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Abstract

Background Pregnant women and their fetuses are

exposed to numerous drugs; however, they are orphan

populations with respect to the safety and efficacy of drugs.

Therefore, the prediction of maternal and fetal drug

exposure prior to administration would be highly useful.

Methods A physiologically-based pharmacokinetic

(PBPK) model for nevirapine, which is metabolized by the

cytochrome P450 (CYP) 3A4, 2B6 and 2D6 pathways, was

developed to predict maternal and fetal pharmacokinetics

(PK). The model was developed in both non-pregnant and

pregnant women, and all physiological and enzymatic

changes that could impact nevirapine PK were taken into

account. Transplacental parameters estimated from ex vivo

human placenta perfusion experiments were included in

this PBPK model. To validate the model, observed

maternal and cord blood concentrations were compared

with predicted concentrations, and the impact of fetal

clearance on fetal PK was investigated.

Results By implementing physiological changes, including

CYP3A4, 2D6 and 2B6 inductions, we predicted a clear-

ance increase of 21 % in late pregnancy. The PBPK model

successfully predicted the disposition for both non-preg-

nant and pregnant populations. Parameters obtained from

the ex vivo experiments allowed the prediction of nevi-

rapine concentrations that matched observed cord blood

concentrations. The fetal-to-maternal area under the curve

ratio (0–24 h interval) was 0.77, and fetal metabolism had

no significant effect on fetal PK.

Conclusions The PBPK approach is a useful tool for

quantifying a priori the drug exposure of metabolized drugs

during pregnancy, and can be applied to evaluate alterna-

tive dosing regimens to optimize drug therapy. This

approach, including ex vivo human placental perfusion

parameters, is a promising approach for predicting human

fetal exposure.

Key Points

Transplacental transfer parameters were estimated

from the cotyledon perfusion model for névirapine.

The approach was able to quantitatively predict

maternal pharmacokinetics (PK) and drug fetal

exposure by incorporating estimated transplacental

transfer parameters in physiologically-based

pharmacokinetic models.

Fetal metabolism has no significant impact on fetal

PK.
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1 Introduction

Pregnant women and their fetuses are orphan populations

with respect to the safety and efficacy of drugs; however,

they are exposed to numerous compounds [1–3]. Therefore,

the prediction of maternal and fetal pharmacokinetics (PK)

is highly desirable. Physiologically-based PK (PBPK)

models have already been used to predict maternal PK by

implementing physiological changes occurring during

pregnancy [4–12]; however, few of these models have

focused on the prediction of fetal exposure, and only two

have validated their models by comparing predicted fetal

concentrations with observed concentrations [12–16].

Physiological changes occurring during pregnancy can

be associated with significant variations in PK, and PBPK

models can predict these variations. Indeed, the models are

based on physiology, and incorporate comprehensive

information related to anatomical, physiological, and

metabolic changes that can impact the PK. Numerous

maternal changes can be implemented, such as increasing

body weight, fat mass, cardiac output, plasma volume,

glomerular filtration rate (GFR), renal plasma flow, and

decreasing haematocrit, albumin and a1-acid glycoprotein

(a1-AGP) [5, 6, 8, 10, 17, 18]. Moreover, enzymatic

induction or inhibition can also be implemented [7, 17, 19].

Due to obvious ethical reasons, in vivo fetal risk

assessment studies related to maternal drug exposure

remain extremely limited. Human cord blood plasma

samples are the most suitable measurements to describe

transplacental transfer in late pregnancy; however, the cord

blood-to-maternal concentration ratio is highly variable,

according to the time elapsed between drug administration

and blood sampling [20, 21]. Population PK analyses allow

the area under the curve (AUC) ratio to be estimated, and

should be preferred. The drawback of the population PK

approach is the high number of patients who should be

included in order to estimate maternal and fetal PK

[22, 23]. To ensure drug safety during pregnancy, infor-

mation regarding transplacental transfer prior to adminis-

tration would be highly desirable. As animal studies may

not be helpful in predicting human fetal PK because of

interspecies differences in the structural and functional

features of the placenta, other approaches have been

developed. The ex vivo human placental perfusion is the

gold standard and offers a better insight into the placenta

drug transporters, xenobiotic metabolism and tissue bind-

ing [24, 25]. Nevertheless, this model does not take into

account the variation of maternal concentration and cannot

predict fetal PK profiles.

We previously developed a PBPK model to predict fetal

drug exposure [15], for which transplacental parameter

estimates from the ex vivo human placental perfusion

model were implemented in the model to predict fetal PK,

an approach that was validated for two renally excreted

drugs. The aim of the present study was to extrapolate this

approach to drugs mainly metabolized via hepatic cyto-

chrome P450 (CYP) isoenzymes. Moreover, fetal meta-

bolism was explored, along with its impact on fetal PK.

2 Materials and Methods

Figure 1 summarizes the study workflow. First, we

developed a nevirapine PBPK model for the non-pregnant

population. When the model adequately described

observed concentrations after oral and intravenous

administration for both a single dose and at steady state,

we implemented all physiological changes occurring

during pregnancy. We then predicted and compared the

PK profile with observed concentrations in pregnant

women. Transplacental transfer parameters were esti-

mated from the human cotyledon perfusion experiment

and, after scaling to the placental size, were implemented

into the PBPK model. Thus, the fetal PK profile was

predicted and was compared with observed cord blood

plasma concentrations. The full PBPK model used during

pregnancy is depicted in Fig. 2.

