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Table S1. Parameters used to build the PBPK compound model for fentanyl
	Parameters
	Values
	Method/ Comment/ Reference

	Physiochemical and Blood Binding

	Molecular weight (g/mol)
	336.50
	Reported [1]

	Log P o:w
	4.05
	Reported [2]

	pKa
	8.99
	Monoprotic base [1]

	B/P ratio
	1.59
	Reported [2]

	fu
	0.11
	Reported [3]

	Distribution

	Distribution model
	Full PBPK
	

	Vdss – Adult population (L/kg)
	8.75
	Predicted by Simcyp

	Vdss – Pediatric and Preterm populations (L/kg)
	12.45
	Predicted by Simcyp

	Kp scalar (Adult population)
	0.70
	[bookmark: _Hlk160655929][bookmark: _Hlk160655985]Tissue-specific Kp values for fentanyl were used [4]

	Kp scalar (Pediatric and Preterm populations)
	1.00
	Default in Simcyp and recover the observed value [5]

	Model for Estimating Organ-to-plasma partition coefficients
	Rodgers et al. [6]

	Elimination

	CLt (L/h)
	62.16 
	Mean value observed after the administration of 5 µg/kg iv bolus of fentanyl to Caucasian healthy volunteers [7]

	Enzyme kinetics
	CYP3A4 CLint (µL/min/pmol)
	0.86
	Retrograde calculation – assign 44.1% of CLh†

	
	CYP3A5 CLint (µL/min/pmol)
	0.55
	Retrograde calculation – assign 25.1% of CLh†

	
	CYP3A7 CLint (µL/min/pmol)
	0.02
	After prior study, using Baculovirus rCYP system [8]

	Additional HLM CLint (µL/min/mg)
	73.75
	Retrograde calculation – assign 30.8% of CLh†

	CLr (L/h)
	4.04
	Mean value observed after the administration of 6.4 µg/kg iv bolus of fentanyl to Caucasian healthy volunteers [9]

	Model setup
	Small molecule


[bookmark: _Hlk107505598][bookmark: _Hlk107505674]Log Po:w: log of the octanol-water partition coefficient, B/P ratio: blood/plasma concentration ratio, fu: the unbound fraction of drugs in plasma, Vdss: volume at steady state, Kp scalar: ratio of drug concentration in tissue and plasma, CLt: total drug clearance, CLint: intrinsic clearance, CLh: total hepatic clearance, HLM: human liver microsome, CLr: renal clearance.
† Based on pharmacokinetic data from literature, DDI studies, and CYP3A5 PM subjects following fentanyl use in healthy volunteers, fmCYP3A4 was calculated to be 44.1% of fentanyl CLh. Furthermore, the CL of CYP3A5 substrates, such as fentanyl, in extensive metabolizers (EMs) and poor metabolizers (PMs) [10] can be used to calculate the fentanyl’s fmCYP3A5 in EMs since CYP3A5 exhibits genetic polymorphism utilizing the following equation:

Using the above equation, fmCYP3A5 was computed to be 25.1% of fentanyl CLh. Furthermore, based on the reported mean CLt and the CLr values of fentanyl in Caucasian healthy volunteers (CLt= 62.16 L/h [7], and CLr= 4.04 L/h [9]) and calculated fm values, Simcyp’s automated retrograde calculator was used to determine the enzymatic CLint.


[bookmark: _Hlk162569809]Table S2. Tissue-specific partition coefficients (Kp) for fentanyl in adult PBPK model [4]
	Adipose
	26.7

	Bone
	1.00

	Brain
	3.50

	Gut
	8.40

	Heart
	4.50

	Kidney
	12.1

	Liver
	3.80

	Lung
	13.5

	Muscle
	3.10

	Skin
	2.10

	Spleen
	27.6

	Pancreas
	21.3





Table S3. Ontogeny parameters for CYP3A enzymes in pediatric and preterm populations [11,12] 

	Enzyme
	Population
	Fmax
	Fbirth
	Age50
	n
	Age or PMA Cap
	C0
	C1

	CYP3A4
	Pediatric
	1.06
	0.11
	0.64
	1.91
	25
	-
	-

	CYP3A5
	Pediatric
	1.00
	1.00
	0.00
	1.00
	25
	-
	-

	CYP3A7
	Pediatric
	0.00
	20.17
	0.14
	2.76
	25
	-
	-

	CYP3A4
	Preterm
	-
	-
	-
	-
	0.85
	0.003
	0.133

	CYP3A5
	Preterm
	-
	-
	-
	-
	0.85
	0.003
	0.133

	CYP3A7
	Preterm
	-
	-
	-
	-
	0.85
	50.76
	-39.77



Fmax: the maximum enzyme activity observed in adults, Fbirth: the enzyme activity at birth, Age50: the age at which 50% of the maximum enzyme activity is reached, n: the parameter that describes the steepness of the age-related increase in enzyme activity; Age: the age of the individual; PMA: the postmenstrual age of the individual. Cap: the upper limit specified when inserting Age or PMA into the below equation.


