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Abstract

Background and Objectives Fentanyl is a synthetic opioid

commonly used as an anesthetic and also increasingly

popular as a sedative agent in neonates. Initial dosage

regimens in this population are often empirically derived

from adults on a body weight basis. However, ontogenic

maturation processes related to drug disposition are not

necessarily always body weight correlates. We developed a

predictive pharmacokinetic/pharmacodynamic model that

includes growth and maturation physiologic changes for

fentanyl in neonatal care.

Methods Key pharmacokinetic variables and principles

(protein binding, clearance, distribution) as related to fen-

tanyl pharmacokinetic/pharmacodynamic behavior in

adults (tricompartmental model) and to neonatal physio-

logic data (organ weights and blood flows, body compo-

sition, renal and hepatic function, etc.) were used to guide

the building of a semi-physiologic ontogenic model. The

model applies to a normal-term neonate without any other

intervention. Then, extension to a pharmacokinetic/phar-

macodynamic link model for fentanyl was made. The final

model was evaluated by predicting the time course of

plasma concentrations and the effect of a standard regimen

of 10.5 lg/kg over a 1-h period followed by 1.5 lg/kg/h

for 48 h.

Results Hepatic clearance was linked to ontogeny of

unbound fraction and of a1-acid glycoprotein. All param-

eters were reduced in the neonate compared to adults but in

a differing proportion due to qualitative changes in physi-

ology that are analyzed and accounted for. Systemic

clearance (CLS), volume of the central compartment (V1)

and steady-state volume of distribution predicted by the

model were 0.028 L/min, 1.26 L, and 22.04 L, respec-

tively. Weight-corrected parameters generally decreased in

adults compared with neonates, but differentially, e.g.,

CLS = 0.0093 versus 0.0088 L/min/kg, while V1 = 0.42

versus 0.18 L/kg (neonates vs. adults). Under such com-

plexity a pharmacokinetic/pharmacodynamic model is the

appropriate method for rational efficacy targeting. Fentanyl

pharmacodynamics in neonates were considered to be

similar to those in adults except for the equilibrium rate

constant, which was also scaled on an ontogenic basis. The

model adequately predicted the reported mean expected

concentration–time profiles for the standard regimen.

Conclusions Integrated pharmacokinetic/pharmacody-

namic modeling showed that the usually prescribed dosage

regimens of fentanyl in neonates may not always provide

the optimum degree of sedation. The model could be used

in optimal design of clinical trials for this vulnerable

population. Prospective clinical testing is the reasonable

next step.

1 Introduction

Fentanyl is a synthetic opioid that has traditionally served

as a coadjutant in surgical anesthesia. Due to the analgesic

and sedative effects attributed to fentanyl, its use as con-

tinuous infusion has expanded in recent years to the field of

prolonged sedation in patients undergoing mechanical
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ventilation. In these circumstances, sedation is aimed at

minimizing intubation-derived pain and stress, with the

final objective of avoiding agitation, cardiopulmonary

instability, patient-ventilator asynchrony, and/or accidental

extubation [1–3].

Despite the existing controversy regarding selection of

either morphine or fentanyl within this indication, the

superiority of fentanyl seems to be supported by its rela-

tively wide margin of safety, blockade of hormonal

responses to stress, and preservation of hemodynamic sta-

bility, even at high doses [2]. Similarly, the differences in

chemical characteristics (500-fold higher lipid solubility)

and receptor binding of fentanyl, compared with morphine,

enable easier access to the central nervous system (CNS)

and a more rapid onset of both analgesic and sedative

effects [4].

The need for mechanical ventilation is especially fre-

quent in neonates and infants, who are more prone to dis-

eases such as severe pulmonary immaturity, respiratory

distress syndrome, bronchopulmonary dysplasia, or neo-

natal apnea [3]. However, the fentanyl indication does not

include administration in infants. In clinical practice, initial

dosing regimens are empirically derived from those

employed in adults using linear extrapolations, generally

based on body weight, but this can lead either to thera-

peutic failure or to an increase in adverse events. In their

response to drugs, children do not differ from the adult

population only because of weight, so they should not be

considered simply as an adult ‘miniature model’.

Growth is accompanied by a series of physiologic

changes associated with maturation of kidney and liver

functions, body composition, and expression of receptors

and proteins, among others. These developmental changes,

which do not correlate solely with body weight due to their

non-linear dynamic nature, may affect drug disposition by

modifying either the relationship between dose and expo-

sure (pharmacokinetics) and/or the relationship between

exposure and response (pharmacodynamics) [5–7]. In order

to predict drug disposition in children and estimate the

appropriate initial doses for each pediatric subset prior to

administration, the pharmacokinetic/pharmacodynamic

information available in adults or in other age groups for

the specific drug should be integrated with those develop-

mental changes associated with growth and maturation

(ontogeny) [7, 8].