2.1 Physiologically-Based Pharmacokinetic (PBPK)

Modelling in the Non-Pregnant Population

A full PBPK model was built for nevirapine using R

software. Physiological parameters obtained from Price

et al., in which organ volumes and blood flows are scaled

relative to individual characteristics, are summarized in

Table 1 [26]. The cardiac output (CO) was obtained by

summing all tissue perfusion rates. In Table 1, the body

mass index (BMI) of both men and women was simulated

to match the population of Ibarra et al. [28], and the

pregnant women had a BMI that matched the population

included in the study by Benaboud et al. [41]. Drug-de-

pendent parameters are summarized in Table 2. Partition

coefficients were estimated using the Rodgers and Roland

method [27], and absorption was described using a first-

order rate constant (ka) [28].

The nevirapine clearance fraction for each metabolite, as

well as urinary excretion, were obtained from the recovery

of urine/faeces and in vitro studies [29, 30]. Based on

different metabolite profiles between single and multiple

doses, we estimated enzymatic induction and thus clear-

ance fraction [30, 31]. Interindividual variability parame-

ters were fixed to 40 % for clearance, 70 % for ka and

10 % for bioavailability (F). These values are in agreement

with clinical data [28, 32].
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2.2 Ex Vivo Model

2.2.1 Placental Tissue Collections

Placenta from normal pregnancies were obtained from the

Port Royal Hospital (Paris, France) after uncomplicated

vaginal delivery or caesarean section. All mothers were

sero-negative for HIV infection, were not infected by

hepatitis B or C viruses, and took no medication other than

oxytocin or epidural anaesthesia during labour. Written

informed consents were obtained from all participants in

the study.

2.2.2 Placental Perfusion

Placenta were perfused in a recirculating (closed-closed)

circuit according to the method adapted from Schneider

et al. and Forestier et al. [33, 34]. Perfusion experiments

Fig. 1 Study workflow. PBPK

physiologically-based

pharmacokinetic, PK

pharmacokinetic

Fig. 2 Physiologically-based

pharmacokinetic model

representation. IV

intravenously, PO orally, RB

rest of the body, Amn fluid

amniotic fluid, QplaM blood

flow from the mother to the

placental tissue, QPlaF blood

flow from the fetus to the

placental tissue, QrbF blood

flow to the fetal body, kSW
swallowing constant, CLrF fetal

urinary excretion, M maternal,

F fetal, k1 and k2 transplacental

transfer constants, kL lung

excretion, kINT
intramembranous pathway
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started within 30 min after delivery. After visual exami-

nation for lack of evident lesions on the chorionic plate, a

truncal branch of the chorionic artery and the associated

vein were cannulated. Fetal circulation was established at a

flow rate of 6 mL/min (Qf), and the perfused area pro-

gressively whitened and allowed visualization of the

selected cotyledon. After confirmation of the absence of

vascular leakage, the perfusion was subsequently initiated

by insertion of two catheters into the intervillous space on

the maternal side. Maternal circulation was established at a

flow rate of 12 mL/min (Qm), and the pHs of maternal and

fetal solutions were adjusted to 7.4 ± 0.1 and 7.2 ± 0.1,

respectively. These solutions were prepared with earle

medium containing 30 and 40 g/L of human serum albu-

min, respectively. Antipyrine, an inert molecule that freely

diffuses through the placenta, was added at 20 mg/L as a

Table 1 Physiological parameters

References Men Women Pregnant women

(GA = 39 weeks)

Ibarra et al. [28] Ibarra et al. [28] Benaboud et al. [41] Benaboud et al. [41]

Mean BMI (kg/m2) 27 28 19 –

Height (cm) 172 ± 7 161 ± 7 156 ± 7 156 ± 7

Body weight (kg) 80 ± 12 74 ± 14 48 ± 7 59 ± 14

Haematocrit 0.45a 0.39a 0.39a 0.33a,c

Glomerular filtration rate (L/h) 6.1 ± 0.9b 7.2 ± 2.03c 7.2 ± 2.03c 9.3 ± 1.8c

Organ volumes (L)

