
Vol.:(0123456789)

Clinical Pharmacokinetics (2025) 64:1811–1825 
https://doi.org/10.1007/s40262-025-01573-6

ORIGINAL RESEARCH ARTICLE

Evaluation of Fentanyl‑Emerged Adverse Events and Pharmacokinetics 
in Neonates: A Physiologically Based Pharmacokinetic Modeling 
Approach

Walaa Yousef Bassyouni Mahdy1,2 · Kazuhiro Yamamoto1,3   · Risa Joji1 · Mari Hashimoto1 · Ruka Nakasone4 · 
Kazumichi Fujioka4 · Kotaro Itohara1 · Yumi Kitahiro1 · Tomohiro Omura1 · Ikuko Yano1

Received: 24 March 2025 / Accepted: 27 August 2025 / Published online: 26 September 2025 
© The Author(s) 2025

Abstract
Background  Despite its common use for analgesia in neonatal intensive care units, the optimal dosing and safety profile 
of fentanyl, particularly regarding suspected fentanyl-emerged adverse events (FEAEs), such as hypotension, desaturation, 
and oliguria, are not well-defined.
Objective  This study aimed to develop an optimal therapeutic monitoring and dosing strategy for fentanyl for neonates. A 
physiologically based pharmacokinetic (PBPK) model for predicting fentanyl pharmacokinetics across various populations, 
including preterm and term neonates, was developed, and the relationship between predicted fentanyl exposure and FEAE 
incidence in neonates was assessed.
Methods  A PBPK model was developed and validated against the observed values in the literature. The model’s predictive 
accuracy for fentanyl pharmacokinetics and association with FEAE incidence in an external retrospective cohort of Japanese 
neonates was evaluated using the predicted concentrations and pharmacokinetic parameters estimated by PBPK simulation.
Results  The PBPK model exhibited reasonable predictive performance for serum fentanyl concentrations in actual neo-
natal patients (mean error: 9.27% [standard error: 5.06%], root mean squared error: 54.7%). The incidence of any FEAE, 
particularly oxygen desaturation, was associated with the fentanyl concentration-to-dose ratio, but not with some exposure 
parameters, such as the area under the curve and maximum concentration. The recommended reduced infusion rate allowed 
serum fentanyl concentrations to fall within the ranges established by the reported values and our data.
Conclusions  Our PBPK model and proposed dosing strategy may contribute to safer and more effective fentanyl use in 
neonates.

Key Points 

We developed a model to predict the pharmacokinetics 
of fentanyl in neonates to aid in determining safer and 
more effective dosing regimens.

The model demonstrated that specific adverse events 
during fentanyl administration, such as hypoxia, are 
associated with the area under the concentration–time 
curve of fentanyl relative to the administered dose.

By utilizing this model, physicians can tailor fentanyl 
dosages for each neonate, thereby enhancing analgesic 
efficacy while minimizing the risk of harmful adverse 
events.
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1  Introduction

Fentanyl is the synthetic opioid of choice for analgesia and 
sedation in neonatal and pediatric intensive care settings 
[1, 2], prized for its affinity to μ and κ opioid receptors, 
rapid onset, and capacity to maintain hemodynamic stability 
without histamine release, even at high doses [3]. The 
guidelines recommend low-dose continuous infusions of 
fentanyl during mechanical ventilation to manage pain and 
stress; however, there is still debate over the best dosing, 
administration route, and treatment regimen for intensive 
care unit (ICU) patients [4]. In many countries, fentanyl 
is frequently used off-label in ICU patients aged < 2 
years, despite being officially approved for perioperative 
analgesia only in children over this age [5]. The off-label 
use of fentanyl in unstable preterm infants is associated with 
severe suspected fentanyl-emerged adverse events (FEAEs), 
including oxygen desaturation, oliguria, and hypercapnia 
[6], highlighting the urgent need for refined dosing strategies 
to mitigate risks. The widespread off-label use, coupled 
with the ethical and practical challenges of conducting 
pharmacokinetic (PK) studies in pediatric and preterm 
populations, highlights the critical need for a more profound 
understanding of fentanyl’s PKs in these populations [7].

The PKs of fentanyl in neonates present unique challenges 
in drug accumulation, even when the dose is adjusted for 
body size [2]. Current pediatric dosing strategies often 
rely on linear extrapolation from adult regimens based 
on weight, a method that fails to account for maturation, 
particularly differences in drug metabolism and disposition 
[8]. The development of predictive models that incorporate 
maturation-dependent changes is crucial for individualizing 
dosing and enhancing patient outcomes [9]. In particular, 
the complexity of fentanyl’s PK profile is influenced by 
factors, such as its high protein-binding rate to human 
serum albumin of > 90% and metabolism by the cytochrome 
P450 enzyme (CYP) 3A [10]. Furthermore, fentanyl is 
metabolized to norfentanyl, an inactive metabolite, primarily 
by CYP3A4 and, to a lesser extent, by CYP3A5 [10]. In 
neonates, the transition from the fetal CYP3A7 isoform to 
the adult CYP3A4 isoform shortly after birth [11], along 
with other maturation changes, complicates the prediction 
of dosing using adult models. To address these challenges, a 
physiologically based pharmacokinetic (PBPK) model that 
accounts for maturation in preterm neonates is useful. PBPK 
models, which integrate specific demographic factors, drug 
properties, and PK characteristics, offer a sophisticated and 
mechanistic alternative to traditional weight-based dosing 
methods in pediatrics [12].

This study aimed to elucidate the relationships between 
predicted PK parameters and the incidence of FEAEs to 
optimize fentanyl dosing strategies in pediatric and neonatal 

populations. PBPK modeling and simulation were performed 
to predict fentanyl PKs across various populations, including 
preterm and term neonates.