Among the various approaches available for extrapo-

lating or predicting pharmacokinetics in the pediatric

population, semi-physiologically based modeling com-

bines all these factors as a more mechanistic and accurate

option than allometry based on weight or body surface

area, even when corrected by enzyme maturation [9–11].

The semi-physiologic method not only includes the sub-

ject’s demographic, physiologic and biologic information

and physicochemical properties of the drug, but also

makes the most of in vitro-obtained data. As all of the

interferences between developmental changes and the

aspects involved in drug disposition (organ weight and

blood perfusion, body composition, membrane perme-

ability, protein binding, renal maturation, enzyme and

transporter ontogeny, etc.) are considered, it is possible to

examine the existing differences from adults to each

pediatric age range with regard to the absorption, distri-

bution, metabolism, and elimination (ADME) processes

[8, 12]. The greatest advantage derived from the use of

such models is that studies in children become more

confirmatory and less exploratory, thus contributing to

providing safe and effective treatments for this vulnerable

population [13].

To date, there is no report applying the semi-physiologic

approach to fentanyl, although this kind of model has

already been developed for other commonly used analgesic

and sedative agents, such as morphine [14], midazolam

[10], and propofol [15].

The objective of this work was to integrate fentanyl

compartmental pharmacokinetic/pharmacodynamic model

structures with a pharmacologically guided selection of

components associated with postnatal age and known to

affect the maturation dependence of the model’s structural

parameters. The final purpose was to build a maturation

physiology based predictive model for fentanyl disposition

and clinical outcome when administered for analgesia and/

or sedation in neonates.

2 Methods

2.1 Estimation of Neonatal Pharmacokinetic

and Pharmacodynamic Parameters

Pharmacologic principles taken from our experience were

used to guide the focus on the key intrinsic processes

affecting fentanyl disposition, which are linked to matu-

ration. Age-dependent scales were then built. The system

of relations was expected to be intrinsically explicative of

less physiologic, compartmental pharmacokinetic parame-

ters in adults. The link to pharmacodynamics was similarly

performed based on pharmacology.

All model building was performed within a mixed-

effects framework (NONMEM�, version 6.2, GloboMax

LLC, Hanover, MD, USA) so as to permit maximum

flexibility in separating sources of variability (inter and

within patient) crucial for the individualization effort based

on intrinsic processes and parameters. This kind of indus-

try-standard pharmacostatistical modeling platform is

essential for future confirmation of the model with obser-

vational data in neonatal fentanyl treatment.
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2.1.1 Pharmacokinetics

A three-compartment pharmacokinetic model previously

defined for adults [16–18] was assumed to best describe

fentanyl disposition at all ages (Fig. 1).

The procedure followed in this study to estimate the

pharmacokinetic parameters for fentanyl in neonates is

schematically depicted in Fig. 2. The parameters and

relations created for each component of disposition were

compared with the literature at each step.

2.1.2 Pharmacodynamics

Pharmacodynamic models relate blood concentration with

the pharmacologic effect, which can generally be done in a

direct or linear fashion for the majority of drugs. The

sigmoid maximum effect (Emax) model is the most com-

monly used for opioids. However, when pharmacologic

effects show a temporal delay with respect to plasma

concentrations, it is necessary to introduce an ‘indirect

link’ pharmacokinetic/pharmacodynamic model (also

known as the effect-compartment model) describing the

movement of drug from plasma to the biophase through a

first-order equilibrium rate constant (ke0) [19]. The effect

compartment is a separate pharmacokinetic compartment

where drug concentration (Ce), although not readily mea-

surable, is directly proportional to the pharmacologic

effect. The steady-state equilibration half-life between

plasma and the effect compartment (t�_ke0) quantifies the

temporal lag or hysteresis between concentration and effect

[17].

2.1.3 Parameter Pharmacology

The validity of the pharmacokinetic and pharmacodynamic

parameters as obtained for neonates is analyzed from a

physiologic and pharmacologic perspective, compared with

adult physiology and with literature.