Adipose 20.8 ± 8.3a 36.5 ± 14a 9.7 ± 6.8a 17.8 ± 12.4a,c

Bones 3.5 ± 0.3a 2.1 ± 0.2a 1.9 ± 0.1a 1.9 ± 0.1a

Blood 5.8 ± 0.5a 4.2 ± 0.4a 3.9 ± 0.4a 5.2 ± 0.6a,c

Lung 1.3 ± 0.1a 0.8 ± 0.08a 0.7 ± 0.05a 0.7 ± 0.05a

Brain 1.4 ± 0.01a 1.4 ± 0.01a 1.4 ± 0.01a 1.4 ± 0.01a

Heart 0.4 ± 0.04a 0.3 ± 0.05a 0.3 ± 0.04a 0.3 ± 0.04a

Kidney 0.3 ± 0.03a 0.3 ± 0.04a 0.2 ± 0.02a 0.2 ± 0.02a

Muscle 32.1 ± 2.8a 19.7 ± 1.9a 18 ± 1a 18 ± 1a

Skin 3.8 ± 0.3a 3.2 ± 0.4a 2.8 ± 0.3a 2.8 ± 0.3a

Liver 1.5 ± 0.2a 1.2 ± 0.2a 1 ± 0.2a 1 ± 0.2a

Spleen 0.1 ± 0.02a 0.13a 0.13a 0.13a

Pancreas 0.1 ± 0.01a 0.1 ± 0.01a 0.1 ± 0.01a 0.1 ± 0.01a

Gut 1.3 ± 0.1a 1.1 ± 0.1a 1.1 ± 0.1a 1.1 ± 0.1a

Blood flow rates (L/h)

Cardiac output 357 ± 33 326 ± 34 270 ± 20 330 ± 30

Adipose 24.9 ± 10a 43.7 ± 17a 11.6 ± 8a 21.4 ± 15a

Bones 17.5 ± 1.5a 10.3 ± 1a 9.7 ± 1a 9.7 ± 1a

Brain 43.0 ± 0.2a 42.8 ± 0.3a 42.1 ± 0.4a 42.1 ± 0.4a

Heart 15.7 ± 1.8a 14.32 ± 2a 11.2 ± 1.6a 11.2 ± 1.6a

Kidney 73.3 ± 7.6a 68.98 ± 8.3a 56.6 ± 5.4a 60.2 ± 6.9a

Muscle 57.8 ± 5a 35.4 ± 3.3a 33 ± 2.1a 33 ± 2.1a

Skin 27.1 ± 2.5a 23.0 ± 2.8a 20.2 ± 1.8 20.2 ± 1.8a

Liver 90.4 ± 5.8a,e 81.3 ± 5.1a,e 77.6 ± 3.2a 78.6 ± 4.6a,e,d

Spleen 7.8 ± 1.2a 7.8 ± 1.2a 7.8 ± 1.2a 7.8 ± 1.2a

Pancreas 3.7 ± 0.3a 3.0 ± 0.3a 2.8 ± 0.2a 2.8 ± 0.2a

Gut 57.6 ± 5.1a 50.8 ± 4.8a 47.4 ± 3a 48.2 ± 4.4a,d

GA gestational age, BMI body mass index
a Data from Price et al. [26]
b Data from Peters et al. [62]
c Data from Abduljalil et al. [17]
d Data from Clappet al. [63]
e Simcyp� healthy population
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marker to validate the viability of the cotyledon through

the experiment. Nevirapine and antipyrine were perfused

into the maternal reservoir. The maternal reservoir volume

(Vm) was 250 mL, and the fetal reservoir volumes (Vf)

were 150, 200 and 250 ml for the first, second and other

placentas, respectively. Samples were collected every

10 min during the first half-hour and then every 30 min

until 150 min, from both the fetal and maternal sides, to

determine the concentrations (Cf and Cm, respectively).

Samples were then stored at -20 �C until analysis.

2.2.3 Sample Analysis

Nevirapine concentrations were determined using high-

performance liquid chromatography (HPLC) with ultravi-

olet (UV) detection. The mobile phase was made of

0.025 mol/L of phosphate buffer ? pentanesulfonate and

acetonitrile (75/25 [vol/vol]). The intraday variability

was\10 % and the relative standard error was \12 %,

while the intraday variability was\12 % and the relative

standard error was\14 % at the limit of quantification of

0.125 mg/L. Antipyrine concentrations were determined

using HPLC with UV detection at 290 nm [35].

The maternal-to-fetal transfer was described using the

fetal transfer rate (FTR) [Eq. 1]:

FTR ¼ Cf � Vfð Þ= Cf � Vfð Þ þ Cm � Vmð Þ½ � ð1Þ

where Cf and Cm are the drug concentrations in fetal and

maternal perfusates, and Vf and Vm are the fetal and

maternal perfusate volumes. An antipyrine FTR [20 %

was required to validate each experiment. The clearance

index (CLI) was calculated as the ratio of nevirapine FTR

to that of antipyrine.

2.2.4 Transplacental Parameter Estimation

Placentas with obvious leakage were set aside by looking at

the return fetal flow rate and measuring the antipyrine FTR.

Drug transfer across the placenta was modelled as a

cotyledon split into maternal and fetal compartments

(Fig. 3). The cotyledon volume averaged 60 mL, and the

maternal cotyledon volume (Vmp) was assumed to be 9 mL.