2 � Materials and Methods

2.1 � Software

To construct a comprehensive PBPK model, the Simcyp 
Population-Based Pharmacokinetic Simulator (version 23; 
Certara UK Limited, Simcyp Division, Sheffield, UK [13]) 
was used. The virtual-twin approach, enabled by the Simcyp 
Simulator V22 Excel Plugin, was used to predict drug 
disposition in virtual populations. The observed plasma or 
serum concentration data were extracted from the scientific 
literature and digitized using WebPlotDigitizer (version 4.4; 
PLOTCON 2017-Oakland, CA [14]), ensuring adherence 
to established best practices. Statistical analyses were 
performed using R (version 3.6.1; R Core Team, 2021) and 
R Studio (version 2023.09.1-494; R Studio, Inc., Boston, 
MA, USA, 2021 [15]).

2.2 � Development, Verification, and Extrapolation 
of the Fentanyl PBPK Model

The fentanyl PBPK model was developed using a structured 
multistep approach that integrated clinical data for broad 
applicability, including pediatric and preterm populations 
(Fig. 1). This process involved a Literature review to gather 
essential parameters and identify relevant studies, ultimately 
selecting 34 studies for model development and verification 
(Tables S1–S6). Firstly, the validity of the fentanyl PBPK 
model was evaluated using the adult population model, 
incorporating five intravenous drug-drug interaction (DDI) 
studies to estimate the fraction metabolized (fm) via CYP3A4 
and human liver microsomes (HLM), along with one intra-
venous administration study evaluating CYP3A5 polymor-
phisms to inform CYP3A5-mediated clearance (CL). Phys-
icochemical and PK properties, including molecular weight 
(MW), blood-to-plasma ratio (B/P), unbound fraction (fu), 
steady-state volume of distribution (Vdss), Kp scalar, and 
renal clearance (CLr), were derived from literature sources. 
Enzyme-specific intrinsic clearance (CLint) for CYP3A4, 
CYP3A5, and CYP3A7 was calculated using Simcyp’s ret-
rograde calculator, incorporating adult clinical PK and DDI 
data. Next, the validity of the model was evaluated using 
the pediatric population model provided by Simcyp, which 
incorporates age-dependent physiological changes, such as 
hepatic enzyme ontogeny, renal maturation, organ perfu-
sion, and plasma protein binding. The model was verified 
using clinical studies of pediatric and preterm populations, 
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particularly focusing on Japanese patients, through a hybrid 
model of “Preterm model” and “Japanese model” within 
the Simcyp simulator. Key model parameters were derived 
from Simcyp system-related factors, such as blood flow rates 
and organ volumes, and drug-specific characteristics, such 
as molecular weight and partition coefficients. The model 
accounted for fentanyl’s high hepatic extraction ratio and 
used enzyme kinetics to predict drug elimination, incorpo-
rating intrinsic clearance values for various CYP enzymes 
involved in metabolism.

The fentanyl PBPK model was evaluated by creating 
virtual populations that mirrored the demographic 
information reported in the reference clinical studies using 
the virtual-twin approach. In cases in which specific adult 
data were unavailable, a default virtual population of 300 
healthy adults aged 18–65 years was used. The initial 
model evaluation used visual predictive checks, overlaying 
the mean observed (Cobs) and predicted (Cpred) systemic 
fentanyl concentration profiles, along with the 5th–95th 

percentile prediction ranges. The observed-to-predicted 
concentration ratios (Cobs/Cpred) were calculated to assess 
the model’s accuracy. The verification criteria were met 
when the observed values fell within the 90% prediction 
interval of the virtual population and the Cobs/Cpred ratio 
was within a two-fold difference [16]. Goodness-of-fit 
(GOF) plots were used to visually compare the Cpred with 
the Cobs.

2.3 � Clinical Application of the PBPK Model 
to Neonate Patients

2.3.1 � Study Design

This retrospective observational cohort study was conducted 
in accordance with the Declaration of Helsinki and approved 
by the Ethics Committee of Kobe University Hospital 
(approval No. B210177). Data were collected from 1 January 
2017 to 31 December 2020.

Fig. 1   Schematic workflow of 
the methodology adopted for 
fentanyl physiologically based 
pharmacokinetic (PBPK) model 
development, verification, 
extrapolation, and application. 
The model was developed in 
adults using literature-based 
parameters and optimized 
enzyme contributions, verified 
across multiple adult popula-
tions, and extrapolated to pedi-
atric and preterm populations 
by incorporating age-dependent 
physiological changes. The final 
model was applied to an exter-
nal Japanese neonatal cohort 
using a virtual twin simulation 
approach. fm fraction metabo-
lized via each enzyme, HLM 
human liver microsomes, MW 
molecular weight, B/P blood/
plasma concentration ratio, fu 
unbound fraction in plasma, 
Vdss steady-state volume of 
distribution, Kp scalar, tissue-
to-plasma partition coefficients, 
CLr renal clearance
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2.3.2 � Inclusion and Exclusion Criteria

The inclusion criteria were as follows: neonates admitted 
to the neonatal ICU (NICU) of Kobe University Hospital 
between 1 January 2017 and 31 December 2020; those 
who required mechanical ventilation; those who were 
administered fentanyl for sedation; those with complete 
demographic data; and those who had a gestational age 
(GA) of ≥ 25 weeks because preterm neonates with a GA 
of < 25 weeks are considered extremely premature and may 
have significantly different physiological characteristics and 
potentially different drug responses compared with more 
mature neonates. The exclusion criteria were as follows: 
patients whose parents or persons with parental authority 
opted out of participation due to their refusal to allow their 
information to be made publicly available.

2.3.3 � Serum Sampling and Fentanyl Concentration 
Measurement

Residual serum specimens collected for routine laboratory 
tests and stored for future research purposes were used as 
samples for measuring fentanyl concentration and were 
analyzed using liquid chromatography-tandem mass 
spectrometry at LSI Medience Corporation (Tokyo, Japan). 
The sample was stored at – 20 °C until measuring fentanyl 
concentration.