CLd1-2 = k12*V1 CLd1-3 = k13*V1

Vss = V1 + V2 + V3
k10 = CLs * V1

Fig. 1 Tricompartmental mammillary pharmacokinetic model repre-

sentation describing the time course of fentanyl plasma concentra-

tions, Cp(t) [measured in the central compartment]. CLS systemic

clearance, CLd intercompartmental (distributional) clearance, k10

elimination rate constant, k12 transfer rate constant from the central

compartment to the peripheral distribution compartment, k21 transfer

rate constant from the peripheral distribution compartment to the

central compartment, k13 transfer rate constant from the central

compartment to the deep distribution compartment, k31 transfer rate

constant from the deep distribution compartment to the central

compartment, Q1–2 and Q1–3 intercompartmental clearances, V1

volume of the central compartment, V2 volume of the peripheral

distribution compartment, V3 volume of the deep distribution

compartment, Vss steady-state volume of distribution

Fig. 2 Scheme for the

physiology-dependent

pharmacokinetic model

development taken by scaling

the renal and hepatic

components of fentanyl

systemic clearance from adults

to neonates. CLH hepatic

clearance, CLint intrinsic

clearance, CLR renal clearance,

CLS systemic clearance
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2.2 Model Evaluation

A preliminary comparison of two global output pharma-

cokinetic parameters, systemic clearance (CLS) and steady-

state volume of distribution (Vss), was performed with the

fentanyl literature. It was not possible to compare with the

remaining parameters because of the lack of compart-

mental models in neonates.

Simulations using the physiology-dependent pharmaco-

kinetic/pharmacodynamic model were compared with fen-

tanyl concentration and effect time evolution profiles in the

literature. The fentanyl plasma concentration (Cp) and

sedative effect time course were simulated for 150 neonates

under a standard dosing regimen (10.5 lg/kg over a 1-h

period followed by 1.5 lg/kg/h for 48 h) [20]. The simu-

lation reproduces the expected variability due to variation in

the pharmacokinetic parameters only (no sampling noise

included) for 2-day-old term newborns of 3-kg body weight.

The variability applied to physiologic variables and calcu-

lated mean pharmacokinetic (CLS and Vss) and pharmaco-

dynamic parameters (concentration producing 50 %

maximum effect [EC50] and ke0) was taken from published

reports [21, 22]. The 95 % confidence interval of the sim-

ulated concentration–time profiles of fentanyl were calcu-

lated and displayed in comparison with the target EC50.

3 Results

3.1 Estimation of Neonatal Pharmacokinetic

and Pharmacodynamic Parameters

The fentanyl pharmacokinetic characteristics and parame-

ters in adults are listed in Table 1. Physiologic variables

involved in fentanyl disposition (organ weights and blood

flows, body composition, renal and hepatic function, etc.)

for the average 2-day-old term newborn and for the average

adult are shown in Table 2.

3.1.1 Pharmacokinetics

As depicted in Fig. 2, the CLS of fentanyl is an additive

function of the mechanisms involved in its elimination

from the body, i.e., hepatic (cytochrome P450 [CYP] 3A4)

clearance (CLH), which metabolizes 94 % of the dose in

adults (CLH = 0.94 9 CLS) and renal clearance (CLR),

which accounts for the remaining 6 % (CLR = 0.06 9

CLS); CLS = CLH ? CLR [33]. Implied routes are thought

to be conserved across ages because fentanyl seems not to

be a substrate for the fetal isoform CYP3A7 [24]. This

allowed calculation of CLS in neonates by combining the

adult data that served as a starting point with develop-

mental changes [10].

Table 1 Pharmacokinetic characteristics of fentanyl in adults

Parameter Described value References

Octanol:water

partition

coefficient

[700 (high lipophilicity) [57]

Plasma protein

binding

84 % (primarily AAG) [23]

Primary routes of

elimination

94 %: hepatic N-dealkylation via

CYP3A4 to the inactive

metabolite norfentanyl, which is

excreted in urine

[3, 24, 25]

6 %: excreted unchanged in urine

Degree of hepatic

extraction

0.8–1.0 [20, 25]

V1 (L) 13 [17, 18]

V2 (L) 50 [17, 18]

V3 (L) 295 [17, 18]

Vss (L) 358 [17, 18]

CLS (L/min) 0.62 [17, 18]

Q1–2 (L/min) 4.8 [17, 18]

Q1–3 (L/min) 2.3 [17, 18]

AAG a1-acid glycoprotein, CLS systemic clearance, CYP cytochrome

P450, Q1–2 and Q1–3 intercompartmental clearances, V1 volume of the

central compartment, V2 volume of the peripheral distribution com-

partment, V3 volume of the deep distribution compartment, Vss

steady-state volume of distribution

Table 2 Mean neonatal values described in the scientific literature

for the physiologic variables considered to be involved in fentanyl

disposition, as compared with adult data

Physiologic variable Adult Neonate References

PNA 30 years 2 days Arbitrarily

decided by

authors

BW (kg) 73 3 [26–28]