Data were analysed using a non-linear mixed-effect

modelling approach, using Monolix version 4.2. Parame-

ters were estimated by computing the maximum likelihood

estimator of the parameters, using the stochastic approxi-

mation expectation maximization (SAEM) algorithm

combined with a Markov Chain Monte Carlo (MCMC)

procedure. The number of MCMC chains was fixed to five

for all estimations. Several transplacental transfer models

were investigated, i.e. simple diffusion, linear transfer,

saturable transfer, combination of diffusion and saturable

transfer, and addition of placental elimination rate. For one

Table 2 Nevirapine parameters

Nevirapine

PBPK model Full

MW (g/mol) 266 [30]

pKa 2.8 [32]

logP 1.93 [28]

F 0.93 [32]

ka (h-1) 0.67 [28]

fu 0.4 [28]

B/P ratio 1.04 [54]

Clearance Single dose Steady state Pregnancy

Single dose Steady state

Total CL (L/h) 1.33 2.39 [30] 1.61 3.31

CLR (L/h) 0.07 0.07 [29] 0.082 [17] 0.082 [17]

CLhep (L/h) 1.26 [30, 31] 2.32 [29, 55] 1.53 3.22

3A4 0.69 [30, 31] 1.03 [29, 55] 0.71 [17] 1.07 [17]

2B6 0.22 [30, 31] 0.88 [29, 55] 0.42 [8] 1.67 [8]

2D6 0.13 [30, 31] 0.20 [29, 55] 0.18 [17] 0.26 [17]

Other 0.22 [30, 31] 0.22 [29, 55] 0.22 0.22

PBPK physiologically-based pharmacokinetic,MW molecular weight, pKa acid dissociation constant at logarithmic scale, P partition coefficient,

F bioavailability, ka first-order absorption rate, fu free fraction, B/P ratio blood to plasma ratio, CL clearance, CLR renal clearance, CLhep hepatic

clearance
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parameter change, a model was kept if the objective

function value (OFV) was decreased by at least 3.84 (Chi-

square test with 1 degree of freedom). Simulated concen-

trations in the maternal and fetal reservoirs were compared

with concentrations from the ex vivo experiment previ-

ously described. Equations 2 (maternal reservoir), 3 (ma-

ternal cotyledon), 4 (fetal cotyledon) and 5 (fetal reservoir)

were used to describe the ex vivo experiment:

dCm

dt
¼ Qm

Vm

� Cmp

Kppl
� Cm

 !
ð2Þ

dCmp

dt
¼

Qm � Cm � Cmp=Kppl

� �
� k1cot � Cmp � k2cot � Cfp

� �
Vmp

ð3Þ

dCfp

dt
¼
Qf � Cf � Cfp

Kppl

� �
þ k1cot�Cmp� k2cot�Cfp

� �
Vfp

ð4Þ

dCf

dt
¼ Qf

Vf

� Cfp

Kppl
� Cf

 !
ð5Þ

where C denotes concentration (mg/ L), Q denotes flow

rate (L/h) and V denotes volume (L). Subscripted m, f, mp,

and fp denote mother, fetus, maternal placenta and fetal

placenta, respectively. Kppl, k1cot and k2cot denote the

placental coefficient partition (dimensionless) and

transplacental parameters (L/h) estimated for a cotyledon.

The goodness-of-fit was evaluated via the following

graphs: observed versus predicted concentrations, weighted

residuals versus time, and weighted residuals versus pre-

dictions. To validate the final model, a visual predictive

check (VPC) was performed. The final model was used to

simulate 1000 nevirapine concentrations at each sampling

time, and the simulated and observed data were compared.

Transplacental transfer parameters depend on the sur-

face of exchange, therefore we scaled these parameters on

placental volume, as shown in Eq. 6 (parameter adjust-

ment). Once scaled, the parameters were implemented in

the PBPK model:

k1pl ¼ k1cot �
Vpl

Vcot

ð6Þ

where k1pl denotes the placental transplacental transfer,

k1cot denotes the cotyledon transplacental transfer, Vpl

denotes the placental volume, and Vcot denotes the

cotyledon volume.

2.3 PBPK Modelling in Pregnant Women

Changes in haematocrit, GFR, adipose tissue, or plasma

volume were implemented according to the equations

developed by Abduljalil et al. [17]. The physiological

parameters are summarized in Table 1. CYP3A4, 2B6 and

2D6 induction was also taken into account in the model and

resulted in an increase in clearance (Table 2) [8, 17]. The

increase in clearance during pregnancy was deduced from

the normal adult clearance and the induction rate(s) of the

metabolic pathway(s). For example, if pregnancy induces a

90 % CYP2B6 increase, then Cl2B6,pregnant = Cl2B6,non-

pregnant 9 1.9. The free fraction was assumed to be

unchanged during pregnancy (Table 2), and the fetal free

fraction values were assumed to be equal to maternal free

fraction values. Figure 2 shows the PBPK model. A

structure with distinct placental, fetal and amniotic fluid

compartments was chosen. Numerous exchanges can

impact fetal and amniotic fluid PK, and parameter values of

these exchanges are summarized in Table 3 [36–40].

