1.47 (6%) 1.47 (1.30-1.69)

Opxa 0.505 (10%) 0.505 (0.403-0.630)

VI (L) = TVVI x (%) PP BDE = 11 x ()

1165
TVV1

L1

M
Q (L/h)
V2 (L)

Interindividual variability [shrinkage %]

On CL (%)

On V1 (%)

Residual variability
Additive (pg/L) on dataset 1
Proportional (%) on dataset 1
Additive (pg/L) on dataset 2
Proportional (%) on dataset 2

10.6 (7%) 10.3 (8.0-12.4)

1.56 (10%) 1.59 (1.25-2.25)

—0.417 (32%) —0.447 (—0.806 to —0.190)
0.573 (35%) 0.60 (0.26-3.63)

3.37 (23%) 3.66 (2.75-5.01)

44.4% (9%) [18%]
45.6% (13%) [30%]

43.7% (36.4-52.1)
45.3% (32.8-58.9)

0.246 (27%) 0.249 (0.132-0.361)
0.23 (12%) 0.224 (0.154—0.275)
0.0297 (26%) 0.03 (0.0059-0.0480)
0.361 (8%) 0.355 (0.302-0.412)

BDE bodyweight-dependent exponent, BW birth weight (g), CI confidence interval, CL clearance (L/h), CW current body weight (g), LI the
intercept in the scaling exponent, M the exponent that allows the scaling exponent to change with current bodyweight, PNA postnatal age (days),
Q intercompartment clearance (L/h), RSE relative standard error, TVCL the typical value for clearance (L/h), TVVI the typical value for central
volume of distribution (L), VI central volume of distribution (L), V2 volume of distribution of the peripheral compartment (L)
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Fig. 3 Fentanyl concentration—time profiles (n=1000) with each line
representing the median for neonates with a birthweight of 850, 1500,
2500, and 3000 g at different postnatal age (PNA) at the start of a
continuous infusion of 1 pg/kg/h for 7 days

4 Discussion

We successfully developed a population pharmacokinetic
model of fentanyl for neonates with GA 25-42 weeks.

Table3 Proposed infusion Birthweight (g) Postnatal age

regimens (days)
1-2 36 >7
< 1500 05 07 09
> 1500 07 09 12

To reach steady state, a loading
dose of 5 pg/kg divided into two
doses could be considered. Reg-
imens are presented as pg/kg/h

Compared with previous neonatal studies [22, 33, 34],
we had the largest number of samples and subjects with a
wide range of GA and PNA. The population pharmacoki-
netic approach also allowed us to pool the samples of two
datasets and clearly describe a large extent of the variability
in fentanyl disposition. Fentanyl clearance showed a rapid
maturation, which was best described by BW and PNA. The
volume of distribution was described nonlinearly using a
BDE function. This enabled us to evaluate the current dosing
regimens and optimize the dosing of fentanyl in this vulner-
able population, aiming at an equal exposure.

Combining BW and PNA as covariates on clearance was
superior to PMA alone, suggesting that pre- and postnatal
maturation separately influence clearance. The maturation
of clearance could in part be a reflection of the increase in
CYP3A4 activity in neonates, which is the main metaboliz-
ing enzyme of fentanyl. Both in vivo and in vitro studies
showed that the activity of CYP3A4 is extremely low in the
fetus and begins to increase after birth [35, 36]. However, as
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Fig.5 Fentanyl concentration—time profiles (n=1000) with each line
representing the median for neonates with a birthweight of 850, 1500,
2500, and 3000 g at different postnatal ages (PNA) when given 2 pg/

CYP3A4 activity reportedly only reaches adult levels after 1
year of life, it seems that the CYP3A4 change alone cannot
explain the fast maturation of fentanyl clearance observed
in this study, i.e., for neonates with the same BW, clearance
increased 2.7-fold from day 1 to day 7 of PNA. Instead, it
seems likely that CYP3A?7 is at least in part responsible for
this rapid change because of its ability to metabolize drugs
that are mainly metabolized by CYP3A4 in adults. CYP3A7
activity is maximal during the first week of life and declines
progressively while CYP3A4 begins to take its place [13,
37]. In addition, pharmacokinetic studies have reported that
lower hepatic blood flow could decrease fentanyl clearance
[33, 34], suggesting a role for hepatic perfusion in fenta-
nyl clearance in neonates. Hepatic blood flow in neonates
increases with increasing cardiac output, whereas preterm
neonates may have a lower hepatic blood flow because of
a higher chance of a delayed closure of the ductus veno-
sus than in term neonates [38, 39]. Overall, the exact con-
tribution of enzyme maturation versus liver blood flow is
unknown, and more research is needed to identify the cause
of the fast maturation of fentanyl clearance we observed in
this study.

The remaining part of clearance variability (44.4%) that
could not be explained by BW and PNA could perhaps be
caused by clinical conditions (such as inflammation [40] and
abdominal surgery, which could lead to a decreased hepatic
blood flow due to increased abdominal pressure [33, 34,

Time after starting infusion [hours]

kg per 4-h bolus A) and an initial loading dose (5 pg/kg given in 3
min), followed by 2 pg/kg per 4-h bolus (B)

41]), comedication (such as phenobarbital [42], a CYP3A4
enzyme inducer), and genetic polymorphisms. However, our
study could not explore the potential relevance of these fac-
tors because of a lack of detailed relevant information.