LW (g) 1,800 130 [28]

QH (L/min) 1.72 0.22 [10, 27]

AAG (g/L) 0.77 – [29, 30]

CO (L/min) 6.79 0.58 [10, 27]

MPPGL (mg/g liver) 34 34 [12, 31]

QB (L/min) 0.78 0.18 [10, 26]

TBW (L) 61 % BW 75 % BW [26]

ECW (L) 18 % BW 36 % BW [26]

CYP3A4 enzyme activity

(% of the adult activity)

100 % 20 % [26, 27]

GFR (L/min) 0.11 0.006 [32]

AAG plasma a1-acid glycoprotein, BW body weight, CO cardiac

output, CYP cytochrome P450, ECW extracellular water, GFR glo-

merular filtration rate, LW liver weight, MPPGL microsomal protein

per gram of liver, PNA postnatal age, QB brain blood flow, QH liver

blood flow, TBW total body water
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Fentanyl is not subject to active tubular secretion or

reabsorption; hence, CLR is proportional to the glomerular

filtration rate (GFR). CLR was scaled from adults to neo-

nates, as shown in Eq. 1 [34]:

CLR neonate ¼
GFRneonate

GFRadult

� fu neonate

fu adult

� CLR adult ð1Þ

where fu is the unbound fraction of fentanyl, described as

0.160 in adults [23] (see also Table 2).

The fu for neonates was calculated as a function of the

a1-acid glycoprotein (AAG) plasma concentration, as in

Eq. 2 [12, 23]:

fu neonate ¼
1

1þ ð1�fu adultÞ�AAGneonate

AAGadult�fu adult

ð2Þ

The affinity of AAG for fentanyl was assumed to be

constant and independent of age, while drug binding to

other plasma proteins such as albumin or lipoprotein was

disregarded, due to their minimal contribution. AAG is

known to be 0.77 g/L [29, 30] in adults (see also Table 2)

and was calculated for neonates according to Eq. 3 [12],

where AAG is in g/L and age is in days:

AAG ¼ 0:887� Age0:38

8:890:38 þ Age0:38
ð3Þ

CLH is proportional to intrinsic clearance (CLint), to

liver blood flow (QH), and to the degree of protein binding

as only the free fraction is able to cross cellular membranes

[13, 33, 35]. CLint is a measure of enzyme activity and QH

accounts for arrival of drug to the liver.

The predictive relationship of CLH in adults is shown in

Eq. 4 [10, 12, 34], where, for fentanyl, blood clearance was

considered to be equivalent to plasma clearance under the

assumption that the blood:plasma ratio is equal to unity.

CLH ¼
QH � fu � CLint

QH þ fu � CLint

ð4Þ

Each of the terms follows its own maturation pattern

during development. Here, CLint (the unbound clearance)

depends on liver weight and is one of the variables subject

to developmental changes. The adult intrinsic clearance

(CLint_adult) was obtained by solving Eq. 4. CLint_adult was

then normalized by liver weight (L/min/g of liver) in order

to allow scaling to neonates.

Two dimensionless correction factors related to hepatic

ontogeny were used to scale the intrinsic clearance in

neonates (CLint_neonate). One factor accounted for liver

weight (growth) (GLW) and another described the per-

centage of adult CYP3A4 enzyme activity (FCYP) esti-

mated to be present in neonates [27, 34, 35]. The

calculation was as shown in Eq. 5:

CLint neonate ¼ GLW � FCYP � CLint adult ð5Þ

where GLW = 130/1,800 = 0.072 (where 130 and 1,800 g

are the newborn and adult liver weights, respectively [28];

see also Table 2) and FCYP = 20 % [27, 34].

The neonatal CLH was then calculated using the values

in Table 2, and the neonatal fu from Eq. 2 and CLint from

Eq. 5 (see also Table 2 for specific predictor parameter

values). Finally, the neonatal CLS was obtained using

Eq. 6:

CLS ¼ CLR neonate þ CLH neonate ð6Þ

Regarding apparent volume of distribution (Vd), semi-

physiologic methods relate changes in Vd from birth to

adulthood to the changes in body composition. In line with

this, and based on observations made in adults, volumes of

the central (V1) and peripheral distribution (V2)

compartments were assumed to resemble extracellular

water content and total body water, respectively, at all

ages. The remaining distribution parameters, volume of the

deep distribution compartment (V3) and Vss, were

approached from the estimated value for V1 and V2,

under the assumption that both the (V1 ? V2)/Vss and V3/Vss

ratios are age independent.