Equations 7 (in vivo maternal placenta), 8 (in vivo fetal

placenta), 9 (fetal blood), 10 (fetal body) and 11 (amniotic

fluid) describe the feto-placental unit of the pregnancy

PBPK models:

dCplaM

dt

¼
ðQplaM � ðCab � CplaM

Kppl
� B=PÞ � ðk1pl � CplaM � k2pl � CplaFÞÞ

VplaM

ð7Þ

Fig. 3 Human cotyledon perfusion experiment. Q flow rate (L/h),

V volume (L), mp maternal placenta, fp fetal placenta, m maternal,

f fetal, k1 and k2 transplacental parameter constants (h-1), Vm

maternal volume, Qm maternal flow, Vf fetal volume, Qf fetal flow
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dCplaF

dt
¼

ðQplaF CbloodF � CplaF

Kppl
� B

P

� �
þ k1pl � CplaM � k2pl � CplaF

� �
Þ

VplaF

ð8Þ

dCbloodF

dt
¼ QplaF

VbloodF

� CplaF

Kppl
� B/P� CbloodF

 !
þ QrbF

VbloodF

� CrbF

Kprb
� B=P� CbloodF

� �

� CLR � GFRf

GFR
þ kL

� �
� CbloodF

VbloodF

þ kINT þ kSWð Þ � Camf

VbloodF

ð9Þ
dCrbF

dt
¼ QrbF

VrbF

� CbloodF �
CrbF

Kprb
� B=P

� �
ð10Þ

dCamf

dt
¼ CLR � GFRf

GFR
þ kL

� �
� CbloodF

Vamf

� kINT þ kSWð Þ � Camf

Vamf

ð11Þ

where Q denotes blood flow (L/h) and V denotes tissue

volume (L). The tissue subscripts ab, plaM, plaF, bloodF,

rbF and amf denote maternal blood, maternal placenta,

fetal placenta, fetal blood, rest of the fetal body (fetal

body–fetal blood) and amniotic fluid, respectively. B/P

denotes the blood-to-plasma concentration ratio, KpRB
denotes the fetal coefficient partition, Kppl denotes the

placental coefficient partition, k1pl and k2pl denote the

transplacental transfer parameters (L/h), GFR denotes the

glomerular filtration rate (L/h), GFRf denotes the fetal GFR

(L/h), ClR denotes the maternal renal clearance (L/h), fu

denotes the free drug fraction, kINT denotes the

intramembranous constant (L/h), kSW denotes the swal-

lowing constant (L/h), and kL denotes the oral, nasal, tra-

cheal and pulmonary secretion constant (L/h).

A sensitivity analysis was performed on the physiolog-

ical fetal parameters, as well as the transplacental transfer

parameters, to evaluate their impact on fetal PK. As

elimination pathways are not well known for fetuses, we

evaluated whether fetal metabolism could have an impact

on fetal PK. To do so, we have assumed that fetal meta-

bolism in late pregnancy was equal to newborn clearance,

and compared fetal AUC with or without the inclusion of

fetal metabolism.

To validate our model we compared nevirapine pre-

dicted concentrations with observed concentrations in dif-

ferent populations. A description of the populations used

for the observed data are summarized in Table 4.

3 Results

3.1 Non-Pregnant Population

Our model was able to correctly describe nevirapine PK

following a 15 mg intravenous administration, a single

200 mg oral dose, and multiple 200 mg oral doses (Fig. 4).

Using the Chi-square test, the distribution of observed data

outside the 90 % prediction interval was tested, and no

significant difference was observed for the distribution of

concentrations. For a single dose, 11 % of the observations

fall outside the 90 % prediction interval, while after mul-

tiple doses, this rate rose to 14 %.

Table 3 Fetal physiological parameter values

Parameters (GA = 39 weeks) Refs.

Maternal to placental blood flow, QplaM (L/h) 46.9 ± 0.17 Abduljalil et al. [17]

Fetal to placental blood flow, QplaF (L/h) 14.2 ± 3.2 Kiserud et al. [36]

Fetal cardiac output, QCAf (L/h) 79.6 ± 18.2 Kiserud et al. [36]

Placental weight, Vpla (Kg) 0.64 ± 0.02 Aduljalil et al. [17]

Fetal weight, Vfo (Kg) 3.32 ± 0.76 Aduljalil et al. [17]

Amniotic fluid volume, Vamf (L) 0.88 ± 0.02 Aduljalil et al. [17]

Fetal blood volume, VbloodF (L) 0.23 ± 0.01 Smith and Cameron [56]

Fetal haematocrit 0.5 Zanardo et al., Chang et al.,

Eskola et al. [57–59]

Fetal glomerular filtration rate, GFRf (L/h) 0.175 ± 0.048 Arant [60]

Swallowing volume, kSW (L/24 h) 0.74 ± 0.26 Underwood et al. [38]

Secretion of oral, nasal, tracheal, and pulmonary fluids, kL (L/24 h) 0.126 Underwood et al. [38]

Intramembranous pathway, kINT (L/24 h) 0.34 ± 0.12 Underwood et al. [38]

GA gestational age

PBPK model to predict fetal exposure 543



Table 4 Clinical studies

Dose, mg n Population Data References

IV sd 15 (37 min) 3 Healthy male volunteers aged 30 years, bodyweight

80 kg (67.7–96.8 kg)

Fig. 4: mean dataa Lamson et al. [31]

PO sd 200 3

PO sd 200 16 Female (n = 10) and male (n = 6) patients aged

25 years with a BMI of 28 kg/m2
Fig. 4: individual dataa Ibarra et al. [28]

PO ss 200 26 Female and male patients aged 50 years with a BMI of 24 kg/m2 Fig. 4: individual dataa Moltó et al. [61]