Fentanyl is a highly lipophilic opioid that binds to both
albumin and alfa-1-acid glycoprotein (AAG) [43, 44]. The
bodyweight-normalized volume of distribution of fentanyl
in this study (median 12 L/kg) was higher than that in adults
(3.2-5.9 L/kg) [45]. This may be attributed to the higher
proportion of brain and central nervous system tissue in neo-
nates than in adults [46]. In addition, neonates have a lower
albumin and AAG level than adults [18, 23], which could
lead to a higher unbound fentanyl fraction and thus higher
distribution volume. To describe the variability of central
distribution volume among neonates, we used a BDE func-
tion [29, 47]. The exponent was found to vary between 1.66
for neonates with CW 1000 g and 1.05 for neonates with CW
3000 g (Fig. S1 in the ESM), indicating a quicker change in
volume in lower bodyweight neonates. Possible explanations
for this result can be the significant nonlinear increase of
fat mass with bodyweight [48], as well as the fast change in
organ size—including the central nervous system—in early
life [20].

Our results showed that the use of a weight-based 1 pg/
kg/h infusion regimen leads to a large variability in expo-
sure among neonates (Fig. 3). This variability could even
be larger given the unexplained variability in the real world.
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As the therapeutic range of fentanyl has not been defined,
whether this variability in exposure could lead to side effects
for some individuals or a lack of effect for others remains
unclear. Previous related neonatal studies on the effects of
fentanyl are sparse, and the results vary [49, 50]. Although
studies in adults receiving intravenous fentanyl for postop-
erative analgesia reported a mean analgesic concentration
of 0.6-3 pg/L [45], the optimal analgesic concentration in
neonates might differ. Neonates may be more sensitive to
fentanyl because of the high unbound fraction [18] and a
higher permeability of the blood-brain barrier [51], with
the latter also potentially causing neonates to be prone to the
respiratory-depressant effect of fentanyl [34]. Also, studies
based on rat models suggested that rats might have a higher
opioid receptor sensitivity during the first days of life [52].

In the absence of a target concentration, the PNA- and
BW-based regimen suggested in this study (Table 3) was
designed to maintain a comparable median concentration
(0.6-1.2 pg/L) among all neonates (Fig. 4). This is within
the IQR of the fentanyl concentration reported in our stud-
ies (0.3-2.1 pg/L) and within mean analgesic concentration
(0.6-3 pg/L) reported in the aforementioned adult studies
[45]. Given the long period of time needed to reach a steady-
state concentration upon start of a continuous infusion, and
the general desire for a quick response, (additional) loading
doses should be considered in the first 24 h of treatment.

When fentanyl bolus administrations are used to provide
rapid analgesia during repetitive painful procedures, the
concentration based on the bolus regimen of 2 pg/kg per 4 h
will be relatively low for first procedures (Fig. 5A). A higher
loading dose at the start could therefore be considered. Fig-
ure 5B illustrates an immediate steady-state exposure upon
a loading dose of fentanyl 5 pg/kg in neonates with differ-
ent BW and PNA. In general, we recommend administering
fentanyl 5 pg/kg in two separate doses with a dose interval of
at least 5 minutes, as the highest recommended bolus dose in
pediatric formularies is 3 pg/kg [32]. This would also avoid
rapid administration, thereby preventing life-threatening side
effects such as chest wall rigidity [8].

Our study has some limitations. First, it is important to
realize that the maturation beyond 7 days of PNA in neonates
born beyond 32 weeks may not be adequately described in
our model because of the lack of data in that age group
(Fig. 1). Therefore, the concentration and the clearance val-
ues of that group could be less accurate. Also, our study
did not define other characteristics such as disease state
and genetic polymorphisms that could further explain the
variability in fentanyl pharmacokinetics. Furthermore, our
target concentration may not be optimized for all neonates,
and different types of pain likely require different fentanyl
concentrations, e.g., procedure pain, prolonged pain, and
extremely painful situations such as necrotizing enterocol-
itis [10]. Therefore, the appropriate evaluation of effects in
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each patient and individualized treatment remain urgently
required. In the meantime, target concentrations among neo-
nates still need to be defined in future pharmacodynamic
studies.

5 Conclusion

We quantified the influence of prenatal and postnatal matu-
ration on fentanyl exposure in term and preterm newborns.
Given the relevance of BW and PNA for clearance, these
covariates should be considered for neonatal dosing. The
common practice of bodyweight-based dosing results in
varying concentrations over time, potentially leading to
insufficient concentrations for procedural pain and accumu-
lation of fentanyl and overexposure in neonates with low BW
and low PNA. Consequently, we recommend a PNA- and
BW-based dosage adjustment to achieve comparable fen-
tanyl concentrations across neonates and also recommend
additional loading doses to provide rapid analgesia in the
first 24 h of treatment. These pharmacokinetic data can pave
the way for subsequent pharmacodynamic studies based on
similar exposures.
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