Intercompartmental clearances (Q1–2 and Q1–3, which

are equivalent to Q2–1 and Q3–1, respectively) were related

to cardiac output in adults. This is justified by the fact that

they ultimately depend on blood perfusion. The observed

proportion (close to 70 and 30 % of cardiac output for Q1–2

and Q1–3, respectively) was considered to age-indepen-

dently serve as a basis for calculation of these parameters

in neonates.

3.1.2 Pharmacodynamics

The ke0 and t�_ke0 described for fentanyl in adults are

0.11 min-1 and 6.3 min, respectively [36–38]. After

contrasting the ke0 in adults against physiologic parame-

ters, it was found that it may be approached using the

ratio between brain-blood flow and cardiac output. The

ratio was then applied to scale the magnitude of ke0 in

neonates.

After hysteresis minimization, the relationship between

biophase concentration (Ce) and effect (E) was analyzed

with the Hill relation, as shown in Eq. 7:

E ¼ E0 þ
Emax � Ce

c

EC50
c þ Ce

c
ð7Þ

where E0 represents the baseline value of the effect mea-

sure (in this case, 0 for the degree of sedation) and Emax the

maximum possible effect (100 % was considered in this

case). EC50 is the steady-state concentration value, thus

equivalent in plasma and biophase, that leads to half the
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maximum effect, hence serving to define the intrinsic

potency of the drug, and c is the Hill exponent that

determines the steepness or slope of the concentration–

response curve and is related to the number of receptor

binding sites.

Based on the evidence suggesting that endogenous

opioid receptors may be completely functional in the

immature nervous system and, consequently, at birth [2],

the pharmacodynamics were considered to be indepen-

dent of age, so that the same Emax, EC50 and c values

described for fentanyl in adults, i.e., 100 %, 3 lg/L, and

2, respectively, were applied to neonates. The EC50 value

[18, 39, 40] was supported by the previous finding that

the mean morphine concentration required to produce

adequate sedation in 50 % of neonates is 125 ng/mL [14],

given that the potency of fentanyl is known to be around

50 times that of morphine as an opioid receptor agonist.

For the Hill exponent, despite being described as close to

4 when fentanyl is utilized for anesthetic purposes, a

c = 2 was assumed when used as an analgesic/sedative

agent [17, 18]. The decision was also on the basis of

previous knowledge of the drug and preclinical data

considered to correlate well with behavior in humans

[41, 42].

3.2 Parameter Pharmacology

The physiologic variables and parameters calculated

according to our approach for a typical neonate (2 days)

and used in building the maturation-dependent pharmaco-

kinetic/pharmacodynamic model for fentanyl are shown in

Table 3. The equivalent body weight parameters for adults

and neonates are listed in Table 4.

The estimated fu of fentanyl in neonatal blood (0.31) is

higher than that in adults (0.16), as a consequence of the

lower circulating concentration of AAG, the main fentanyl

binding protein at all ages. AAG concentrations in term

neonates are about half of those in adults (0.32 vs. 0.77 g/L,

respectively). The affinity constant has been assumed to be

similar in infants and adults, which appears to be well founded

for most drugs [12, 23].

The estimated CLS corresponds to the sum of CLR and

hepatic CLH. Despite its insignificant contribution to the

overall CLS in adults, it was decided to include CLR

because it is subject to ontogenic changes that are inde-

pendent of the hepatic maturation. As observed in Tables 1

and 3, the CLS (L/min) estimated from the neonatal model

was lower than that in adults (i.e., 4.5 % of the adult

value), whereas Vss is in the order of 6 % of the adult

value, this percentage reaching 9.6 % in the case of V1.

Regarding intercompartmental clearances, both Q1–2

and Q1–3 showed a comparable trend with respect to adults

(i.e., around 8 % of the adult value). However, body

weight-corrected parameters showed the opposite trend

(decreasing with increasing age) (Table 4).

As fast receptor association/dissociation kinetics have

been observed in vitro for fentanyl [43], the delay between

Table 3 Calculated parameters for the physiology-dependent phar-

macokinetic/pharmacodynamic model of fentanyl for a normal term

newborn with no intervention

Parameter Estimate

AAG (g/L) 0.32

fu 0.31

CLR (L/min) 0.004

CLint (L/min/g of liver) 0.0006

CLH (L/min) 0.024

CLS (L/min) 0.028

V1 (L) 1.26

V2 (L) 2.63

V3 (L) 18.15

Vss (L) 22.04

Q1–2 (L/min) 0.41

Q1–3 (L/min) 0.17

k13 (min-1) 0.13

k31 (min-1) 0.009

ke0 (min-1) 0.31

t�_ke0 (min) 2.23

AAG plasma a1-acid glycoprotein, CLH hepatic clearance, CLint

intrinsic clearance, CLR renal clearance, CLS systemic clearance, fu
unbound fraction, k13 transfer rate constant from the central com-