2.3.4 � Application of the Fentanyl PBPK Model

To simulate fentanyl concentrations in each Japanese 
neonatal patient, a “virtual twin” model was developed in 
which the individual parameters of actual Japanese patients 
were incorporated into the constructed model. This model 
incorporated specific variables obtained from electronic 
medical records (EMRs), including age, sex, body weight, 
height, and actual dosing information, such as any boluses 
administered. Concomitant medications (e.g., phenobarbital, 
diazepam, midazolam, hydrocortisone, dopamine, 
dobutamine, furosemide) were recorded. To optimize the 
predictive performance of the PBPK model for fentanyl in 
the neonatal population, two versions of the model were 
compared: the original model and the parameter estimation 
(PE) model. The PE model was developed by estimating the 
human liver microsome (HLM) intrinsic clearance (CLint) 
parameter in Simcyp. PE optimization was performed using 
LogNormal distribution, Maximum Likelihood objective 
function, (Quasi-Random Parameter Estimation Method) 
as the algorithm, a Monte Carlo sample size of 8, and an 
acceptance ratio of 0.10.

2.3.5 � Definition of Safety and Efficacy Surrogate Markers

We evaluated FEAE as a safety endpoint and emergence 
from sedation as an efficacy endpoint for fentanyl therapy. 
FEAEs were evaluated by assessing the values recorded in 
the EMRs from pulse oximetry for saturation of percutaneous 
oxygen (SpO2), urine output measurement for oliguria 
detection, and electrocardiography for continuous heart rate 
monitoring. Clinical thresholds were established to define 
FEAEs potentially associated with fentanyl administration. 
Desaturation was stratified as mild (SpO₂  88–89%), 
moderate (85–87%), and severe (85%), in accordance with 
oxygen saturation targets for neonates [17–19]. Hypotension 
was defined as a mean arterial pressure (MAP) below the 
10th percentile for the infant’s PMA [20]. Moreover, urine 
output < 1 mL/kg/h after 24 h of birth, and heart rate < 100 
bpm were considered as FEAE. Emergence from sedation 
was defined as body movements and eye opening owing to 
offset of fentanyl effect after discontinuation of fentanyl 
administration.

2.4 � Dosing Strategies for Fentanyl in Neonates

We applied a structured five-step methodology to establish 
a target fentanyl concentration range for therapeutic drug 
monitoring (TDM) and to evaluate the adequacy of current 
dosing regimens in neonates (Fig. S1). First, the lower limit 
of the therapeutic window was determined by analyzing 
fentanyl concentrations at the time of emergence from 
sedation, used as a surrogate marker of offset of fentanyl 
effect. Second, the upper limit was defined through (1) 
a literature review identifying fentanyl concentrations 
associated with both analgesic efficacy and early adverse 
events, and (2) AUROC analyses assessing the relationship 
between fentanyl exposure metrics and FEAEs. The 
concentration-to-dose ratio (CDr) was calculated for all 
patients by dividing the area under the curve from time 0 
to the end of the infusion (AUC​0-end) by the infusion rate 
multiplied by the duration (t).

Third, the efficacy of the standard fentanyl dosing 
regimen (loading dose of 0.5–4 µg/kg followed by 0.5–3 µg/
kg/h infusion) was assessed by simulating its performance 
in maintaining fentanyl concentrations within the identified 
target range across different GA groups. If the standard 
regimen is found to be inadequate, an alternative dosing 
regimen should be proposed to optimize fentanyl dosing 
for effective analgesia while minimizing the incidence of 
FEAEs in neonates.

CDr =
AUC0−end(ng∕mL ⋅ h)

Total dose(�g∕kg)
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2.5 � Statistical Analysis

Descriptive data were reported using appropriate measures, 
and nonparametric tests were used due to the small sample 
size. Prediction bias and precision were quantitatively 
evaluated using the mean error percentage (ME%) ± 
standard error (SE) and root mean square error (RMSE%), 
respectively. The ME% is calculated as the average 
percentage difference between the observed and predicted 
values. These metrics were calculated using the following 
equations:

where n is the number of observations of each patient; the 
observed value i is the actual observed concentration from 
the clinical data for the ith observation; and the simulated 
value i is the predicted concentration from the model for the 
ith observation of each patient. The use of PK parameters 
in predicting FEAEs in newborn infants was assessed using 
the area under the receiver operating characteristic curve 
(AUROC), alongside the determination of various cutoff 
values.

3 � Results

3.1 � Building of the PBPK Model and Verification 
of Adult Model Performance

The developed PBPK model exhibited robust predictive 
performance for fentanyl PKs in adults following intravenous 
administration throughout the dosage range (2.78–11.4 
mg), including both bolus doses and infusions. The model 
predictions were closely related to the observed fentanyl 
concentrations from clinical studies, with all observed 
systemic concentrations falling within the 90% prediction 
interval of the predicted data (Figs. S2a–c). Further analysis 
was performed using GOF plots, which compared Cpred and 
Cobs. The GOF plots revealed that 100% of the predicted 
values satisfied the two-fold acceptance criterion, indicating 
the model’s robust predictive performance (Fig. S2d). The 
accuracy and precision indexes were found to be ME% ± SE 
of 1.40% ± 1.28% and an RMSE% of 22.1%, respectively. To 
evaluate the predictive performance of the developed PBPK 
model, the simulated PK parameters were compared with the 
observed data from previously published clinical studies in 
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adults [2, 21–28]. The mean observed total clearance (CLt) 
from the Literature was 67.0 ± 15.0 L/h, whereas the PBPK 
model predicted a CLt of 53.5 L/h in adults, which falls within 
1 SD of the observed mean. Similarly, the predicted volume of 
distribution at a steady-state (Vdss) of 9.83 L/kg was closely 
related to the mean observed value of 8.54 ± 2.45 L/kg in the 
clinical studies.

3.2 � Pediatric and Preterm PBPK Model 
Extrapolation

The extrapolation of the adult PBPK model to pediatric pop-
ulations, ranging from 1-day postnatal age (PNA) to 9 years, 

is shown in Figs. 2a and b. GOF plots confirmed that 97.4% 
of the predicted serum fentanyl concentrations in pediat-
ric patients adhered to the two-fold acceptance criterion 
(Fig. 2c). The ME% ± SE and RMSE% values were −8.72% 
± 5.94% and 36.2%, respectively. For the Caucasian preterm 
subgroup, 90.4% of the predicted fentanyl concentrations 
fell within the two-fold range. The ME% ± SE of 10.2% ± 
10.2% and RMSE% of 52.0% for this subgroup indicate a 
slightly higher bias than the broader pediatric population.