PO sd 200 38 33\GA\ 42 (median = 39 weeks)

Body weight 58.3 kg (47–88 kg)

Fig. 6: individual data Benaboud et al. [41]

IV intravenous, PO orally, sd single dose, ss steady state, BMI body mass index, GA gestational age
a Digitalized data

Fig. 4 Pharmacokinetics in the non-pregnant population. Median

predicted concentrations (solid lines) and 90 % prediction intervals

(dashed lines) compared with observed mean concentrations from

Lamson et al. [32] (open circle), and individuals concentrations from

Ibarra et al. [28] (?) and Moltó et al. [61] (triangle). bid twice daily
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3.2 Ex Vivo Model

A total of 13 placentas were successfully perfused and 12

experiments were validated for integrity of the placental

membrane and adequate conditions of perfusion. A total of

109 maternal and 103 fetal reservoir samples were avail-

able for the analysis. The mean antipyrine FTR at the end

of the experiment was 40.7 % (±standard deviation

[SD] 9.07 %), and the mean nevirapine FTR and CLI

(60–180 min) were 26 ± 7 % and 0.73 ± 0.15, respec-

tively. The CLI reflects that nevirapine has a high

transplacental transfer.

The Kppl, k1cot and k2cot were estimated. Residual

variability was best described as proportional for the

maternal concentrations, and additive for fetal concentra-

tions. Additionally, interindividual variability was esti-

mated for Kppl and k1cot. Table 5 summarizes the final

parameters and shows that parameters were well estimated,

with small residual standard errors (RSEs).

The VPC of the final model (Fig. 5) confirmed that the

average prediction matched the observed concentrations

and that variability was well estimated.

3.3 Pregnant Population

As a result of CYP3A4, 2D6 and 2B6 inductions, we

predicted a clearance increase of 21 and 38 % in late

pregnancy after a single-dose administration and at steady

state, respectively. As shown in Fig. 6, the model was able

to describe the maternal PK profile. Assuming a bioavail-

ability of 0.93 for pregnant women [32], the apparent

clearances were 1.65 and 3.55 L/h for a single dose and at

steady state, respectively, for a gestational age (GA) of

39 weeks. These results are in accordance with the reported

1.42 and 3.57 L/h for a single dose and at steady state,

respectively [41, 42].

The parameters estimated ex vivo (Kppl, k1 and k2)

were implemented in the PBPK model. PK profiles during

labour were simulated and were compared with observed

data [41]. Figure 6 shows that simulated fetal PK profiles

using our PBPK model were in agreement with observed

cord blood concentrations [41]. At delivery, the fetal-to-

maternal AUC24
0 ratio has been predicted to be 77 % for a

single dose of nevirapine, while the predicted AUC?
0 ratio

for a single dose was 84 %. Accordingly, Fig. 6 shows that

fetal concentrations were generally lower than maternal

concentrations, reflecting this AUC ratio. Using the Chi-

square test, the distribution of observed data outside the

90 % prediction interval was tested. For pregnant women,

the variability was underestimated, i.e. 22 % of concen-

trations were outside the 90 % prediction interval (confi-

dence interval: 17–27 %). No significant difference was

observed for fetal prediction; 8 % of the observations fall

outside the 90 % prediction interval.

Some physiological parameters are not well documented

and are not easy to access. Sensitivity analyses have been

conducted to ensure that if the true values are, to some

extent, higher or lower than those used in the models, the

effect on fetal predictions would not be significant. On the

Table 5 Population pharmacokinetic parameters of nevirapine from

the final model

Parameter Estimate RSE (%)

Structural model

k1cot (h
-1 per cotyledon) 0.171 10

k2cot (h
-1 per cotyledon) 0.208 3

kppl (unitless) 3.7 15

Statistical model

g k1cot 0.338 23

g kppl 0.513 24

rprop Cm 0.113 7

rcst Cf 0.079 8

RSE relative standard error [(standard error of estimate/esti-

mate)9100], r residual variability (prop proportional, cst additive), g
intersubject variability estimates, Kppl, k1cot and k2cot placental

coefficient partition (dimensionless) and transplacental parameters (L/

h) estimated for a cotyledon, Cm maternal concentration, Cf fetal

concentration

Fig. 5 Visual predictive check. Concentrations observed for the fetal

side (open circle) and maternal side (?) compared with estimated

median profiles (solid lines) and 90 % prediction interval (dashed

lines) for the fetal side (green) and maternal side (maroon). VPC

visual predictive check
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other hand, we wanted to ensure that placental transfer was

highly dependent on parameters estimated ex vivo. Fig-

ure 7 shows that the fetal renal excretion (CLRfetus),

intramembranous pathway and swallowing constant had no

significant impact on the fetal PK profile. A small impact

on fetal PK was shown when the fetal blood flow was

divided by 5. Therefore, uncertainties on these physiolog-

ical constants were not a major issue. The transplacental

transfer parameters estimated from the human cotyledon

experiments have been shown to be key parameters in

predicting the fetal PK profile; if the k1 value was divided

by two, the fetal maximal concentrations were also

approximately divided by two.