partment to the deep distribution compartment, k31 transfer rate

constant from the deep distribution compartment to the central

compartment, ke0 plasma biophase equilibrium rate constant, Q1–2 and

Q1–3 intercompartmental clearances, t�_ke0 steady-state equilibration

half-life between plasma concentration and biophase concentration,

V1 volume of the central compartment, V2 volume of the peripheral

distribution compartment, V3 volume of the deep distribution com-

partment, Vss steady-state volume of distribution

Table 4 Body weight-normalized parameter estimates for the phys-

iology-dependent pharmacokinetic/pharmacodynamic model of fen-

tanyl in adults and neonates

Parameter Adults Neonate

CLS (L/min/kg) 0.0088 0.0093

V1 (L/kg) 0.18 0.42

V2 (L/kg) 0.71 0.87

V3 (L/kg) 4.21 6.05

Vss (L/kg) 5.11 7.34

Q1–2 (L/min/kg) 0.068 0.14

Q1–3 (L/min/kg) 0.033 0.056

CLS systemic clearance, Q1–2 and Q1–3 intercompartmental clear-

ances, V1 volume of the central compartment, V2 volume of the

peripheral distribution compartment, V3 volume of the deep distri-

bution compartment, Vss steady-state volume of distribution
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the fentanyl Cp and pharmacologic effect is due to biophase

distribution kinetics. The calculated value for ke0 in neo-

nates was 0.31 min-1 as compared with 0.11 min-1 in

adults, whereas the corresponding value for t�_ke0 was

2.23 min, far less than that in adults (6.3 min). In neonates,

where brain–blood flow represents a larger fraction of

cardiac output, faster fentanyl access to the CNS is

expected as reflected in the reduced t�_ke0.

3.3 Model Evaluation

Global pharmacokinetic parameters CLS and Vss calculated

for the model were in the range of those described for

fentanyl in the scarce neonatal literature (Table 5).

Figure 3 shows the simulated pharmacokinetic pro-

file range from 150 neonatal patients using the

pharmacokinetic portion of the developed physiology-

based model and a standard regimen. The parameters are

those shown in Table 3. The average Cp curve from the

neonatal literature is very close to the average profile

predicted by the physiology-dependent model, thus con-

firming the predictive capacity of the model within this

population. It should be noted, however, that those aver-

ages are below the putative EC50 target of 3 lg/L fentanyl

(at equilibrium with the effect site) most of the time.

Interestingly, the pharmacodynamic portion of the simu-

lations (Fig. 4) shows that, after the same standard proto-

col, an important percentage of neonates would not achieve

the desired degree of sedation (50 % Emax) for prolonged

periods of time.

4 Discussion

It has been widely acknowledged that neonates may

experience adverse short- and long-term consequences of

pain and distress associated with procedures in the

intensive care setting [1, 3]. In order to reduce behav-

ioral, biochemical, and physiologic responses to these

stimuli, pharmacologic intervention producing analge-

sia or sedation is crucial. Drugs such as fentanyl,

whose appropriate dosage can be predicted, are prefera-

ble [47].

In this context, given the high inherent vulnerability of

neonates, any model that provides greater insight into the

dose–response relationship in this subpopulation is of

interest. This is more so due to the common practice of

extrapolating regimens from adults on a body weight basis

[1–3].

Table 5 Mean values described in the neonatal literature for global

pharmacokinetic parameters (CLS and Vss) compared with the cal-

culations obtained through the maturation physiologic approach

Parameter Calculated value from the

physiology-dependent

model

Mean value

from

literature

References

CLS (L/

min)

0.028 0.035 [20]

0.039 [40]

0.037 [44]

0.052 [45]

0.068 [46]

Vss (L) 22.04 29.75 [44]

CLS systemic clearance, Vss steady-state volume of distribution
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Fig. 3 Simulation from parameter variability of the time course of

fentanyl plasma concentrations (Cp) after a standard dosing regimen

of 10.5 lg/kg over a 1-h period followed by 1.5 lg/kg/h for 48 h. The

mean (solid curve), upper and lower 95 % confidence interval

(shaded region) for 150 term newborns of 3 kg weight is shown. The

typical average observed concentrations [20] for the same regimen is

overlaid (black dots). The vertical dash-dot line marks the stop of

infusion and the horizontal dashed line is the putative target

concentration producing 50 % maximum effect
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Fig. 4 Simulation of the effect–time course corresponding to the

plasma concentrations depicted in Fig. 3. The mean analgesia/

sedation effect (solid curve) and upper and lower 95 % confidence

interval (shaded region) for 150 term newborns of 3 kg weight are

shown. Emax maximum effect
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No semi-physiologic model has been developed for

fentanyl—to the best of our knowledge—although this kind

of model has already been developed for other commonly

used analgesic and sedative agents such as morphine [14].