3.3 � Fentanyl Metabolism, Elimination Pathways, 
and PK Maturation

According to the PBPK mass balance simulation, Simcyp 
estimated the CYP3A to account for the metabolism of 
59.7% of the fentanyl dose in adults (Table 1). This frac-
tion exhibited an increase with growth. Notably, a non-
specific hepatic pathway was responsible for eliminating 
approximately 31.6% of the administered dose in adults, and 
the model estimated that 8.70% of the fentanyl dose was 
excreted unchanged in the urine. On one hand, Fig. 2d illus-
trates the maturation of fentanyl PKs as the GA progresses. 
A notable increase in both CLt and hepatic clearance (CLh) 
from GA25 to GA40 was observed, with CLt rising from 
0.88 to 3.15 L/h and CLh rising from 0.86 to 2.93 L/h. The 
CLr slightly increased across the GAs, and the clearance per 
kilogram (CL/kg) was almost constant. Enzymatic intrinsic 
activities crucial for fentanyl metabolism, particularly HLM 
and CYP3A4, increased with GA, whereas CYP3A7 activ-
ity was almost constant (Fig. 2e). The CLint of CYP3A5 
was as low as that of CYP3A7 and showed almost constant 
with GA.
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Fig. 2   Model extrapolation to the pediatric and preterm populations. 
a Visual predictive check for physiologically based pharmacokinetic 
(PBPK) simulation for a pediatric patient following a fentanyl dose 
of 50 µg/kg [57] and b 38 preterm patients from one study after a fen-
tanyl loading dose of 10.5 µg/kg over 1 h, followed by a continuous 
infusion at 1.5 µg/kg/h [58]. The blue shaded area represents the 5th–
95th percentile range, with the dashed black line showing the simu-
lation’s mean fentanyl concentration. Open circles indicate observed 
mean plasma fentanyl concentrations. c Scatter plot comparing pre-
dicted fentanyl concentrations with the observed fentanyl concentra-
tions across seven preterm and pediatric clinical studies [57–64]. The 
dashed black Line represents the Line when the observed value is 
equal to the predicted value. The small-scale graph shows the 0–20 

ng/mL concentration range, and the large-scale graph shows the 
20–100 ng/mL concentration range. The table in c presents the quan-
titative indicators of prediction bias and precision shown by the mean 
error percentage (ME%) ± standard error (SE) and the root mean 
square error (RMSE%), respectively. d Association between fentanyl 
clearance (CL) parameters and neonatal GA groups. This analysis 
categorized the neonates into GA groups of 25, 30, 35, and 40 weeks. 
e Association between fentanyl intrinsic clearances (CLint) and neo-
natal GA groups. This scatter plot illustrates the relationship between 
the GA of neonates and the CLint of fentanyl, including additional 
hepatic HLM CLint, CYP3A4 CLint, and CYP3A7 CLint. CLh hepatic 
clearance, CLr renal clearance, CL/kg clearance per kg
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3.4 � Application of the PBPK Model to Actual 
Patients

During the study period, 52 patients received intravenous 
fentanyl administration in the NICU. One patient was 
excluded due to incomplete demographic data, and four 
were excluded due to a GA of less than 25 weeks. Therefore, 
47 patients were finally included in the analysis of FEAEs. 
Furthermore, six patients were excluded owing to the lack 
of a serum sample, resulting in 41 patients (4 terms and 37 
preterms) being included in the PBPK model application 
step. Figure 3 presents GOF plots for our Japanese popula-
tion, categorized according to GA, along with a table pre-
senting performance metrics of the original and PE PBPK 
models during the application step. The predictions from the 
original PBPK model revealed that 90.4% of the estimated 
fentanyl concentrations were within the two-fold range with 
an ME% ± SE of 16.0% ± 6.2% and an RMSE% of 68.4%. 
In contrast, the PE model, which adjusted the HLM CLint 
from 73.8 to 66.7 µL/min/mg protein, exhibited enhanced 
predictive accuracy. This modification reduced the ME% ± 
SE to 9.27% ± 5.06% and decreased the RMSE% to 54.7%. 
Of the 21 data points that exceeded the two-fold criterion, 
15 were observed after the end of the infusion period. On the 
basis of these results, the PE model was used in subsequent 
experiments as the final model. Exploratory analysis in 41 
neonates showed a nonsignificant trend toward higher fen-
tanyl concentrations with increasing GA and phenobarbital 
co-administration. However, neither factor reached statistical 
significance.

3.5 � Association Between Fentanyl PK Parameters 
and FEAEs

In this cohort of 47 patients, 76.6% experienced at least 
one FEAE. Hypotension was the most frequently observed 
FEAEs, occurring in 22 patients (46.8%), followed by 
desaturation in 20 patients (42.6%), oliguria in 10 patients 
(21.3%), and bradycardia in four patients (8.5%).