The implementation of fetal metabolism based on

newborn clearance did not change fetal AUC. Even if this

elimination was multiplied by 2, there was a less than

0.1 % change in fetal AUC. Compared with feto-maternal

exchanges, fetal metabolism did not significantly influence

fetal PK.

4 Discussion

The PBPK model developed was able to quantitatively

predict maternal and fetal PK after nevirapine intake in late

pregnancy. By implementing physiological changes,

including CYP3A4, 2D6 and 2B6 inductions, we predicted

a clearance increase of 21 and 38 % in late pregnancy after

a single-dose administration and at steady state, respec-

tively. However, the concentrations 24 h post-dose are still

at least 100 times the IC50, and dosing adjustment is not

mandatory [41]. The mean fetal-to-maternal AUC24
0 and

AUC?
0 ratios were 77 and 84 %, respectively. Maternal and

fetal PK profiles predicted by the model were in accor-

dance with observed concentrations [41].

To our knowledge, few PBPK models have predicted

pregnancy-induced changes in clearance for drugs metab-

olized by several CYP pathways [5, 7, 9]. Alqahtani and

Kaddoumi studied indomethacin, which is metabolized by

CYP2C9 and uridine diphosphate glucuronosyltransferase

Fig. 6 Maternal and fetal

pharmacokinetic profiles.

Median predicted

concentrations (solid lines) and

90 % prediction interval

(dashed lines) compared with

individual observed

concentrations [41]
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(UGT) 2B7, and Ke et al. studied phenytoin, metabolized

by CYP2C9 and 2C19, and glyburide, metabolized by

CYP3A, 2C9 and 2C19 [7, 9]. Our model demonstrates that

PBPK modelling can predict these changes. We previously

developed this approach for two renally excreted drugs,

and another study has used a similar approach, but without

any human data, to validate their predictions [15, 16, 43].

This is the first PBPK model that predicts fetal PK using

transplacental transfer parameters from ex vivo experi-

ments, validated by observed concentrations for a drug

metabolized by several CYP pathways.

At delivery, the fetal-to-maternal AUC24
0 ratio has been

estimated, using a population PK model, to be 75 % for a

single dose of nevirapine, which is in agreement with our

model prediction of 77 % [41]. At steady state, observed

cord blood-to-maternal concentration ratios were 1.02

(n = 21, range 0.59–2.08), 0.91 (n = 9, SD 0.9), 0.6

(n = 5, SD 0.19) and 0.59 (n = 1) [44–47]. These

observed ratios were similar to our mean predicted fetal-to-

maternal concentration ratio of 0.91 (95 % confidence

interval 0.5–1.5, range 0.3–2.2). In our model, we assumed

that pregnancy had no effect on nevirapine autoinduction.

Observed clearances were similar to the predicted clear-

ances in all cases.

Some CYP450 s are active in the fetal liver [48–52],

therefore we investigated whether fetal metabolism could

significantly impact the fetal PK. When the fetal metabo-

lism rate is significant, this parameter is mandatory for

predicting the fetal PK using our approach. In our model,

whether or not fetal metabolism was added did not change

the fetal exposure, thus confirming its negligible effect on

fetal PK. Moreover, fetal metabolism is much smaller than

exchanges between the mother and the fetus, as well as

maternal clearance.

Protein binding can lead to misleading results with the

placental ex vivo model, therefore we added albumin to the

media to ensure the same protein binding and thus good

estimation of transplacental parameters. Nevirapine is

60 % plasma bound, thus protein binding should influence

the transplacental transfer. Two options are available to

decrease the risk of misleading transplacental parameter

estimation: (i) the ex vivo free fraction must be the same as

the in vivo free fraction; or (ii) the transplacental transfer

must be corrected by the in vivo free fraction. The first

Fig. 7 Sensitivity analyses. Predicted fetal concentrations when

changing a parameter value. QFO fetal blood flow, kSW fetal

swallowing constant, kint intramembranous pathway constant,

CLRfetus renal clearance excretion, k1 and k2 transplacental transfer

parameters, kp placental coefficient partition

PBPK model to predict fetal exposure 547



option was chosen, and physiological concentrations of

albumin were added in the solutions.

Plasma protein binding can decrease during pregnancy

due to a decrease in albumin for highly bound drugs [18].

For example, phenytoin free fraction has been shown to

increase by 30 %; however, as nevirapine is moderately

plasma bound it is unlikely that a significant change in free

fraction would occur. We assumed that CYP2D6 activity

increased, according to Abduljalil et al. [17]. However,

other studies have reported a bigger increase [8]. In our

model, a 100 % increase led to an overestimation of

clearance when compared with observed clearances

[41, 42]. The variability in the pregnant population was

underestimated, which could be explained by variability in

CYP induction that was not implemented in the model.

This approach has been validated for three drugs. Further

validation should be undertaken to ensure the reliability of

the approach, especially for drugs that are highly plasma

bound.

Another limitation is the prediction of placental transfer

at the end of pregnancy only. Indeed, since the placenta

structure changes throughout gestation, this approach

cannot be extrapolated to early pregnancy. During the

gestational period, the surface area available for exchange,

and blood flow perfusing the placenta, increase and

membrane thickness decreases, which could lead to an

increase in passive diffusion with GA. Thus, transplacental

transfer should be less important before full-term [25, 53].