This may reflect the historically more frequent use of

morphine in neonatal units as compared with fentanyl.

However, morphine is being displaced by fentanyl due to

fentanyl’s favorable pharmacologic characteristics, i.e.,

higher predictability of outcomes, wider margin of safety,

preservation of hemodynamic stability, and lack of toler-

ance development [2, 4, 20].

The core pharmacokinetics in neonates were assumed to

be represented by a three-compartment model. Earlier

observational studies have shown such intermediate com-

plex structure in plasma concentration–time profiles [48].

The assumption is also supported by preclinical data

showing that well-perfused brain, heart, liver, lung, kid-

neys, and spleen are first exposed to fentanyl, with a pos-

terior redistribution to skeletal muscle and a much slower

tertiary distribution to relatively under-perfused tissues,

i.e., adipose tissue [49]. Although some reports utilize the

bicompartmental model to describe fentanyl pharmacoki-

netics in children [46, 50], that may be due to the inability

of detecting the third compartment (third slope of elimi-

nation), probably as a result of the combination of low

doses, non-sensitive analytical technique, and/or too short a

sampling period [51]. The secondary peaks observed in

subjects of a wide range of ages are most likely due to the

accumulation of fentanyl in peripheral tissues and the

subsequent return to the central compartment [48, 52], and

can be attributed to a third modeled compartment.

An extension of the simple compartmental model by

including age maturation and physiology-dependent rela-

tionship for the model parameters is presented. Thus, a

maturation-predictive model is derived for neonates with

fentanyl. The method started with basic pharmacokinetic

principles regarding those physiologic processes affecting

clearance, first distinguishing CLS into its two hepatic and

renal components. The clearance components were then

expressed as functions of key physiologic variables such as

CLint that, in turn, was predicted by fu, AAG, and liver

weight. Conscious attention is paid to AAG and binding

fraction maturation for fentanyl is linked to that plasma

protein, rather than the typically used albumin.

The procedure followed in the development of the

model relied on several assumptions corresponding to a

term, intervention-free, term newborn. For CLH, these

assumptions include the following: (a) microsomal protein

per gram of liver (MPPGL) is not influenced by maturation

[12, 31, 53] and, therefore, CLint was normalized by liver

weight rather than by MPPGL; (b) enzyme kinetics are

within the linearity range, so that no saturation process

takes place; (c) fentanyl kinetics are not affected by any

enzyme inhibitor or inducer; (d) extrahepatic CYP3A4

enzymes do not affect fentanyl metabolism when it is

intravenously administered; (e) other isoforms of CYP3A

(3A5 and 3A7) do not contribute to fentanyl metabolism;

and (f) CLint conversion ratios concern the 100 % active

CYP3A4 in adults and neonates.

These assumptions seem to be confirmed by the fact that

the predicted pattern for CLint is quite similar to that

reported for other active substances primarily metabolized

via CYP3A4, such as midazolam [10]. Nevertheless, the

CLS values of the two drugs do not match because of their

distinct pattern of plasma protein binding and subsequent

different repercussions of developmental changes.

While fentanyl is primarily bound to AAG, which is

extremely diminished in neonates, midazolam is predomi-

nantly bound to albumin, whose percentage of change with

respect to adults is considerably less important [23].

Moreover, fentanyl extraction is lower in neonates than in

adults (employing the basic relation CLS = Q 9 E, where

Q is blood flow and E is the extraction ratio, Eneonate =

0.14 while Eadult = 0.36). The unbound or free fraction can

then be decisive in defining the extent of clearance. Indeed,

measurement of the Cp of AAG might help improve clin-

ical practice significantly.

Concerning CLR, calculations performed in this study on

the basis of age-related differences in fu and GFR suggest

an increased relevance of urinary excretion in neonates, as

CLR would account for 14 % of the fentanyl dose com-

pared to 6 % in adults, thus compensating in part the

underdeveloped metabolizing activity at birth. However,

this should be further evaluated in vivo before a conclusion

can be drawn, because, to our knowledge, no report has

mentioned the role of CLR in the pharmacokinetics of

pediatric fentanyl so far. This finding, together with a

proportionally larger liver, higher QH, increased fu, and

decreased adipose tissue sequestration in neonates com-

pared with adults [45, 47, 48, 54], may offer a plausible

explanation for the predicted CLS that is similar in both

neonate and adult populations once normalized for body

weight (about 0.008 L/min/kg), despite the enzymatic

immaturity in the former.