Figure S3 presents the predicted fentanyl concentra-
tions, observed concentrations, and time points of FEAEs 

onset for each patient. FEAEs were observed across a wide 
range of fentanyl concentrations. Specifically, hypotension 
occurred at concentrations ranging from 0.23 to 3.50 ng/
mL, while desaturation was observed at concentrations 
between 0.30 and 3.20 ng/mL. Oliguria occurred between 
0.16 and 4.38 ng/mL. No significant demographic differ-
ences were identified between patients with and without 
FEAEs (Table 2). Our analysis indicated that the maxi-
mum concentration (Cmax), its corresponding time (Tmax), 
and AUC​0-end of patients without any FEAEs were signifi-
cantly higher than the predicted concentration at the time 
of incidence of FEAE (Cincidence), time to FEAE incidence 
(Tincidence), and AUC from time 0 to the time of AE inci-
dence (AUC​0–incidence) of patients with any FEAEs, because 
almost all FEAEs occurred early after the start of fentanyl 
infusion. Patients with severe desaturation had signifi-
cantly higher CDr values, with median CDr values of 1.71, 
than 1.21 for those without it (p = 0.003) (Fig. 4). CDr 
emerged as the PK parameter with the highest AUROC for 
predicting the occurrence of FEAEs in neonates. Using a 
CDr cutoff value of 1.38 (ng/mL∙h)/(μg/kg), the analy-
sis revealed that patients with a CDr above this threshold 
were significantly more likely to experience any FEAEs 
(p = 0.026) (Table 3). Furthermore, 80% of patients with 
a CDr > 1.38 experienced oxygen desaturation, whereas 
only 25% of those with a CDr < 1.38 experienced oxygen 
desaturation (p = 0.001). However, no significant differ-
ences were observed for hypotension and oliguria when 
stratified by the CDr cutoff. The cutoff Cmax value was 
1.73 ng/mL, with an AUROC of 60.1% for predicting the 
occurrence of any FEAEs.

3.6 � Recommended Infusion Rate and TDM Strategy

The median fentanyl concentration upon the time of emer-
gence from sedation was 0.56 ng/mL (interquartile range 
[IQR] 0.16–1.02 ng/mL), which serves as the lower limit 
(0.60 ng/mL) for the therapeutic range of fentanyl in neonates 
(Fig. 5). An upper Limit of 1.40 ng/mL was established based 
on a literature review [29–31] and on the present AUROC 
analysis for FEAEs (Table 3). A previous study indicated that 

Table 1   Fractional contributions 
of different metabolic pathways 
to fentanyl elimination across 
gestational ages, pediatric, and 
adult populations as predicted 
by the Simcyp simulator

The values are shown as mean ± standard deviation (SD)
GA gestational age, fm fraction of metabolism, fe fraction of elimination

GA fmCYP3A4 fmCYP3A5 fmCYP3A7 fmAdditional HLM ferenal

GA25 11.4 ± 8.4 2.18 ± 3.63 4.63 ± 2.27 78.3 ± 11.7 3.49 ± 2.93
GA30 12.7 ± 9.2 2.44 ± 4.01 3.87 ± 1.85 75.8 ± 12.6 5.14 ± 4.20
GA35 14.0 ± 9.8 2.66 ± 4.34 3.16 ± 1.48 73.4 ± 13.4 6.81 ± 5.38
GA40 23.9 ± 20.3 4.20 ± 7.58 1.96 ± 1.49 62.7 ± 21.3 7.27 ± 6.00
Pediatric 40.1 ± 16.6 3.50 ± 11.02 0.11 ± 0.18 43.8 ± 18.6 12.5 ± 11.6
Adult 55.9 ± 16.3 3.78 ± 9.22 0.04 ± 0.14 31.6 ± 16.7 8.70 ± 3.18
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fentanyl concentrations of 1.50–3.00 ng/mL were associated 
with a 50% depression of CO2 responsiveness, with hypoven-
tilation occurring in 15% of patients at levels > 1.75 ng/mL 
[29]. In particular, at 1.40 ng/mL, a 50% decrease in pain 
intensity was observed with a 12% reduction in minute ven-
tilation, which increased to 23% at 3.0 ng/mL [30]. Further-
more, this upper Limit was well below the potentially toxic 
concentrations > 2.00 ng/mL suggested cited by the Interna-
tional Association of Forensic Toxicologists (TIAFT) [31]. 
The CDr threshold for the incidence of any events was 1.38 
(ng/mL∙h)/(µg/kg) (Table 3). Given that CDr can be inter-
preted as the concentration per unit infusion rate, assuming a 
continuous infusion rate of 1 µg/kg/h as the standard dosing, 
this corresponds to an approximate concentration threshold 
of 1.40 ng/mL for the incidence of AEs. In addition, a cutoff 
Cmax value of 1.73 ng/mL was estimated for predicting the 
occurrence of any FEAEs in this population, as mentioned 
above.

The standard fentanyl regimen assessed for GAs between 
25 and 40 weeks comprised a loading dose of 2 µg/kg, fol-
lowed by a continuous infusion of 1 µg/kg/h over 40 h, 
which was the median duration of fentanyl infusion in the 

studied cohort (Fig. 6a). This regimen resulted in a Cmax 
range of 1.45–1.56 ng/mL. A dosing rate adjustment to a 
loading dose of 2 µg/kg, followed by a continuous infusion 
of 0.85 µg/kg/h over 40 h, was simulated (Fig. 6b), resulting 
in a Cmax range of 1.23–1.32 ng/mL.

4 � Discussion

In this study, a preterm and pediatric PBPK model was suc-
cessfully developed using the Simcyp Simulator to predict 
PK for intravenous fentanyl infusion. In this study, the pri-
mary concern was the use of the predicted PK parameters 
from individual patients’ clinical characteristics to investi-
gate the relationship between them and the occurrence of 
FEAEs in the neonatal population.

The developed PBPK model exhibited robust predic-
tive performance for fentanyl PKs in adults and was suc-
cessfully extrapolated to pediatric populations, including 
preterm and term neonates. Although the model exhib-
ited acceptable predictive performance overall, a slightly 

Fig. 3   Relationship between the observed and predicted fentanyl 
serum concentrations from the original and parameter estimation 
model by gestational age in the application step. This scatter plot 
shows the correlation between the observed and predicted fentanyl 
serum concentrations from the original (a) and parameter estimation 
model (b) in our study cohort, stratified into gestational age (GA) 
groups: 25–30, 30–35, 35–40, and > 40 weeks. The dashed lines 

represent the line when the observed value is equal to the predicted 
value. Each colored dot corresponds to an individual neonate’s con-
centration–time profile, with colors indicating specific GA categories. 
The table presents the performance metrics of the physiologically 
based pharmacokinetic model during the application step
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higher bias and worse precision were observed in the neo-
natal population (ME% ± SE: 10.2% ± 10.2%, RMSE%: 
52.0%) than in older pediatric age groups (ME% ± SE: 
−8.72% ± 5.94%, RMSE%: 36.2%) (Table embedded in 
Fig. 2c) and adults (ME% ± SE: 1.40% ± 1.28%, RMSE%: 
22.1%) (Table embedded in Fig. S2d). This worse predic-
tion in preterm neonates may be attributed to the unique 
physiological challenges and variability associated with 
this age group [2].