                                        In preterm population: Fraction = C0+C1×PMA
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Table S4. A summary of the clinical studies used to develop and verify the PBPK models in adult
	Clinical Study
	Dose 
	N
	Age (year;
min-max or mean ± SD)
	BW (kg; min-max or mean ± SD)
	Ht (cm; min-max or mean ± SD))

	Model Development

	Olkkola et al.,1991 [13]
	5 µg/kg
	12
	20–33
	61 ± 13
	-

	Ziesenitz et al., 2015 [14]
	5 µg/kg
	16
	22–49
	73.4 ± 9
	178 ± 7

	Ibrahim et al., 2003 [15]
	5 µg/kg
	12
	25–35
	74 ± 15
	-

	Saari et al., 2008 [7]
	5 µg/kg
	12
	-
	74 ± 15
	-

	Palkama et al., 1998 [16]
	3 µg/kg (IV)
	10
	19–24
	53–75
	-

	Model Verification

	Duthie et al., 1986 [17]
	100 µg loading then 100 µg/h
	10
	53–69
	57–81 
	160–180

	
	100 µg loading then 100 µg/h
	13
	35–63
	51–79 
	150–170

	
	100 µg loading then 100 µg/h
	10
	47–69
	58–80 
	160–180

	
	100 µg loading then 100 µg/h
	12
	43–67
	60–78 
	160–180

	Loper et al.,1989  [18]
	100 µg loading then 100 µg/h
	20
	16–44
	-
	-

	Salomäki et al., 1991 [19]
	2.41 µg/kg/h 
	27
	46–68
	59–83
	159–173

	
	1.42 µg/kg/h
	
	
	
	

	Sandler et al., 1990 [20]
	1.5 µg/kg loading then 1.56 ± 0.36 µg/kg/h
	16
	48–74
	56–82
	153–173

	Glass et al.,1991 [21]
	23.82 ±12.38 µg/h
	8
	58–62
	70–78
	166–170

	Baxter et al., 1993 [22]
	1.5 µg loading then 1 µg/kg /h 
	25
	42–68
	70 ± 10
	-

	Bernard et al., 1994 [23]
	3 µg/kg loading then 75 µg/kg/h
	15
	19–25
	56–62
	-

	Privado et al., 2010 [24]
	100 µg/kg
	15
	28–54
	65–84
	159–176

	Nozari et al., 2019 [25]
	200 µg
	6
	53 ± 17
	80 ± 4
	172 ± 12

	Varvel et al., 1989 [26]
	150 µg/min
	7
	33–57
	-
	-

	MacLeod et al., 2012 [27]
	25 µg
	10
	18–33
	60–86
	163–182

	Streisand et al., 1991 [28]
	15 µg/kg
	12
	23–31
	76 ± 9
	-

	Gourlay et al., 1989 [29]
	1 µg/kg
	6
	-
	74 ± 15
	-

	Gupta et al., 1995 [30]
	50 µg/h
	6
	-
	74 ± 15
	-

	
	2.5 µg/min every 4 h
	9
	
	
	

	
	2.5 µg/min every h 
	12
	
	
	

	Lim et al., 2012 [31]
	100 µg/kg
	22
	19–32
	76 ± 25
	-

	Guinard et al.,1995 [32]
	1,010 ± 377 µg
	10
	54–74
	54–76
	157–171

	Vasisht et al., 2010 [33]
	200 µg
	12
	19–37
	63–84
	154–180

	Rauck et al., 2017 [34]
	50 µg
	4
	33 ± 8
	76.9 ± 13
	-

	Hung et al., 1995 [35]
	200 µg
	10
	31± 3
	70.3 ± 10
	169.8 7

	Nimmo et al.,1985 [36]
	100 µg loading then 1.5 µg/kg/h 
	9
	29–43
	52–63
	-

	
	100 µg loading then 0.5 µg/kg/h 
	8
	27–47
	49–69
	-

	Parikh et al., 2013 [37]
	100 µg
	21
	18–55
	> 60
	-

	Stoeckel et al., 1982 [38]
	500 µg (without desaturation)
	3
	19–25
	57–75
	170–184

	
	500 µg (with desaturation.)
	4
	23–35.6
	52–63
	158–176

	Shibutani et al., 2005 [39]
	1-2 µg/kg loading then 960 ± 230 µg 
	36
	30–86
	61–79
	157–175

	
	1-2 µg/kg loading then 1,270 ± 260 µg
	33
	22–76
	88–144
	160–186

	Holley et al., 1988 [40]
	100 µg/h loading then 100 µg
	10
	42–67
	64–88
	-

	
	200 µg/h loading then 200 µg
	10
	29–59
	65–97
	-

	
	400 µg/h loading then 400 µg
	10
	44–68
	63–97
	-

	
	500 µg/h loading then 500 µg
	9
	42–66
	72–82
	-

	Ellis et al., 1990 [41]
	1.5 µg loading then 35.5 µg/kg
	12
	25–35
	68–96
	156–168