Notwithstanding, the complexity inherent in the three-

compartment model and in this particular drug precludes

dosing of fentanyl based on body weight. Unlike other

drugs, for which the pharmacokinetics are viewed as

monocompartmental, fentanyl disposition is not influenced

solely by CLS since the volumes of distribution and elim-

ination half-lives of the additional compartments exert an

impact on disposition as well.

Regarding volumes of distribution, the physiology-

dependent model calculated values for V1 and Vss (in both

cases higher in neonates than in adults when normalized by

body weight) are consistent with previous observations
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described for fentanyl in the literature [45, 48, 54], and also

with those published for other lipid-soluble drugs of a

similar octanol–water partition coefficient (logP), such as

propofol [15, 55, 56]. In these cases, a higher body weight-

normalized volume of distribution is found in neonates.

This is explained by the decrease in volume/kg of blood

and extra- and intra-cellular fluids that occurs with

increasing age [45, 55].

Interestingly, V3/V1 & 15 and V3/V2 & 7, indicating

higher distribution in the deeper compartment. In fact, the

transfer rate constant from the deep distribution compart-

ment to the central compartment (k31) is much slower than

the transfer rate constant from the central compartment to

the deep distribution compartment (k13) (Table 3), reflect-

ing binding to lipid components. A practical consequence

of this is that a tricompartimental representation should be

used to correctly predict release and equilibrium with such

compartments.

When comparing the model development variables with

published reports on fentanyl in neonates, several aspects

should be taken into consideration. First, the scarcity of

public domain sources in relation to the neonatal pharma-

cokinetics of fentanyl is remarkable. Also, existing

methodologic differences between reports may influence

the estimates and complicate comparison. Subjective

measures of effect (facial expression, motor activity) are

still widely used instead of standardized measures such as

EEG.

Importantly, the heterogeneity of the neonatal patient

population can also significantly affect any reported phar-

macokinetics or pharmacodynamics. Sources of heteroge-

neity include, among others, patients’ gestational and

postnatal age, underlying diseases, co-medication, previous

exposure to opioids, dosage schedule, sampling times,

fentanyl clinical use (coadjutant in anesthesia, analgesic

and/or sedative), and the analytical method employed for

determination of fentanyl in plasma. One of the ramifica-

tions of the heterogeneity in reporting is that, although the

present model is applicable to normal term neonates, some

of the values in the literature used for parameter compar-

ison refer to population samples that also included preterm

newborns since the relevant reports did not provide indi-

vidual data [20, 40]. Comparing data is also complicated

due to lack of consensus when presenting parameters as

either whole or body weight corrected estimates. We have

presented both formats here (Table 4).

5 Conclusions

Part of the uncertainty in the therapeutic outcome of fen-

tanyl can be reduced by using a model that takes into

account the sources of variability linked to the differential

maturation of physiologic parameters. Unlike allometric

scaling, the advantage of semi-physiologic approaches

when predicting drug disposition (ADME) in children is

that they integrate the multiple and complex developmental

changes that accompany growth (enzymes, proteins, organ

weights, blood flows, etc.). Furthermore, as these models

are built on a physiologic basis, they can be refined and

expanded (with a consequent improvement in their pre-

dictive capacity) as new data become available (e.g., a new

metabolic pathway, a new carrier, definitive evidence

supporting the role of P-glycoprotein, genetic polymor-

phisms, etc.).

The proposed semi-physiologic approach represents the

first step towards the development of a model that

describes the ontogeny of all of the processes involved in

fentanyl ADME. Although the model specifically addresses

the neonatal period and concerns normal term newborns, it

could be extended to the entire pediatric population. Fur-

thermore, as the present model is built entirely within a

mixed-effects framework, inclusion of subpopulation-

related predictors such as co-medication, intervention, and

others can be achieved by applying formal statistics.

Particularly because of the model’s limitations, as dis-

cussed, and prior to clinical application, the model should

be validated in comparison with observed pharmacokinetic

and pharmacodynamic responses to fentanyl from clinical

practice in neonatology. Our group is currently completing

a test of the model in the neonatal piglet with promising

results. The model is also being applied in optimization of

the sampling protocol for an observational trial in routine

care of neonates. The semi-physiologic and pharmacoki-

netic parameters will be assessed and reported.
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