Traditionally, fentanyl has been considered to undergo 
primary hepatic metabolism via CYP3A4-mediated 
N-dealkylation to norfentanyl. However, our PBPK 
model indicated a substantial additional hepatic metabolic 
component captured as “additional HLM” that reflects 

non-CYP3A-mediated metabolism. This pathway accounted 
for approximately 31.6% of CLh in adults, and increased to 
78.3% at GA25 in preterm neonates (Table 1), highlighting 
a significant age-dependent change in metabolic routes. This 
developmental change likely reflects the ontogeny of hepatic 
enzymes, as CYP3A4 and CYP3A5 are poorly expressed in 
early life, while carboxylesterases, aldehyde oxidase, and 
microsomal oxidoreductases are more active in neonates 
[32–34]. The role of non-CYP enzymes is further supported 
by the metabolism of related opioids like remifentanil, which 
undergoes esterase-mediated hydrolysis [34]. Our adult 
model estimated the proportion of non-CYP3A metabo-
lism to be 31.6%, which is lower than estimates reported in 
previous PBPK models [35, 36]. Unlike those models, we 
explicitly distinguished CYP3A4 and CYP3A5 contribu-
tions using DDI data [22–26] and CYP3A5 pharmacogenetic 
data [23, 37], allowing for a more precise mechanistic allo-
cation of fentanyl CL, which we believe enabled a reduction 
in reliance on lumped residual terms. This stratification is 
especially important in pediatric populations where enzyme 
ontogeny varies markedly.

The results presented in Fig. 2d provide critical insights 
into the developmental fentanyl PKs, revealing significant 
changes in fentanyl disposition during fetal development. 
The observed increase in both CLt and CLh with advancing 
GA may be based on physical growth because CL/kg was con-
stant, regardless of GA progress. This implies that fentanyl PK 
changes based on physical growth rather than organ matura-
tion. This observation is particularly relevant for our study 
cohort, which predominantly consisted of very preterm neo-
nates (GA < 37 weeks), a population known to have minimal 
hepatic CYP3A4/5 activity. As shown in Fig. 2e, CLint values 

Table 2   Comparison of patient characteristics and pharmacokinetic 
parameters between newborn infants with and without fentanyl-
emerged adverse events

IQR interquartile range, FEAE fentanyl-emerged adverse event, GA 
gestational age, PNA postnatal age, SCr serum creatinine, BW body 
weight, FEN fentanyl, Cmax maximum predicted concentration, 
Cincidence predicted concentration at the time of FEAE incidence, Tmax 
time to maximum concentration, Tincidence time to FEAE incidence, 
AUC​0–end area under the curve from time 0 to the end of the infusion, 
AUC​0–incidence area under the curve from time 0 to the time of FEAE 
incidence, Cave average predicted concentration, CDr concentration-
to-dose ratio
† p value compared to Cmax of the patients without any FEAE
§ p value compared to Tmax of the patients without any FEAE
*p value compared to AUC​0–end of the patients without any FEAE

[Median (IQR)] FEAEs p value

Without (n = 11) With (n = 36)

GA (weeks) 33.0 (30.3, 36.6) 33.1 (30.7, 36.3) 0.77
PNA (days) 0.15 (0.12, 1.12) 0.24 (0.16, 0.62) 0.34
Height (cm) 39.0 (36.4, 46.0) 43.2 (39.0, 46.6) 0.53
Albumin (g/L) 31.0 (29.5, 33.5) 29.0 (28.0, 32.3) 0.074
SCr (mg/dL) 0.70 (0.60, 0.86) 0.62 (0.57, 0.69) 0.17
BW (kg) 1.94 (1.23, 2.71) 1.89 (1.42, 2.70) 0.73
5-min Apgar score 9 (8, 9) 8.5 (8, 9) 0.56
Total FEN dose (µg/

kg)
21.5 (17.4, 53.3) 52.7 (29.4, 91.1) 0.039

FEN infusion rate 
(µg/kg/h)

1.10 (1.02, 1.40) 1.11 (0.84, 1.32) 0.32

Duration (h) 21.5 (16.4, 42.3) 47.2 (34.4, 81.9) 0.008
Cmax (ng/mL) 1.51 (1.31, 1.82) 1.89 (1.41, 2.40) 0.32
Cincidence (ng/mL) – 0.86 (0.58, 1.38) 0.003†

Tmax (h) 18.8 (15.2, 42.3) 37.0 (27.9, 64.9) 0.074
Tincidence (h) – 11.2 (5.7, 17.5) 0.007§

AUC​0–end (ng/mL·h) 25.2 (12.7, 62.2) 60.0 (31.5, 144) 0.029
AUC​0–incidence (ng/

mL·h)
– 4.92 (2.02, 18.0) 0.002*

CDr ((ng/mL·h)/(µg/
kg))