	Hudson et al.,1980 [42]
	100 µg/kg
	10
	58.5–76
	78 ± 13
	-

	Bentley et al., 1982 [43]
	10 µg/kg
	5
	32–40
	64 ± 3
	162–168

	Rowbotham et al., 1989 [44]
	20 µg loading then 55 µg/h
	11
	40–74
	50–78
	-

	Han et al., 2007 [45]
	200 µg
	20
	35–41
	64–70
	164–170

	Tanaka et al, 2014 [46]
	25.1 µg/h
	52
	53–77
	-
	-


SD: standard deviation, BW: body weight, Ht: height

[bookmark: _Hlk162569846]Table S5. A summary of the clinical studies used to develop and verify the PBPK models in pediatric
	Clinical Study
	Dose 
	N
	GA
	Age (value, min-max, or mean ± SD)
	BW (kg; value or mean ± SD)

	Koehntop et al., 1986 [47]
	[bookmark: _Hlk160663304]25 µg/kg
	1
	-
	2 days
	2

	Koehntop et al., 1986 [47]
	50 µg/kg
	1
	-
	2 days
	3.5

	Koehntop et al., 1986 [47]
	50 µg/kg
	1
	-
	1 day
	3.2

	Koehntop et al., 1986 [47]
	50 µg/kg
	1
	-
	0.5 day
	4

	Koehntop et al., 1986 [47]
	25 µg/kg 
	1
	-
	0.5 day
	2.6

	Singleton et al., 1987 (infants) [48]
	31 µg/kg
	7
	-
	3–10 month
	-

	Singleton et al., 1987 (children) [48]
	31µg/kg
	7
	-
	1–9 year
	-

	Gruber et al., 2001 [49]
	25 µg/kg
	15
	-
	4.0 ± 1.7 days
	5.1 ± 1.2

	
	25 µg/kg 10 µg/kg/h
	14
	-
	2.9 ± 1.7 days
	4.4 ± 0.9

	Gauntlett et al., 1988 [50]
	52.5 µg/kg
	1
	40
	1 day
	3.2

	
	56.5 µg/kg
	1
	40
	3 days
	2.5


SD: standard deviation, GA: gestational analysis in weeks, BW: body weight


[bookmark: _Hlk162569858]Table S6. A summary of the clinical studies used to develop and verify the PBPK models in preterm
	Clinical Study
	Dose
	N
	GA (value or min-max)
	Age
(min-max)
	BW (kg; min-max)

	Collins et al., 1985 [51]
	30 µg/kg
	9
	23–38
	1–30 days
	0.7–1.6

	Saarenmaa et al., 2000 [52]
	10.5 µg/kg/h then 1.5 µg/kg/h
	38
	26–42
	3 h–2 days
	0.9–3.6

	Norman et al., 2019 [53]
	0.5 µg/kg
	20
	23–34
	1.6–28 days
	0.6–1.37

	
	2 µg/kg
	8
	25–30
	0.25–28 days
	0.86–1.71

	Roth et al.,  [54]
	5–12.5 µg/kg
	12
	< 34 
	-
	0.860–3.5

	
	5–12.5 µg/kg
	8
	> 34 
	-
	

	
	5–12.5 µg/kg
	20
	34
	-
	


BW: body weight, GA: gestational age
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Fig. S1. Schematic workflow for establishing a target concentration range for therapeutic drug monitoring of fentanyl in neonates, outlined in four key steps
AUROC: area under the receiver operating characteristic curve; FEAE: fentanyl-emerged adverse event, Cmax: maximum concentration; GA: gestational age.


[image: ]
Fig. S2. Model verification in the adult population
Open circles indicate the observed mean (± SEM) fentanyl concentrations from various clinical studies: (a) 52 patients from four studies after an intravenous bolus dose of fentanyl at 5 µg/kg [7,13–15]; (b) 58 patients from three studies after an intravenous bolus dose of fentanyl at 100 µg [24,31,37]; (c) 33 patients undergoing upper abdominal, orthopedic, and prolonged abdominal surgeries from one study after fentanyl infusion at 100 µg/h for up to 26 h, including a bolus dose of 100 µg after 2 h [17]. The shaded light blue region represents the 5th–95th percentile range, with solid lines depicting the simulated mean fentanyl concentrations. (d) Scatter plot comparing the predicted fentanyl concentrations with the observed fentanyl concentrations from 34 adult clinical studies [7,15,17–19,21–28,30–37,39–41,43–46,55–58], with the dashed black line representing the appropriate line and the light gray area showing the two-fold range. The table in (d) presents the quantitative indicators of prediction bias and precision shown by the mean error percentage (ME%) ± standard error (SE) and the root mean square error (RMSE%), respectively.
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Fig. S3. Observed and predictive fentanyl concentrations and the time at the development of each event
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Fig. S3. (Continue)
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Fig. S3. (Continue) 
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