Taking this into account, our model should reflect the

maximal transplacental transfer; however, since transporter

activities during pregnancy are not well known and could

influence transplacental transfer, no conclusions for

transplacental transfer before full-term can be deduced

from our approach [53].

5 Conclusions

Transplacental parameters obtained from the human

cotyledon perfusion experiments allowed for good predic-

tions of fetal PK profiles, and no random scaling factors

were needed. Moreover, the sensitivity analyses performed

on these parameters showed that any modification signifi-

cantly impacted fetal exposure. Thus, the ex vivo param-

eters integrated into the PBPK model seem to be a sensitive

and accurate method for predicting fetal exposure at full-

term pregnancy for metabolized drugs.

These populations are orphan populations with respect

to the safety and efficacy of drugs. Indeed, clinical trials are

difficult in this context and the modelling approach can

provide a better insight into maternal and fetal PK profiles

in late pregnancy, and therefore avoid some overexposure

or ineffective exposure.
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Population pharmacokinetics of tenofovir in HIV-1-infected

pregnant women and their neonates (ANRS 12109). Clin Phar-

macol Ther. 2009;85(2):182–9.

24. Myllynen P, Vähäkangas K. Placental transfer and metabolism:

an overview of the experimental models utilizing human pla-

cental tissue. Toxicol In Vitro. 2013;27(1):507–12.

25. Prouillac C, Lecoeur S. The role of the placenta in fetal exposure

to xenobiotics: importance of membrane transporters and human

models for transfer studies. Drug Metab Dispos.

2010;38(10):1623–35.

26. Price PS, Conolly RB, Chaisson CF, Gross EA, Young JS, Mathis

ET, et al. Modeling Interindividual variation in physiological

factors used in PBPK models of humans. Crit Rev Toxicol.

2003;33(5):469–503.

27. Rodgers T, Rowland M. Physiologically based pharmacokinetic

modelling 2: predicting the tissue distribution of acids, very weak

bases, neutrals and zwitterions. J Pharm Sci.

2006;95(6):1238–57.

28. Ibarra M, Vázquez M, Fagiolino P. Population pharmacokinetic

model to analyze nevirapine multiple-peaks profile after a single

oral dose. J Pharmacokinet Pharmacodyn. 2014;41(4):363–73.

29. Riska P, Lamson M, MacGregor T, Sabo J, Hattox S, Pav J, et al.

Disposition and biotransformation of the antiretroviral drug

nevirapine in humans. Drug Metab Dispos Biol Fate Chem.

1999;27(8):895–901.

30. Fan-Havard P, Liu Z, Chou M, Ling Y, Barrail-Tran A, Haas

DW, et al. Pharmacokinetics of phase i nevirapine metabolites

following a single dose and at steady state. Antimicrob Agents

Chemother. 2013;57(5):2154–60.

31. Lamson M, MacGregor T, Riska P, Erickson D, Maxfield P,

Rowland L, et al. Nevirapine induces both CYP3A4 and CYP2B6

metabolic pathways. Clin Pharmacol Ther. 1999;65(2):137.

32. Lamson MJ, Sabo JP, MacGregor TR, Pav JW, Rowland L, Hawi

A, et al. Single dose pharmacokinetics and bioavailability of

nevirapine in healthy volunteers. Biopharm Drug Dispos.

1999;20(6):285–91.

33. Schneider H, Panigel M, Dancis J. Transfer across the perfused

human placenta of antipyrine, sodium and leucine. Am J Obstet

Gynecol. 1972;114(6):822–8.

34. Forestier F, de Renty P, Peytavin G, Dohin E, Farinotti R,

Mandelbrot L. Maternal-fetal transfer of saquinavir studied in the

ex vivo placental perfusion model. Am J Obstet Gynecol.

2001;185(1):178–81.

35. Vinot C, Gavard L, Treluyer JM, Manceau S, Courbon E,

Scherrmann JM, et al. Placental transfer of maraviroc in an

ex vivo human cotyledon perfusion model and influence of ABC

transporter expression. Antimicrob Agents Chemother.

2013;57(3):1415–20.

36. Kiserud T, Ebbing C, Kessler J, Rasmussen S. Fetal cardiac

output, distribution to the placenta and impact of placental

compromise. Ultrasound Obstet Gynecol. 2006;28(2):126–36.

37. Heller M, Burd L. Review of ethanol dispersion, distribution, and

elimination from the fetal compartment. Birt Defects Res A Clin

Mol Teratol. 2014;100(4):277–83.

38. Underwood MA, Gilbert WM, Sherman MP. Amniotic fluid: not

just fetal urine anymore. J Perinatol. 2005;25(5):341–8.

39. Beall MH, van den Wijngaard JPHM, van Gemert MJC, Ross

MG. Amniotic fluid water dynamics. Placenta.

2007;28(8–9):816–23.

40. Gilbert WM, Newman PS, Eby-Wilkens E, Brace RA. Tech-

netium Tc 99m rapidly crosses the ovine placenta and

intramembranous pathway. Am J Obstet Gynecol.

1996;175(6):1557–62.
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