1.12 (0.71, 1.21) 1.29 (1.12, 1.57) 0.015

NS

NS

P=0.003

No Mild Moderate Severe
0.0
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Fig. 4   Association between fentanyl concentration-to-dose ratio 
(CDr) and oxygen desaturation severity. The x-axis categorizes the 
severity of oxygen desaturation, whereas the y-axis represents the 
CDr values. The boxes represent the interquartile range of CDr for 
each desaturation category, with the horizontal line within each box 
denoting the median CDr value. The p values positioned above the 
boxes indicate the statistical significance of the comparisons between 
CDr levels in patients without adverse events and those with varying 
severity levels of desaturation using Dunnett’s test
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for CYP3A4 and HLM showed increasing trends with advanc-
ing GA, reflecting significant physical growth in fentanyl PKs 
in neonates. A previous report demonstrated that fentanyl has 
a high hepatic extraction ratio. For drugs with high extrac-
tion ratios, CLh is primarily dependent on hepatic blood flow 
rather than on CLint and fu. Hepatic blood flow increases with 
physical growth. However, the hepatic extraction ratio in neo-
nates was lower than that in the adult population [38]. A lower 
hepatic extraction ratio due to low birth weight, surgery, or 
cardiac disease causes a change in the dependency of CLh 
from hepatic blood flow to CLint. Furthermore, drugs such as 
theophylline and phenobarbital, which are also administered 
to neonates, have low liver extraction rates. In these cases, the 
impact of CLint on CLt may be relatively high. Therefore, the 
relative stability of CL/kg across GA should not be interpreted 
as an absence of developmental change in PKs, but rather as 
a reflection of the unique ontogeny of CYP3A enzymes and 
the predominance of structural and circulatory growth during 
this phase.

To better reflect the Japanese neonatal population, we 
applied PE, reducing HLM CLint from 73.8 to 66.7 µL/
min/mg protein. The original value was derived using Sim-
cyp’s retrograde calculator based on adult clinical PK data, 
DDI studies to estimate the fraction metabolized (fm) via 
CYP3A4 and HLM, and CYP3A5 poor metabolizer data to 
calculate CYP3A5-mediated CL, corresponding to enzyme-
specific CLint values of 0.864 and 0.548 µL/min/pmol for 
CYP3A4 and CYP3A5, respectively. While the PE-adjusted 
model exhibited a slight increase in predictions outside the 
two-fold error range, these deviations were mainly observed 
at low concentrations post-infusion which is a known limita-
tion in neonatal PK modeling related to elimination-phase 
variability [39]. On the basis of a population pharmacoki-
netic analysis involving 164 neonates, the interindividual 
variability in systemic clearance of fentanyl was reported 
to be 44% [33], indicating a highly heterogeneous popula-
tion. Therefore, the adjustment of HLM CLint by the current 

Table 3   Cutoff values of 
concentration-to-dose ratio for 
each fentanyl-emerged adverse 
event, and incidence of each 
event using the cutoff value of 
1.38 (ng/mL·h)/(µg/kg)

FEAE fentanyl-emerged adverse event, AUROC are under the receiver operating characteristic curve, CDr 
concentration-to-dose ratio

FEAE Cutoff ((ng/
mL·h)/(µg/
kg))

AUROC (%) Incidence, n (%) p value

CDr < 1.38 (n = 32) CDr ≥ 1.38 (n = 15)

Any events 1.38 74.5 21 (65.6) 15 (100) 0.026
Hypotension 1.04 70.7 12 (37.5) 10 (66.7) 0.12
Oxygen desaturation 1.42 78.3 8 (25.0) 12 (80.0) 0.001
Oliguria 1.16 70.0 5 (15.6) 5 (33.3) 0.32

Interquartile range Median
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Fig. 5   Fentanyl concentration upon the time of emergence from seda-
tion in neonates. This scatterplot depicts the distribution of fentanyl 
serum concentrations upon the time of emergence from sedation 
among a cohort of Japanese neonates (n = 40). The median concen-

tration is marked by a dashed horizontal Line at 0.56 ng/mL, and the 
interquartile range from 0.16 to 1.02 ng/mL is shaded in blue. Each 
circle represents an individual neonate’s fentanyl concentration
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PE approach is considered to fall within a reasonable and 
acceptable range.

In this study, we investigated the relationship between the 
FEAEs and its PK parameters predicted by our PBPK model 
in newborn infants. Most FEAEs were noted early during the 
initiation of fentanyl administration (Fig. S3), highlighting 
the importance of investigating PKs during the initial drug 
exposure phase. Notably, CDr values, reflecting the level 
of increase in AUC per dose, were significantly higher in 
patients with FEAEs than in those without (Table 2). This 
suggests that CDr, much like Vd [40], may indicate how 
readily plasma concentrations rise after drug administration, 
with higher CDr values likely corresponding to faster 
increases in serum drug levels, potentially elevating the 
risk of FEAEs. These findings position CDr as a promising 
marker for identifying patients at risk of FEAEs, particularly 

during the early phase of fentanyl therapy. On the other hand, 
the patients that developed FEAE had the characteristic of 
a longer treatment duration. One possible explanation is 
that patients who experience FEAE tend to require longer 
fentanyl treatment due to poor hemodynamics, and such 
patients may be more susceptible to FEAE. It cannot be 
ruled out that not only differences in pharmacokinetic 
parameters but also this higher susceptibility act as 
confounding factors. To clearly distinguish these factors and 
to assert the involvement of PKs, it is necessary to conduct 
analyses using study subjects with comprehensive data, 
including multiple fentanyl concentration measurements 
and background factors such as hemodynamics.

Using a CDr cutoff value of 1.38 (ng/mL∙h)/(µg/kg), the 
analysis revealed that patients with a CDr above this threshold 
were significantly more likely to experience composite FEAEs 

Fig. 6   Physiologically based pharmacokinetic simulation of the 
standard and reduced fentanyl regimen across the neonatal gestational 
age groups. Physiologically based pharmacokinetic simulation for a 
the standard fentanyl regimen, which includes a loading dose of 2 µg/
kg, followed by a continuous infusion of 1 µg/kg/h over 40 h, and b 
the reduced regimen, which includes a loading dose of 2 µg/kg, fol-
lowed by a continuous infusion of 0.85 µg/kg/h over 40 h, across 
neonatal gestational age (GA) groups. The shaded blue area indicates 
the therapeutic range for fentanyl (0.6–1.4 ng/mL). The colored Lines 

represent the mean predicted fentanyl concentrations for each GA 
category. The colored dotted Lines represent the 5th–95th percentile 
ranges of the predicted fentanyl concentrations for each GA category. 
The black dotted lines denote the maximum concentration (Cmax) cut-
off value calculated from the present neonates’ population. The black 
solid line denotes the critical pharmacological thresholds suggested 
by the International Association of Forensic Toxicologists (TIAFT)
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(p = 0.026), with 100% of these patients reporting FEAEs 
compared with 65.6% of those below the cutoff (Table 3). 
Drawing from TDM practices for immunosuppressive, antip-
sychotic, and antiepileptic drugs, the CDr has emerged as a 
critical tool for capturing variability in drug metabolism and 
CL [41–45]. In particular, the patients with severe oxygen 
desaturation had significantly higher CDr value, as shown in 
Fig. 4, suggesting a CDr-dependent relationship between how 
readily blood concentrations rise after drug administration and 
respiratory depression in neonates, which is consistent with 
the established facts for different opioids [46]. The relation-
ship between fentanyl concentrations and desaturation aligns 
with known opioid pharmacology: μ-opioid receptor activa-
tion in the brainstem inhibits neuronal excitability and disrupts 
respiratory rhythm generation (e.g., within the pre-Bötzinger 
complex), leading to reduced respiratory drive, lower tidal vol-
ume, and diminished CO2/O2 responsiveness [47–49]. Even 
under mechanical ventilation, opioids can dampen intrinsic 
respiratory effort, prolong ventilator dependence, and delay 
extubation—especially in preterm neonates with immature 
respiratory control centers [50, 51]. In our cohort, CDr was 
significantly associated with desaturation, but not with hypo-
tension or oliguria. Although desaturation is multifactorial in 
etiology and not solely attributable to fentanyl, its association 
with CDr supports the utility of desaturation as a clinical sur-
rogate for opioid-induced respiratory instability, particularly in 
neonates with immature central regulation. Interestingly, the 
lack of a linear relationship between fentanyl dose and desatu-
ration severity highlights the complex interplay between fen-
tanyl PK and physiological outcomes [52].

Establishing an appropriate fentanyl dosing regimen 
for neonatal patients requires a delicate balance between 
effective analgesia and minimizing the occurrence of FEAEs, 
a challenge compounded by the lack of well-defined target 
concentrations for this vulnerable population [53]. The lower 
Limit of the target concentration range was set at 0.60 ng/
mL, based on the median fentanyl concentration at the time 
of emergence from sedation. This finding is consistent with 
that of previous studies that reported that a concentration 
of 0.60 ng/mL yields slight but measurable analgesia [54]. 
Other reports have demonstrated that pain relief efficacy 
reached 100% at approximately 0.60 ng/mL of fentanyl 
concentration in preterm infants [55]. We explored potential 
factors contributing to interindividual variability in fentanyl 
concentrations at the time of emergence from sedation, 
which was used in this study as a surrogate for the offset of 
fentanyl effect. While linear regression analyses suggested 
a trend toward higher fentanyl concentrations at the time 
of emergence from sedation in infants with greater GA or 
phenobarbital co-administration, neither factor reached 
statistical significance in our study population. Given 
the immaturity of hepatic CYP3A4/5 activity in preterm 
neonates, the enzyme-inducing effect of phenobarbital 

is likely attenuated, limiting its PK influence on fentanyl 
CL. Further investigation is needed to elucidate the factors 
contributing to the variability in fentanyl concentration at 
the time of emergence from sedation.

The upper Limit of the target range identified as 1.40 ng/
mL by two methods (Fig. S1). The standard fentanyl dosing 
regimen resulted in a Cmax range of 1.45–1.56 ng/mL across 
the different GA groups (Fig. 6a). This standard regimen 
may result in a Cmax exceeding the identified therapeutic 
range. The recommended alternative reduced regimen had a 
Cmax range of 1.23–1.32 ng/mL for GAs between 25 and 40 
weeks (Fig. 6b). Our simulation indicated that even with this 
reduced dosing regimen, fentanyl concentrations in some 
patients still exceeded the therapeutic range. Therefore, 
measuring fentanyl concentrations and adjusting doses 
to target therapeutic range 10–20 h after initiating dosing 
are recommended to adjust the infusion rate accordingly. 
Nevertheless, this alternative dosing strategy may provide a 
safer and more effective approach to fentanyl administration 
in neonatal patients than the standard regimen.

This study has several limitations. First, the neonatal 
cohort was relatively small, especially among term 
neonates, which may limit the generalizability of our 
findings. The retrospective study design could have 
introduced bias, particularly in the assessment of 
FEAEs. Second, critical respiratory variables (e.g., 
fraction of inspired oxygen, mean airway pressure) 
were not consistently recorded in the EMRs, limiting 
our ability to evaluate their influence on FEAE. Third, 
while co-administered therapies and clinical conditions 
were carefully recorded, their pharmacodynamic or PK 
interactions with fentanyl were not exhaustively assessed. 
Finally, the absence of individual pharmacogenetic 
data—particularly for CYP3A5, CYP3A7, and key drug 
transporters such as P-glycoprotein (ABCB1)—may have 
contributed to unexplained interindividual variability in 
fentanyl metabolism and disposition [37, 56]. Although 
genotype-based scaling was applied at the population 
level, the lack of subject-specific genotyping reduces 
model precision. As evidence grows linking transporter 
and enzyme polymorphisms to neonatal PKs, future 
PBPK models should incorporate individual-level 
pharmacogenetic data to enhance predictive accuracy. 
Future prospective studies with larger, genotype-
characterized cohorts and fully integrated physiologic and 
PK data are needed to better delineate the multifactorial 
determinants of fentanyl response and adverse events in 
neonatal populations.

Our PBPK model showed strong predictive capabilities 
for fentanyl PKs in both adult and pediatric populations, 
including preterm and term neonates. The model can 
help better understand the relationship between fentanyl 
PKs and FEAE incidence. Our recommended infusion 
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rates, based on the median fentanyl concentration upon 
emergence from sedation and the risk of FEAE, may 
contribute to safer and more effective fentanyl therapy 
in neonates; however, prospective clinical validation is 
needed to confirm these findings.
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